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A B S T R A C T

This work reports the successful application of bamboo-like multiwalled carbon nanotubes (bCNT) non-
covalently functionalized with calf-thymus double stranded DNA (dsDNA) as a robust platform (bCNT-
dsDNA) to build electrochemical biosensors. The “model system” proposed here as a proof of concept was
an enzymatic biosensor devoted to glucose quantification obtained by layer-by-layer self-assemby of
polydiallyldimethylammonium (PDDA) and glucose oxidase (GOx) at glassy carbon electrodes (GCE)
modified with bCNT-dsDNA (GCE/bCNT-dsDNA/(PDDA/GOx)n). The influence of GOx and PDDA
assembling conditions and the effect of the number of PDDA/GOx bilayers (n) on the performance of
the resulting biosensor is critically discussed. The supramolecular architecture was characterized by
electrochemical impedance spectroscopy from the charge transfer resistance of quinone/hydroquinone
and potassium ferrocyanide/potassium ferricyanide; by cyclic voltammetry from the surface
concentration of GOx using ferrocene methanol as enzyme regenerator; by amperometry from the
response of the enzymatically generated hydrogen peroxide; and by surface plasmon resonance from the
changes in the plasmon resonance angle. The analytical parameters obtained with GCE/bCNT-dsDNA/
(PDDA/GOx)3 for the amperometric quantification of glucose at 0.700 V were: sensitivity of (265 � 7)
mA mM�1 cm�2, linear range between 0.25 and 2.50 � 10�3M, detection limit of 50 mM, repeatability of
3.6% (n = 10), and negligible interference from maltose, galactose, fructose and manose. The biosensor
was successfully used for the sensitive quantification of glucose in beverages and a medicine sample.

ã 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The development of efficient biosensors is of great importance
in different areas, ranging from clinical and environmental
chemistry to biotechnological and industrial production [1]. In
this sense, electrochemical biosensors have demonstrated
exceptional attributes such as being sensitive, portable, simple-
to-construct, easy-to-operate and economical [2]. Particularly,
nanomaterials-based electrochemical biosensors have received
great attention due to the advantages of functional nanomaterials
mainly connected with tunability, versatility, self-assembling
ability and possibility to amplify biorecognition events [3]. CNTs
have been widely used for the development of electrochemical
biosensors due to their exceptional properties, like large surface-
to-volume ratio, high mechanical strength, faster electron transfer

kinetics, excellent chemical and thermal stability, and high surface
density for the immobilization of biomolecules [4,5].

Layer-by-layer (LbL) self-assembly of polymer and nanomate-
rials has demonstrated to be a very useful tool for the fabrication of
nanostructured films with high organization at the nanoscale level
due to the inherent simplicity, versatility and universality [6–11].
CNTs have been used for the development of electrochemical
biosensors built by LbL following different strategies: by using the
nanostructures as starting platform for further assembling of
polyelectrolytes; as an active support to bring biorecognition
molecules or polyelectrolytes; or as source of negative charges to
allow further electrostatic interaction with polycations [12–14].
Dalmasso and coworkers [15] have proposed a glucose biosensor
obtained by alternate deposition of GOx and CNT dispersed with
polyhystidine (CNT-Polyhis) at glassy carbon electrodes (GCE).
They reported the successful assembling of five (CNT-PHys/GOx)
bilayers with the consequent increase in glucose sensitivity. In a
similar way, Ma et al. [16] have developed a glucose biosensor by
immobilizing eight (polydiallyldimethyl ammonium/GOx) bilayers
at Au/thionine/CNT/(polyacrylic acid/polyvinylstyrene)3, where
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CNTs were vertically aligned at the gold surface. In a different
approach, Zhang and coworkers [17] have developed biosensors for
discriminative detection of organophosphorus pesticides by
assembling CNT dispersed with polyethyleneimine (PEI), DNA,
acetylcholine esterase (AChE) and organophosphate hydrolase
(OPH) at GCE. The authors have used CNT-PEI and CNT-DNA as
“cushion layers” for further deposition of the biosensing elements
supported by CNTs (CNT-AChE and CNT-OPH), reporting that the
best compromise between sensitivity towards the analytes and
conductivity/resistivity of the films was attained with GCE/(CNT-
PEI/CNT-DNA)2/CNT-AChE/CNT-OPH. However, even when, differ-
ent strategies for the construction of CNT-LbL based biosensors
have been reported [18–20], is important to remark that extensive
study is still required to fully understand the factors that govern
and improve the analytical signals [21].

