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a  b  s  t  r  a  c  t

We  report  for the  first  time  a sensitive  and  selective  glucose  biosensor  based  on  the  immobilization  at
glassy  carbon  electrodes  (GCE)  of  a new  hybrid  nanomaterial  consisting  of  gold  nanoparticles  functional-
ized with  3-mercaptophenyl  boronic  acid  (AuNPs-B(OH)2) and  bamboo-like  multiwall  carbon  nanotubes
(bMWCNT)  dispersed  in  hyperbranched  polyethyleneimine  (PEI).  The  presence  of  boronic  acid  residues
allowed  the supramolecular  immobilization  of glucose  oxidase  (GOx)  as  a  model  glycoenzyme  while
the  hybrid  nanomaterial  Au(NP)-bMWCNT  produces  a synergistic  effect  on  the catalytic  detection  of the
enzymatically  generated  hydrogen  peroxide.  The resulting  functionalized  nanomaterials  were  character-
ized by  TEM,  FT-IR  and  electrochemical  techniques.  The  sensitivity  at 0.700  V  was  (3.26  ± 0.03)  mA  M−1

(28.6  mA  M−1 cm−2), with  a  linear  range  between  2.50  ×  10−4 M and  5.00  ×  10−3 M,  a  detection  limit  of
0.8  �M  and  a quantification  limit  of 2.4 �M.  The  biocatalytic  layer  demonstrated  to be  highly  reproducible
with  R.S.D.  values  of  8.6%  for 10 successive  amperometric  calibrations  using  the  same  surface,  and  4.5%
for ten different  bioelectrodes.  The  sensitivity  of  the  biosensor  after  14  days  of  storage  at  4 ◦C remained

at  86.1%  of  its  original  value.  The  combination  of the  excellent  dispersing  properties  of  PEI, the  stabil-
ity  of  the  bMWCNT-PEI  dispersion,  the  synergistic  effect  of  AuNPs-B(OH)2 and  bMWCNT  towards  the
electrooxidation  of  hydrogen  peroxide,  and  the  robust  immobilization  of GOx  at  AuNP-B(OH)2 allowed
building  a sensitive,  reproducible  and  stable  amperometric  biosensor  for the  quantification  of glucose  in
beverages  and  milk  samples.

©  2015  Published  by  Elsevier  B.V.
. Introduction

The design of novel bioanalytical platforms able to conjugate
n efficient immobilization of biomolecules with an improved
lectroanalytical performance is a real challenge in the field of
lectrochemical biosensors [1]. In this context, electroconductive
anosized materials have been extensively used in the last decade
ue to their unique properties such as high surface-to-volume ratio,
iocompatibility, capability of connection to the active sites of the

iomolecules and relatively easy functionalization [2,3].

Carbon nanotubes (CNTs) and nanoparticles (NPs) of metals and
etal oxides have played an important role due to their excellent

∗ Corresponding authors. Tel.: +54 351 5353866; fax: +54 351 4334188.
E-mail addresses: ferreyra@fcq.unc.edu.ar (N.F. Ferreyra), grivas@fcq.unc.edu.ar,

ivasgus@yahoo.com.ar (G.A. Rivas).

ttp://dx.doi.org/10.1016/j.snb.2015.03.112
925-4005/© 2015 Published by Elsevier B.V.
electronic and structural properties [3–6]. Current investigations
are focused on the development of innovative functionalization
methods using novel hybrid materials and modified ligands to
obtain sensing surfaces that combine the best properties of each
material [7]. The use of nanohybrids involving CNTs and NPs for
the preparation of electrochemical biosensors has attracted great
attention in the last few years [8–13]. This combination allowed
developing biosensors with improved biocompatibility, stability
and sensitivity compared to those obtained using NPs and CNTs
separately.

One of the most used alternatives for the preparation of CNTs
derivatives is based on the non-covalent modification with poly-
mers, surfactants or aromatic molecules [14–17]. In all cases the

wrapping effect of these molecules produces a modification of their
potential energy that avoids the aggregation of CNTs and allows
stable CNTs dispersions in polar solvents [18]. The great advan-
tage of this wrapping effect is that the electronic structure of CNTs

dx.doi.org/10.1016/j.snb.2015.03.112
http://www.sciencedirect.com/science/journal/09254005
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s preserved [19]. Depending on the charge of the polymer, it is
ossible to assemble poly-electrolytes of opposite charge such as
nzymes [20], DNA [21] or nanoparticles to prepare supramolecu-
ar architectures suitable for different electroanalytical applications
17].