We have recently reported the excellent electrochemical
behavior of glassy carbon electrodes (GCE) modified with
bamboo-like MWCNT dispersed in calf-thymus dsDNA [22]. The
dsDNA that supports the bCNTs maintained its bioaffinity
properties, even after the drastic conditions to prepare the
dispersion (use of ethanol/water and sonication), making possible
the successful recognition of the intercalator promethazine, its
selective preconcentration and its quantification at nanomolar
level [22,23].

The aim of this work is to demonstrate the usefulness of bCNT
non-covalently functionalized with dsDNA (GCE/bCNT-dsDNA) as a
platform to build electrochemical biosensors taking advantage of
the unique properties of bCNT, the characteristic of negatively
charged backbone of dsDNA, and the robustness of bCNT-dsDNA.
We propose the GCE/bCNT-dsDNA platform as a “model biosensing
system” using glucose oxidase (GOx) as biorecognition element
immobilized by alternate LbL assembling of polydiallyldimethy-
lamonium (PDDA) and glucose oxidase (GOx). The supramolecular
multistructure was characterized using amperometry, cyclic
voltammetry (CV), electrochemical impedance spectroscopy
(EIS) and surface plasmon resonance (SPR). In the following
sections we will discuss the influence of the PDDA and GOx
adsorption conditions and the number of PDDA/GOx layers on the
analytical performance of the resulting biosensing platform.

2. Experimental

2.1. Reagents

D-(+)-glucose (Glu), D-(+)-manose (Man) and D-(+)-galactose
(Gal) were obtained from Merck. Maltose (Mal) and fructose (Fru)

was purchased from Mallinckrodt. Glucose oxidase (GOx) (Type X-
S, Aspergillus niger, EC 1.1.3.4,158,900 units per gram of solid), calf-
thymus double stranded DNA (dsDNA) (Catalog number D 4522),
ferrocene methanol (FcOH), poly-diallyldimethylammonium chlo-
ride (PDDA) (MW=100,000–200,000), potassium ferrocyanide, and
potassium ferricyanide were obtained from Sigma. Bamboo-like
multiwalled carbon nanotubes (bCNT, diameter (30 � 10) nm,
length 1–5 mm, 98.92% purity) were obtained from NanoLab (U.
S.A.). Other chemicals were analytical reagent grade and used
without further purification.

PDDA and GOx solutions were prepared in ultrapure water and
0.050 M phosphate buffer solution pH 7.40, respectively. The stock
solutions of Glu, Gal, Man, Mal, and Fru were prepared in 0.050 M
phosphate buffer solution pH 7.40 before starting each set of
experiments. All aqueous solutions were prepared with ultrapure
water (r=18 MVcm) from a Millipore-MilliQ system.

2.2. Apparatus

Amperometric measurements were performed with a
TEQ_04 potentiostat while cyclic voltammetry and EIS experi-
ments were carried out with an Autolab PGSTAT 128N potentiostat
(EcoChemie). SPR measurements were done with a single channel
Autolab SPRINGLE instrument (Eco Chemie).

Glassy carbon electrodes (GCE, CH Instruments, 3 mm diame-
ter) were used as working electrodes. A platinum wire and Ag/AgCl,
3 M NaCl served as counter and reference electrodes, respectively.
All potentials are referred to the latter. The electrodes were
inserted into the electrochemical cell through holes in its Teflon
cover. A magnetic stirrer provided the convective transport during
the amperometric measurements.