The possibility of tailor-made design of nanomaterials with spe-
ific properties by manipulation of the capping ligands or modified
olecules represents a very promising alternative for the immo-

ilization of biomolecules. In this sense, the use of boronic acid
erivatives has been proposed as an interesting strategy due to
he selective formation of cyclic boronate esters between the cis-
iol groups of carbohydrates and the boronic acid groups [22]. This

nteraction has been employed for the detection of carbohydrates
23], bacteria [24] and glycoproteins such as glycated hemoglobin
25,26], hemagglutinin [27] and �-fetoprotein [28] as well as for
he oriented immobilization of antibodies in the construction of
mmunosensors [29,30]. Boronic acid functionalized-gold nanopar-
icles (AuNPs) have been successfully used for the detection of
arbohydrates [31], antibiotics [32], and for signal amplification
33–35]. The selective and supramolecular immobilization of the
lycoprotein horseradish peroxidase (HRP) has been also reported
or the construction of a reagentless enzyme electrochemical
iosensor by electropolymerization of AuNPs polyfunctionalized
ith p-aminothiophenol, 2-mercaptoethanesulfonic acid and 3-
ercaptophenyl boronic [36].
In this work, we combined gold nanoparticles functionalized

ith 3-mercaptophenyl boronic acid (AuNPs-B(OH)2) with a dis-
ersion of bamboo-like multiwall carbon nanotubes (bMWCNT)

n hyperbranched polyethyleneimine (PEI). The aim of this work
as to design a novel hybrid nanomaterial integrating the inher-

nt advantages of both components. The presence of boronic acid
esidues allows the supramolecular immobilization of glycoen-
ymes, while bMWCNT-PEI dispersion offers an optimal platform
or the transduction of the electrochemical response. To the best
f our knowledge, this is the first report using this combination of
olyfunctionalized nanomaterials. To evaluate the capabilities of
his new electrochemical biointerface, we selected the glycopro-
ein glucose oxidase (GOx) as a model enzyme to develop a glucose
iosensor and we evaluated the analytical performance from the
xidation of the enzymatically generated hydrogen peroxide. The
ioelectrode was also used to quantify glucose in real samples.

. Experimental

.1. Chemicals and solutions

�-d-(+)-glucose (Glu) was obtained from Merck. Hydrogen
eroxide (30%, v/v aqueous solution), NaH2PO4 and Na2HPO4
ere purchased from Baker. Glucose oxidase (GOx) (Type X-S,
spergillus niger, EC 1.1.3.4, 157,500 units/g of solid), hyper-
ranched polyethyleneimine (PEI, 50%, w/v, average MW 750,000),
itrate stabilized gold colloid (AuNPs-cit, 20 nm diameter), HAuCl4,
aBH4, mercaptopropionic acid (MPA) and 3-mercaptophenyl
oronic acid (MPhBA), were obtained from Sigma. Bamboo-type
ultiwalled carbon nanotubes powder ((30 ± 10) nm diameter,

ength 1–5 �m and 98.92% purity) was obtained from NanoLab
U.S.A.) and used pristine without chemical purification or acti-
ation. All other chemicals were of analytical grade and were
sed without further purification. Commercial soft drinks (Pepsi®,
atorade® and Red Bull®) and baby milk samples (“Crecer 1”
ilk for babies from 0 to 6 months, Argentine dairy company “La
erenísima”) were acquired from a local market.
PEI solutions were prepared in water. The stock solutions of GOx,

lu, and H2O2 were prepared in a 0.050 M phosphate buffer solu-
ion pH 7.40. The same buffer solution was employed as supporting
ators B 216 (2015) 629–637

electrolyte. Ultrapure water (� = 18.2 M�  cm)  from a Millipore-
MilliQ system was  used for preparing all aqueous solutions.

2.2. Apparatus

Sonication treatments were carried out with an ultrasonic pro-
cessor VCX 130W (Sonics and Materials, Inc.) of 20 kHz frequency
with a titanium alloy microtip of 3 mm diameter. An AllegraTM 21
ultracentrifuge (Beckman Coulter) with a F2402H rotor was  used
to centrifuge the samples after sonication.

Electrochemical experiments were carried out with a CHI Model
600D and TEQ 04 potentiostats using a three-electrodes glass elec-
trochemical cell. Glassy carbon electrodes (GCE, CH Instruments,
3 mm diameter) modified with bMWCNTs-PEI and functionalized
with the gold nanoparticles were used as working electrodes. A
platinum wire and a Ag/AgCl, 3 M NaCl (BAS, Model RE-5B) were
used as auxiliary and reference electrodes, respectively. All poten-
tials are referred to this reference electrode. A magnetic stirrer
under controlled speed provided the convective transport during
the amperometric measurements.

FT-IR spectra were acquired with a PerkinElmer instrument.
UV–vis absorption spectra were obtained with a Shimadzu UV-
1700 Pharma spectrophotometer using a quartz cuvette of 1 mm
path length. Proper dilution of samples was  performed before
obtaining the UV–vis spectra. Transmission electron microscopy
(TEM) images were obtained using a JEM-2000 FX JEOL microscope.
The samples were obtained by dropping the dispersion of the nano-
material onto the TEM grids and drying in air at room temperature.

2.3. Preparation of the nanomaterials

To prepare the polyfunctionalized gold nanoparticles, 66.0 mg
of HAuCl4 (168 �mol) were dissolved in 15.0 mL  of deaerated
dimethyl sulfoxide (DMSO). This solution was added dropwise to
15.0 mL  of deaerated DMSO containing 100.0 mg  of sodium boro-
hydride, 7.0 �L of MPA  (80 �mol) and 6.2 mg  of MPhBA (40 �mol)
under vigorous stirring. The reaction mixture turned deep brown
immediately, although the reaction was allowed to continue for
24 h at room temperature. The functionalized AuNPs were precipi-
tated by adding 30.0 mL  of CH3CN, collected by centrifugation, and
washed with 60.0 mL  of CH3CN:DMSO (1:1 v/v), 60.0 mL of ethanol
and 20.0 mL  of diethyl ether. The AuNPs functionalized with MPA
and MPhBA, named as AuNPs-B(OH)2, were isolated by centrifuga-
tion and dried under N2.

The dispersion of bMWCNTs in PEI was obtained by mixing
1.0 mg  of bMWCNTs with 1.0 mL  of a PEI solution (4.0 mg  mL−1 in
water) followed by sonication with a sonicator probe for 5.0 min.
The amplitude was 50% and the sample was kept in an ice-bath
during the procedure. After this treatment, the samples were cen-
trifuged at 9000 rpm for 15 min  and the supernatant was collected.

2.4. Preparation of the nanohybrid surfaces

2.4.1. GCE/bMWCNTs-PEI/AuNPs-B(OH)2/GOx
GCE surfaces were polished with alumina slurries of 1.0, 0.3 and

0.05 �m for 1 min  each, rinsed thoroughly with deionized water
and sonicated for 30 s in water. The electrode was  carefully dried
under a N2 stream. GCE/bMWCNTs-PEI was  prepared by casting
10 �L of the dispersion onto the GCE surface and the solvent was
evaporated at room temperature for 60 min.

AuNPs-B(OH)2 were adsorbed at GCE/bMWCNTs-PEI electrode

for 30 min  from a 20 �L aliquot of a 3.0 mg  mL−1 AuNPs-
B(OH)2 solution prepared in water deposited onto the electrode
avoiding solvent evaporation. The modified electrode, named
GCE/bMWCNTs-PEI/AuNPs-B(OH)2, was exhaustively rinsed with
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.050 M phosphate buffer solution pH 7.40 to remove the weakly
dsorbed nanoparticles.

GOx was immobilized at GCE/bMWCNTs-PEI/AuNPs-B(OH)2 for
5 min  from an aliquot of 20 �L of a 3.0 mg  mL−1 enzyme solution
repared in 0.050 M phosphate buffer pH 7.40 and avoiding the
olvent evaporation. The bioelectrode, named as GCE/bMWCNTs-
EI/AuNPs-B(OH)2/GOx, was rinsed several times with 0.050 M
hosphate buffer solution pH 7.40 and stored at 4 ◦C.

For comparison, other electrodes were also prepared:
GCE/PEI: by dropping 10 �L of 4.0 mg  mL−1 PEI solution pre-

iously sonicated and centrifuged using the same experimental
onditions as those for preparing bMWCNT-PEI dispersion (Section
.3).

GCE/PEI-AuNP-B(OH)2: same conditions as GCE/PEI followed by
he deposition of 20 �L of 3.0 mg  mL−1 AuNP-B(OH)2.

GCE/bMWCNT-PEI: by dropping 10 �L of bMWCNT-PEI disper-
ion sonicated and centrifuged using the conditions previously
escribed (Section 2.3).

.4.2. Quartz/CHIT/AuNPs-B(OH)2/GOx
The quartz surface was treated by sonication for 20 min  in an

thanolic solution of 1.0% (w/v) NaOH. After exhaustive rinsing
ith water, 1.0 mg  mL−1 PEI was adsorbed for 1 h, followed by

he adsorption of 0.6 mg  mL−1 AuNPs-B(OH)2 for 1 h. Finally, GOx
as allowed to interact for increasing incubation time using a

.0 mg  mL−1 GOx solution. Equivalent conditions were used for the
xperiments performed using AuNPs-citrate.

After each adsorption step, the solution was removed and the
uvette was repeatedly rinsed with deionized water. UV–vis spec-
ral curves were obtained in water to avoid drying of the surface.

.5. Procedure

Cyclic voltammetry (CV) was carried out in the potential
ange between −0.200 V and 0.800 V at a scan rate of 0.100 V s−1.
mperometric experiments were performed in stirred solutions by
pplying a working potential of 0.700 V and allowing the transient
urrent to reach a steady-state value prior to the addition of the
nalyte and the subsequent current monitoring. All experiments
ere conducted at room temperature in a 0.050 M phosphate buffer

olution pH 7.40.
The electroactive area of the different electrodes was  obtained

y CV using a 5.0 × 10−4 M ferrocene methanol (FcMeOH) solution
s redox probe. The areas were calculated using the Ran-
les equation considering a diffusion coefficient of FcMeOH of
.6 × 10−6 cm2 s−1 [37].

.6. Determination of glucose in real samples

Deproteinized milk and commercial soft drinks samples were
sed to evaluate the analytical performance of the proposed biosen-
or. To obtain deproteinized milk, 100 �L of 12.2 M HCl solution was
dded to 1.0 mL  of milk and shaken for 60 s. After centrifugation at
2,000 rpm for 15 min, the supernatant was collected and the pH
as neutralized to 7.0 by addition of 1 M NaOH. A 50 �L aliquot

f deproteinized milk was transferred to the electrochemical cell
ontaining 5.0 mL  of 0.050 M phosphate buffer solution pH 7.40.
liquots of 10 �L of Pepsi® and Gatorade® samples or 10 �L of 1:1
ed Bull® stock solution (diluted with the phosphate buffer) were

ransferred to the electrochemical cell containing 5.0 mL  of 0.050 M
hosphate buffer solution pH 7.40. In all cases, the determination of
lucose was performed by amperometry at 0.700 V and the glucose
ontent was determined by using the standard additions method.
ators B 216 (2015) 629–637 631

3. Results and discussion

Scheme 1 shows the synthesis of AuNPs and the steps involved
in the preparation of the supramolecular architecture obtained by
the immobilization of GOx at the GCE modified with the nanohybrid
bMWCNT-PEI/AuNP-B(OH)2.