2.3. Preparation of the working electrode

2.3.1. Preparation of GCE modified with bCNT-dsDNA (GCE/bCNT-
dsDNA)

The dispersion of bCNTs with dsDNA was prepared following
the protocol previously reported [22]. Briefly, 1.00 mL of 100 ppm
dsDNA solution (prepared in 50% v/v ethanol:water) was added to
1.00 mg of bCNT powder, sonicated for 45 min, and centrifuged at
9000 rpm for 15 min.

Before modification, the GCEs were polished with alumina
slurries of 0.3 and 0.05 mm for 1.0 min each and then sonicated in
water for 10 s. After that, 20 mL of the bCNT-dsDNA dispersion was
casted over the GCE followed by the evaporation of the solvent by
exposure to air for 90 min.

Fig. 1. Scheme of the LbL self-assembly of PDDA and GOx at GCE/bCNT-dsDNA.
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2.3.2. Construction of PDDA/GOx multilayers films at GCE/bCNT-
dsDNA (GCE/bCNT-dsDNA/PDDA/GOx)n

The biosensor was obtained by immersion of GCE/bCNT-dsDNA
in a 0.50 mg mL�1 PDDA solution for 5.0 min followed by
immersion in a 1.00 mg mL�1 GOx solution for 15.0 min, as
illustrated in Fig. 1. The multilayered system was obtained by
repeating the previous scheme and the resulting electrodes were
named GCE/bCNT-dsDNA/(PDDA/GOx)n, being n the “number of
bilayers” or more strictly, the number of PDDA/GOx adsorption
steps. After each adsorption step, the surfaces were copiously
rinsed with the medium used for preparing the polyelectrolyte
solution.

2.4. Procedure

Amperometric experiments were carried out by applying
0.700 V and allowing the transient current to decay to a steady-
state value prior to the addition of the analyte and the subsequent
current monitoring. EIS experiments were performed by applying a
sinusoidal potential perturbation of 10 mV amplitude in the
frequency range between 105 and 10�1Hz and a working potential
corresponding to the formal potential of 2.0 � 10�3M [Fe(CN)6]3�/

4� (0.210 V) or 2.0 � 10�3M H2Q/Q (�0.050 V). The impedance
spectra were analyzed by using the Z-view program.

For SPR measurements, the Au SPR sensor disks (BK 7) were
modified ex-situ by deposition of 20 mL of 0.30 mg mL�1 bCNT-
dsDNA dispersion and further drying at room temperature. The SPR
disks were mounted on a hemicylindrical lens through index-
matching oil to form the base of the cuvette. The measurements
were carried out under non-flow liquid conditions at 25 �C.

The results presented here were obtained using three different
dispersions and three electrodes in each case. All the experiments
were conducted at room temperature.

3. Results and discussion

The rational design of LbL-based biosensors requires a critical
analysis of the concentration and deposition time of the
polyelectrolytes and the number of biorecognition layers that
the architecture can support. In the following sections we will
discuss the influence of these parameters on the analytical
performance of the resulting GCE/bCNT-dsDNA/(PDDA/GOx)n
supramolecular multistructure. We will use the sensitivity to

glucose obtained from amperometric experiments at 0.700 V as
the main analytical parameter for selecting the experimental
conditions. Fig. 2 shows a typical amperogram obtained at
GCE/bCNT-dsDNA/(PDDA/GOx)n for successive additions of glu-
cose. The inset depicts the corresponding calibration plot.

3.1. Effect of PDDA and GOx concentration and adsorption time

The effect of PDDA concentration and adsorption time on the
performance of the resulting biosensors was studied from
amperometric experiments performed at 0.700 V after successive
additions of 5.0 � 10�4M glucose (Fig. S1). The electrodes were
prepared using different PDDA concentrations (from 0.50 to
2.00 mg mL�1) and different deposition times (from 5.0 to
15.0 min) followed by the self-assembling of 1.00 mg mL�1 GOx
for 15.0 min. The sensitivity is rather independent of PDDA
adsorption time, and the concentration of PDDA demonstrated
to have just a small influence on the sensitivity to glucose. For
instance, by increasing the PDDA concentration from 0.50 to
1.00 mg mL�1, the sensitivity only rises 26%. Therefore, the selected
conditions for PDDA adsorption were 0.50 mg mL�1 and 5.0 min
deposition.