3.1. Preparation and characterization of polyfunctionalized gold
nanoparticles

Polyfunctionalized gold NPs were synthesized by fast reduction
of AuCl4− with NaBH4 in a DMSO solution containing MPhBA and
MPA  as indicated in Scheme 1. The presence of the thiolated ligands
in the reaction medium ensures the fast coating of the growing gold
colloids [38]. The thiol-derivatives used as capping ligands were
selected to give some particular properties to the AuNPs. MPhBA
acts as recognition element for GOx immobilization by reacting
with the vicinal diols of the glycoenzyme, while MPA  favors the sol-
ubility and stability of the resulting AuNPs. A MPhBA/MPA molar
ratio 1:2 was  selected to get the best compromise between solubil-
ity, stability and recognition ability.

The polyfunctionalized AuNPs were characterized by FTIR,
UV–vis and TEM. UV–vis absorption spectrum exhibits an
absorbance peak at 530 nm due to the dark red and water-soluble
nanoparticles (Fig. 1A). Fig. 1B shows the FT-IR spectrum of the
polyfunctionalized AuNPs named AuNPs-B(OH)2. A very strong and
broad band appears in the range from 3800 to 2600 cm−1, which
can be attributed to the overlapped O–H stretching vibrations cor-
responding to the hydroxyl groups of MPhBA and MPA. In addition,
the presence of the MPA  residues can be supported by the stretching
vibration band of the C O bond at 1662 cm−1. Regarding the pres-
ence of boronic acid residues, it is confirmed by the characteristics
B–O stretching vibration band at 1344 cm−1 and the strong band at
1002 cm−1 attributed to the B–O–H deformation [39]. These signals
confirmed the presence of the capping ligands on the surface of the
polyfunctionalized AuNPs. According to the TEM image of the syn-
thesized AuNPs (Fig. 1C) and their size distribution obtained from
several TEM images (Fig. 1D), the nanoparticles are rather polydis-
persed although the particle size are mostly located in a range from
3.7 to 7.2 nm.

3.2. Preparation of the hybrid nanomaterial
[bMWCNT-PEI/AuNPs-B(OH)2]

PEI has demonstrated to be an efficient dispersing agent for
MWCNTs [40,41]. The adequate combination of ultracavitation and
centrifugation was essential to obtain successful dispersions of
bMWCNTs preserving their unique electrocatalytic properties due
to the presence of the defects regularly located along the walls [41].
According to these results, the CNT dispersion was  prepared by son-
ication of 1.0 mg  mL−1 bMWCNTs with 4.0 mg  mL−1 PEI in water for
300 s followed by centrifugation at 9000 rpm for 15 min. To pre-
pare the composite material, GCE was  modified by drop-coating
with 10 �L of bMWCNTs-PEI on the electrode surface. The posi-
tively charged amine groups of PEI were used for the electrostatic
adsorption of AuNPs-B(OH)2, negatively charged at the working
pH. Fig. 2 shows a TEM image of the hybrid material bMWCNTs-
PEI/AuNPs-B(OH)2, where is possible to observe the attachment of
polyfunctionalized AuNPs to the PEI-wrapped-bMWCNTs surface.

Considering that the electrode will be used as a platform for
developing a glucose biosensor and that the analytical signal
will be obtained from the oxidation of the hydrogen peroxide

generated during the regeneration of GOx in the presence of
the natural mediator, oxygen, we evaluated the electrochemical
response of different electrodes to hydrogen peroxide. Fig. 3A
shows cyclic voltammograms of 1.0 × 10−2 M H2O2 obtained at
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Scheme 1. Schematic display of the steps involved in the pre

CE/PEI (a), GCE/PEI/AuNPs-B(OH)2 (b), GCE/bMWCNTs-PEI (c)
nd GCE/bMWCNTs-PEI/AuNPs-B(OH)2 (d). Compared to GCE/PEI,
t GCE/PEI/AuNPs-B(OH)2 there is a decrease in the overvolt-
ge for hydrogen peroxide reduction and oxidation and an
ncrease of the oxidation and reduction currents mainly due
o the electrocatalytic properties of the polyfunctionalized gold
anoparticles. At GCE/bMWCNTs-PEI, the increase in the elec-
roactive surface and the presence of the edge-like defects along
he bamboo shaped carbon nanotubes, are responsible for the
arger hydrogen peroxide oxidation and reduction currents com-

ared to GCE/PEI. More interestingly, a remarkable increase in
he oxidation current is observed at GCE/bMWCNTs-PEI/AuNPs-
(OH)2, suggesting a synergistic effect between bMWCNT-PEI and
uNPs-B(OH)2.

Fig. 1. (A) UV–vis absorption spectra, (B) FT-IR spectra, (C) TEM micro
on of the GCE/bMWCNTs-PEI/AuNPs-B(OH)2/GOx biosensor.

The effect of the adsorption time of 3.0 mg  mL−1 AuNPs-B(OH)2
(from 0 to 60 min) on the amperometric response of hydrogen per-
oxide was  evaluated at 0.700 V. Fig. 3B displays the sensitivity of
GCE/bMWCNT-PEI/AuNPs-B(OH)2, obtained from the slope values
of the corresponding calibration plots, as a function of the nanopar-
ticles adsorption time. The sensitivity increases sharply with time
up to 15 min  and levels off after 30 min, indicating that the sur-
face of the electrode was fully covered under these experimental
conditions.
3.3. Effect of boronic acid functionalities on GOx immobilization

The capability of boronic acid to recognize the glycoprotein
GOx was evaluated by comparing the electrochemical behavior

graph and (D) distribution size of the AuNPs-B(OH)2 (n = 1824).



M. Eguílaz et al. / Sensors and Actuators B 216 (2015) 629–637 633

Fig. 2. TEM micrograph of bMWCNTs/AuNPs-B(OH)2. Conditions: bMWCNTs
(1.0 mg  mL−1) were dispersed in 3.0 mg  mL−1 prepared in water. Sonication time:
5.0  min, acoustic amplitude: 50% and centrifugation: 9000 rpm for 15 min. The
dispersion of the hybrid material bMWCNTs-PEI/AuNPs-B(OH)2 was  obtained by
preparing a 1:1 (v/v) mixture, comprising a 1.0 mg  mL−1 AuNPs-B(OH)2 solution
prepared in water and the bMWCNTs-PEI dispersion.

Fig. 3. (A) Cyclic voltammograms of 0.010 M H2O2 at v = 0.100 V s−1 obtained at
GCE/PEI (a), GCE/PEI/AuNPs-B(OH)2 (b), GCE/bMWCNTs-PEI (c) and GCE/bMWCNTs-
PEI/AuNPs-B(OH)2 (d). (B) Sensitivity towards H2O2 obtained from amperometric
experiments at GCE/bMWCNTs-PEI/AuNPs-B(OH)2 as a function of the adsorption
time of 3.0 mg mL−1 AuNPs-B(OH)2. Experimental conditions: Eapp = 0.700 V, sup-
porting electrolyte 0.050 M phosphate buffer solution pH 7.40.

Fig. 4. Sensitivity towards (A) H2O2 and (B) glucose obtained from amperometric
experiments as a function of GOx interaction time obtained at GCE/bMWCNTs-
PEI/AuNPs-citrate (gray) and GCE/bMWCNTs-PEI/AuNPs-B(OH)2/GOx (white).
AuNPs-B(OH)2 concentration: 0.6 mg mL−1; AuNPs-B(OH)2 adsorption time:

30  min; GOx concentration: 3.0 mg mL−1. Equivalent conditions were used for the
experiments performed using AuNPs-citrate. Eapp = 0.700 V, supporting electrolyte
0.050 M phosphate buffer solution pH 7.40.

of biosensors prepared with equivalent amount of AuNPs-B(OH)2
and citrate stabilized gold nanoparticles (AuNPs-cit). The amount
of adsorbed nanoparticles was checked by cyclic voltammetry in
0.50 M sulfuric acid solution by integrating the charge correspond-
ing to the gold oxides reduction peak.

Fig. 4 compares the sensitivity attained for hydrogen per-
oxide (A) and glucose (B) as a function of GOx interaction
time at GCE/bMWCNTs-PEI/AuNPs-B(OH)2/GOx (white bars) and
GCE/bMWCNTs-PEI/AuNPs-cit/GOx (gray bars). The sensitivities
for hydrogen peroxide, used as control, do not show significant dif-
ferences neither at GCE/bMWCNTs-PEI/AuNPs-B(OH)2/GOx nor at
GCE/bMWCNTs-PEI/AuNPs-cit/GOx (Fig. 4A), since hydrogen per-
oxide is not substrate of the enzyme. On the contrary, the sensitivity
to glucose largely increases with the interaction time of GOx at
GCE/bMWCNTs-PEI/AuNPs-B(OH)2/GOx (Fig. 4B), while no signif-
icant changes are observed at GCE/bMWCNTs-PEI/AuNPs-cit/GOx
(Fig. 4B), demonstrating the specific interaction between the gly-
coprotein and AuNPs-B(OH)2.

The complex formation between AuNPs-B(OH)2 and GOx was
also confirmed by UV–vis spectroscopy (not shown). The adsorp-
tion of PEI and AuNPs-B(OH)2 was  performed from 1.0 mg  mL−1

PEI and 0.6 mg  mL−1 AuNPs-B(OH)2 solutions for 1 h, by filling

the quartz cuvette treated with NaOH/ethanol followed by copi-
ously rinsed with water. GOx linking was  performed from a
3.0 mg  mL−1 solution for increasing incubation time. A characteris-
tic absorption peak corresponding to the polypeptides chains was