The conditions for GOx self-assembly at GCE/bCNT-dsDNA/
PDDA were also evaluated from amperometric experiments
performed at 0.700 V for successive additions of 5.0 � 10�4M
glucose. The biosensors were prepared using different GOx
deposition times (from 5.0 to 15.0 min) and several concentrations
(from 0.25 to 2.00 mg mL�1). Fig. 3 illustrates the effect of these
parameters on the sensitivity of the resulting biosensors. The
sensitivity increases with the concentration of GOx either for 5.0,
10.0 or 15.0 min adsorption. The best compromise between
sensitivity, stability, reproducibility, and linear range was achieved
with the platform obtained by adsorption of 1.00 mg mL�1 GOx for
15.0 min. Therefore, these conditions were selected for further
work.

3.2. Effect of the number of (PDDA/GOx) bilayers

Fig. 4 displays the effect of the number of PDDA/GOx bilayers at
GCE/bCNT-dsDNA/(PDDA/GOx)n on the sensitivity to glucose
obtained from amperometric experiments at 0.700 V. The

Fig. 2. Amperometric recording obtained at GCE/bCNT-dsDNA/PDDA/GOx after
successive additions of 5.0 � 10�4M glucose. Working potential: 0.700 V. Support-
ing electrolyte: 0.050 M phosphate buffer solution pH 7.40. Inset: calibration plot
obtained from the amperometry. The red line shows the linear fit to the data.

Fig. 3. Glucose sensitivity of GCE/bCNT-dsDNA/PDDA/GOx as a function of GOx
accumulation time. Gray bars corresponds to GOx 0.25 mg mL�1; red bars, to GOx
0.50 mg mL�1; green bars, to GOx 1.00 mg mL�1; and blue bars, to GOx 2.00 mg
mL�1. Working potential: 0.700 V. Supporting electrolyte: 0.050 M phosphate buffer
solution pH 7.40. PDDA adsorption conditions: 0.50 mg mL�1 PDDA solution for
5.0 min. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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sensitivity increases with the number of bilayers up to the third
one to remain almost constant thereafter.

To obtain additional information from other perspectives that
allow a critical analysis of the effect of (PDDA/GOx) bilayers on the
performance of the biosensor, the supramolecular architecture was
interrogated with different techniques, i.e., EIS, SPR and cyclic
voltammetry.

EIS experiments were performed using quinone/hydroquinone
(Q/H2Q) and [Fe(CN)6]3�/4� as redox markers to evaluate the
blockage of the surface and the reversion of the charges during the
construction of the multilayers system.

Fig. 5 illustrates the changes in the charge transfer resistances
(Rct) for Q/H2Q at GCE/bCNT-dsDNA after the alternate self-
assembling of PDDA and GOx layers. This redox couple is sensitive
to the surface blockage as it adsorbs at sp2 carbon for the electron
transfer [24]. The corresponding Nyquist plots and the equivalent
circuit (a single time constant-Randles circuit) are shown in Fig. S2
and Scheme S1, respectively (displayed in the Supplementary
Information). The Rct increases as a consequence of the blockage of

the surface, producing a sluggishness in the charge transfer. A rapid
increase of Rct is observed up to the second bilayer, to remain
almost constant after the third one, indicating that after the third
bilayer there is no appreciable increment in the thickness due to a
poor accumulation either of PDDA or GOx.

Considering that the electrostatic interaction between poly-
electrolytes is the main driving force when constructing supra-
molecular architectures based on LbL assembling of
polyelectrolytes [25], we performed EIS experiments using the
highly-charged redox couple [Fe(CN)6]3�/4� to evaluate the
efficiency of the charge reversion during the multilayers formation.
The impedance spectra obtained during the construction of the
multistructure using 2.0 � 10�3M [Fe(CN)6]3�/4� are depicted in
Fig. S3. The fitting of the spectra obtained for the structures ended
in PDDA was performed with a single time constant-Randles
equivalent circuit. It is important to mention that, although PDDA
is usually adsorbed forming loops [26], our results reveal that its
coverage is somewhat regular.