634 M. Eguílaz et al. / Sensors and Actuators B 216 (2015) 629–637

Fig. 5. Sensitivity towards glucose obtained from amperometric experiments at GCE/bMWCNTs-PEI/AuNPs-B(OH)2/GOx biosensor as a function of (A) AuNPs-B(OH)2 concen-
tration  (Conditions: AuNPs-B(OH)2 adsorption time: 30 min, GOx concentration: 2.0 mg  mL−1, GOx interaction time: 30 min); (B) AuNPs-B(OH)2 adsorption time (Conditions:
A sorpti
3 ); and
A 00 V, 
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uNPs-B(OH)2 concentration: 3.0 mg  mL−1, GOx concentration: 2.0 mg mL−1, GOx ad
.0  mg mL−1, AuNPs-B(OH)2 adsorption time: 30 min, GOx adsorption time: 30 min
uNPs-B(OH)2 adsorption time: 30 min, GOx concentration: 3.0 mg  mL−1). Eapp = 0.7

bserved at 277 nm after GOx attachment [42]. Fig. SI1 shows the
bsorbance at 277 nm as a function of GOx incubation time at
uartz/PEI/AuNPs-B(OH)2 surface (white). The absorbance exhib-

ted a gradual increase with the incubation time of the enzyme
n the whole range of reaction times. For comparison, equivalent
xperiments were performed using AuNPs-citrate (gray). In this
ase, a slight increase in the absorbance was observed after 15 and
0 min  of enzyme incubation, but no changes were observed for

onger incubation times, clearly demonstrating the capability of
uNPs-B(OH)2 to immobilize GOx compared to AuNPs-citrate.

.4. Optimization of the
GCE/bMWCNTs-PEI/AuNPs-B(OH)2/GOx] biosensor

The synergistic effect of bMWCNTs-PEI/AuNPs-B(OH)2 towards
he electrocatalytic oxidation of H2O2 combined with the ability
f the boronic functionalized AuNPs for the recognition of gly-
oenzymes, allowed the construction of a glucose oxidase based
lectrochemical biosensor.

The preparation of the enzymatic electrode was  optimized
y determining the influence of the experimental variables that
ffect the biosensor response: concentration and adsorption time
f AuNPs-B(OH)2 (Fig. 5A and B) and concentration and reac-
ion time of GOx (Fig. 5C and D). Fig. 5A shows the influence

f the AuNPs-B(OH)2 concentration on the glucose sensitivity
btained from amperometric experiments performed at 0.700 V
t GCE/bMWCNTs-PEI/AuNPs-B(OH)2/GOx. There is a fast increase
n sensitivity with AuNPs concentration up to 3.0 mg  mL−1. These
on time: 30 min); (C) GOx concentration (Conditions: AuNPs-B(OH)2 concentration:
 (D) GOx interaction time (Conditions: AuNPs-B(OH)2 concentration: 3.0 mg mL−1,
supporting electrolyte 0.050 M phosphate buffer solution pH 7.40.

results could be ascribed to the catalytic properties of AuNP and the
larger boronic groups loading on the electrode surface accessible for
enzyme immobilization. In order to get the highest glucose sensitiv-
ity, 3.0 mg mL−1 AuNPs-B(OH)2 was selected for further work. The
influence of the adsorption time of AuNPs-B(OH)2 on the glucose
sensitivity was  also evaluated (Fig. 5B). A sharp increase is observed
up to 15 min, with moderate changes for longer incubation times.
Accordingly, an incubation time of 30 min  was  selected as a com-
promise between the highest sensitivity and adequate preparation
time. Moreover, the sensitivity of the biosensor increased progres-
sively with the concentration and reaction time of the enzyme,
reaching the highest values after 15 min  of GOx interaction from
a 3.0 mg  mL−1 of enzyme solution (Fig. 5C and D).

Under the optimal conditions, the surface coverage of the
bioactive GOx (� GOx) at the hybrid nanomaterial GCE/bMWCNTs-
PEI/AuNPs-B(OH)2, which is the fraction of the enzyme available for
the charge transfer, was  evaluated using 5.0 × 10−4 M FcMeOH as
redox regenerator in N2-satured 0.100 M phosphate buffer solution
pH 7.40 according to the Bourdillon method [43] (see SI).

� GOx, was  calculated from the biosensor response using the
following equation

icat = nFAk3� ∗
GOx[FcMO•+]

1 + k3[FcMO•+]((1/k2) + (1/kred[Glu]))
where [FcMO•+] and [Glu] are the concentrations of the oxidized
mediator and substrate, respectively, kred = k1k2/(k-1 + k2), and icat

is the catalytic current determined at GCE/bMWCNTs-PEI/AuNPs-
B(OH)2/GOx as the difference between the current obtained in the
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Table  1
Comparison of the analytical characteristics obtained for GCE/bMWCNTs-PEI/AuNPs-B(OH)2/GOx biosensor with those reported for other glucose biosensors based on hybrid
materials of carbon nanotubes and nanoparticles.

Biosensor Sensitivity Linear range
(M)

LOD
(�M)

Stability
(%)

Ref.

GCE/MWCNTs-Chit/GOx/ZnONPs/GOx 3.02 mA M−1 6.67 × 10−6 to
1.29 × 10−3

2.22 93.4 over 10
days

Hu et al. [45]

GCE/MWCNTs-IL-AuNPs/GOx 15.6 mA M−1cm−2 2.0 × 10−3 to
12.0 × 10−3

– – Jia et al. [46]

GCE/MWCNTs-PSS-IL-AuNPs/GOx – 0 to 20.0 × 10−3 25 89.7 over 7
days

Li et al. [47]

GCE/MWCNTs-Chit-PtNPs/Con A/GOx – 1.2 × 10−6 to
2.0 × 10−3

0.4 94.4 over 10
days

Li et al. [48]

PE(MWCNT-AuNPs-GOx) 2.6 mA M−1 5.0 × 10−5 to
1.0 × 10−3

17 90 over 8 days Manso et al. [49]

GCE/MWCNTs-AuNPs/Nf/GOx 0.4 mA  M−1 5.0 × 10−5 to
2.2 × 10−2

20 – Rakhi et al. [50]

ITO/MWCNTs-IL-Chit/AuNPs/GOx 4.1 mA M−1 1.0 × 10−3 to
10.0 × 10−3

– 90 over 20 days Ragutaphy et al. [51]

GCE/MWCNTs-ACS/PtNPs/GOx 113.13 mA  M−1cm−2 5.0 × 10−5 to
10.5 × 10−3

6.18 85 over 8 days Tsai and Tsai [52]

GCE/MWCNTs-sulfonated-PtNPs/GOx 0.56 mA M−1 1.0 × 10−5 to
6.4 × 10−3

– 85 over 1 hour Wang et al. [53]

GCE/(AuNP-Chit/MWCNT)8/GOx – 6.0 × 10−6 to
5.0 × 10−3

3 81.3 over 10
days

Wang et al. [54]

GCE/MWCNTs-pDA-AgNPs/GOx/Nf 3.1 mA M−1 5.0 × 10−5 to
1.1 × 10−3

17 92 over 14 days Wang et al. [55]

GCE/MWCNTs-PtNPs-GOx-Nf 0.16 mA M−1 1.6 × 10−4 to
11.5 × 10−3

55 94 over 20 days Wen  et al. [56]

PtE/PAA/MWCNTs/Cyst/AuNPs/GOx 2.527 mA M−1 1.0 × 10−4 to
10.0 × 10−3

6.7 92 over 30 days Wu et al. [57]

GCE/MWCNTs-Gr-PDDA-AuNPs/GOx 29.72 mA M−1 cm−2 3.0 × 10−4 to
2.1 × 10−3

4.8 89 over 21 days Yu et al. [58]

GCE/MWCNTs-PVA-GOx/AuNPs 16.6 mA M−1cm−2 5.0 × 10−4 to
8.0 × 10−3

200 – Zhang et al. [59]

GCE/bMWCNTs-HBPEI/AuNPs-B(OH)2/GOx 3.26 mA M−128.6 mA M−1cm−2 2.5 × 10−4 to
5.0 × 10−3

0.8 86.1 over 14
days

This work

ACS, alumina coated silica; AgNPs, silver nanoparticles; AuNPs, gold nanoparticles; Chit, chitosan; Con A; concanavalin A; Cyst, cysteamine; GCE, glassy carbon electrode;
Gr,  graphene; IL, ionic liquid; ITO; indium tin oxide; MWCNTs, multiwalled carbon nanotubes; Nf, nafion; pDA, polydopamine; PAA, poly(allylamine); PDDA, poly(dially-
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imethylammonium); PE, paste electrode; PSS, poly(sodium 4-styrene-sulfonate); 

inc  oxide nanoparticles.

bsence and presence of 0.070 M glucose at 0.250 V. A characteristic
-shaped catalytic wave was obtained (Fig. SI2) due to the biocat-
lytic oxidation of glucose according to the well-known mechanism
hown in the SI. The constant values used for the calculation, taken
rom the pioneering work of Bourdillon et al. under similar experi-

ental conditions, were k2 = 780 s−1, k3 = (6.2 ± 0.5) × 106 M−1 s−1,
nd kred = 1.2 × 104 M−1 s−1 [44]. Under our experimental condi-
ions, � GOx was 2.2 × 10−11 mol  cm−2 (assuming a two-electron
ransfer reaction), which is three times higher than the value of
.6 × 10−12 mol  cm−2 obtained for GCE/bMWCNTs-PEI/GOx. These
esults suggest that the bMWCNTs-PEI/AuNPs-B(OH)2 hybrid
aterial provides a large and effective surface-area for enzyme

mmobilization retaining its biocatalytic activity.

.5. Analytical performance of the biosensor

Fig. 6A displays the amperometric recordings obtained at
.700 V with the GCE/bMWCNTs-PEI/AuNPs-B(OH)2/GOx biosen-
or for successive additions of 2.5 × 10−4 M glucose. A fast response
as observed after the addition of glucose, 95% of the steady-state

urrent being reached in 3 s. Fig. 6B shows the calibration plot
btained from the amperometric recordings (n = 10). A linear range
r = 0.998) between 2.50 × 10−4 M and 5.00 × 10−3 M was achieved
ith a sensitivity of (3.26 ± 0.03) mA  M−1 (28.6 mA  M−1 cm−2). The
etection limit was 0.8 �M (taken as 3.3�/S, where � is the stan-

ard deviation of the blank signal and S, the sensitivity), and the
uantification limit, 2.4 �M (taken as 10�/S).

The GCE/bMWCNTs-PEI/AuNPs-B(OH)2/GOx revealed a high
eproducibility, with a relative standard deviation value of 4.5%
atinum electrode; PtNPs, platinum nanoparticles; PVA, polyvinyl alcohol; ZnONPs,

calculated from the slope values of the glucose calibration plots
obtained with ten different biosensors. The reusability of the same
biosensor surface was also good, yielding a relative standard devi-
ation of 8.6% for ten successive calibrations. The long-term stability
of the bioelectrode was  also checked by storing at 4 ◦C under dry
conditions and measuring the response to glucose once a day. The
biosensor retained 90.2% and 86.1% of its original response after 9
and 14 days of storage, respectively. This behavior can be attributed
to the strong attachment of the enzyme on the AuNPs-B(OH)2 and
also to the proper biocompatibility of the hybrid nanomaterial that
offer a friendly environment for GOx immobilization.

The analytical performance of GCE/bMWCNTs-PEI/AuNPs-
B(OH)2/GOx was  compared to that of other reported glucose
biosensors involving hybrids of carbon nanotubes and nanoparti-
cles (Table 1). The biosensor possesses an excellent detection limit
which is the lowest of those summarized in Table 1 and comparable
to that obtained with specific GOx immobilization with concavalin
A lectin [48]. A good sensitivity, which is better than most of the
values reported in Table 1, and a linear range which is comparable
to most of those indicated in Table 1, have been obtained with the
proposed biosensor. Although the biosensor constructed by immo-
bilizing GOx on carbon nanotube-alumina coated silica-platinum
nanoparticles composite film [52] showed a better sensitivity, it
should be pointed out that its detection limit is one order of magni-
tude greater. Our biosensor exhibits additional advantages like the

supramolecular mechanism for the biosensor construction with-
out covalent methods and a good long-term stability due to the
biocompatibility of the nanohybrid material for enzyme immobi-
lization.
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Fig. 6. (A) Amperometric recording obtained at 0.700 V for successive additions of
2.5  × 10−4 M glucose at GCE/bMWCNTs-PEI/AuNPs-B(OH)2/GOx. (B) Calibration plot
obtained from the amperometric recording shown in (A) (the calibration plot was
obtained using ten different electrodes).

Table 2
Determination of glucose in real samples.

Sample Glucose (g/100 mL)  RSD (%) Recovery (%)

Reported Found

Pepsl 3.9 4.0 ± 0.1 2.5 102 ± 3
Gatorade 2.4 2.4 ± 0.1 4.2 100 ± 5
Red  Bull 3.6 3.6 ± 0.1 2.8 101 ± 3

Sample Glucose (M)  RSD (%) Recovery (%)

Reported Found

E
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a
t

u
(
1
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t
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w

[

[11] P. Nayak, B. Anbarasan, S. Ramaprabhu, J. Phys. Chem. C 117 (2013)
Milk 3.9 × 10−2 (3.8 ± 0.2) × 10−2 4.0 98 ± 4

The kinetics parameters of the biosensor obtained from
adie–Hofstee plots were Kapp

M = (8.1 ± 0.5) × 10−3 M and

max = (41 ± 3) �A. This Kapp
M value is smaller than those reported

or the native GOx in solution (27 mM)  [60], suggesting the high
ffinity of the enzyme towards glucose when it is immobilized on
he nanohybrid material.

The GCE/bMWCNTs-PEI/AuNPs-B(OH)2/GOx biosensor was
sed to determine the glucose content in commercial soft drinks
Pepsi®, Gatorade® and Redbull®) and baby milk samples (“Crecer
” milk for babies from 0 to 6 months, Argentine dairy company “La
erenísima”). In order to minimize matrix effects, the determina-

ion of glucose was accomplished by using the standard additions

ethod. Table 2 compares the concentration of glucose obtained
ith the biosensor with the values reported by the supplier. There

[

[

ators B 216 (2015) 629–637

is an excellent agreement between both values, demonstrating
the analytical reliability of the proposed electrochemical device
to quantify glucose in real samples. Considering additional practi-
cal applications, we also evaluated the interference of two easily
oxidizable compounds, ascorbic (AA) and uric acid (UA). Since
both compounds interfere in the determination of 5.0 × 10−4 M
glucose (34% for 1.0 × 10−5 M AA and 23% for 5.0 × 10−5 M UA),
we incorporated an outer layer (5.0 �L) of commercial Nafion
diluted ten times with 0.050 M phosphate buffer pH 7.40 (0.50%,
v/v) at GCE/bMWCNTs-PEI/AuNPs-B(OH)2/GOx. Under those con-
ditions, the interference decreased to 8.0 and 6.0% for AA and UA,
respectively, expanding in this way the possibilities of analytical
applications of the proposed biosensor.

4. Conclusions

This work reports a new bioanalytical platform based on the
deposition at GCE of a hybrid material obtained from the associa-
tion of AuNPs-B(OH)2 and bMWCNTs and further incorporation of
the model enzyme GOx. Even when there are hundreds of works
dealing with electrochemical glucose biosensing, the strategy pro-
posed here is really innovative since it associates the synergistic
effect of the hybrid material for the oxidation of hydrogen perox-
ide with the selective immobilization of GOx through the boronic
acid residues. The biosensor demonstrated to possess a very com-
petitive analytical performance and a successfully application for
the quantification of glucose in beverages and milk sample, with
excellent correlation with the reported values.

The platform described here represents a very versatile alterna-
tive not only for the preparation of glucose biosensors, but also for
other type of biosensors just by selecting a biomolecule able to be
recognized by boronic acid, opening the way  to the development
of new biosensors.
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