The architectures ended in GOx were fitted with a double time
constant equivalent circuit (Scheme S2, showed in the Supple-
mentary Information). The theoretical model used in this case was
the capillary membrane model [27,28], which has been proposed
to study the charge transport through polyelectrolyte multilayers,
accounting for the possible defects present in the supramolecular
architectures. This model considers that the electrode coverage is
not complete in the different stages during the construction of the
multilayers delimiting areas more accessible to the electroactive
species. In our case, the Nyquist plots corresponding to the
architectures ended in GOx are broad and present wide semicircles
that are mainly due to the combination of two time constants,
indicating the existence of different zones with two different
heterogeneous rate constants for [Fe(CN)6]3�/4� charge transfer
[29]. These results suggest that GOx does not fully cover the PDDA
layer, with the consequent existence of regions with different
coverage of GOx and incomplete charge reversion of PDDA, effect
that is more evident after the third layer of GOx. Similar behavior
has been reported for other enzyme-polymer LbL assemblies [30]
and is associated to the different morphologies of the linear PDDA
polymer and the globular GOx protein.

Fig. 4. Sensitivity, obtained from amperometric recordings after successive
additions of 5.0 � 10�4M glucose, as a function of the number of PDDA/GOx
bilayers. Working potential: 0.700 V. Supporting electrolyte: 0.050 M phosphate
buffer solution pH 7.40. PDDA adsorption conditions: 0.50 mg mL�1 PDDA solution
for 5.0 min. GOx adsorption conditions: 1.00 mg mL�1 GOx solution for 15.0 min.

Fig. 5. Dependence of the number of (PDDA/GOx) bilayers with the charge transfer
resistance (Rct) obtained from the impedimetric response of quinone/hydroqui-
none. Amplitude: 10 mV; Frequency range: between 105 and 10�1Hz; Working
potential: formal potential of a 2.0 � 10�3M H2Q/Q solution (�0.050 V). The
impedance spectra and equivalent circuits used to fit the experimental data are
shown in Supplementary Information, section 2. PDDA and GOx assembling
conditions as in Fig. 4.

Fig. 6. Dependence of the number of (PDDA/GOx) bilayers with the total Rct

obtained from the impedimetric response of [Fe(CN)6]3�/4�. Amplitude: 10 mV;
Frequency range: between 105 and 10�1Hz; Working potential: formal potential of a
2.0 � 10�3 M [Fe(CN)6]3�/4� solution (0.210 V). The impedance spectra and
equivalent circuits used to fit the experimental data are shown in Supplementary
Information, section 2. PDDA and GOx assembling conditions as in Fig. 4.
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Fig. 6 shows the variation of the total Rct obtained from the [Fe
(CN)6]3�/4� impedance spectra with the alternate assembling of
PDDA and GOx during the construction of the supramolecular
architecture. Starting with GCE/bCNT-dsDNA, the total Rct largely
decreases after the assembling of PDDA due to the charge reversion
and favorable interaction with the highly charged redox marker.
The assembling of GOx produces the opposite effect on Rct as a
consequence of the repulsion between the redox couple and the
negatively charged protein. Thus, a typical “zig-zag” Rct profile
[31,32] is observed after alternate immersion of the modified
electrode into PDDA and GOx solutions, due to the consecutive
electrostatic attraction and repulsion, indicating that the reversion
of charges is occurring during the building of the multilayers. At
GCE/bCNT-dsDNA/(PDDA/GOx)3, the Rct and the associated uncer-
tainty drastically increases, and after that, the Rct remains almost
constant, indicating a poor reversion of charges, effect attributed to
the strong interpenetration of the layers. Therefore, at that point
the surface blockage becomes the most important factor for the
decrease of the apparent charge transfer rate for [Fe(CN)6]3�/4�.

The construction of the supramolecular architecture was also
evaluated by SPR. Fig. 7 displays the variation of the surface
plasmon resonance angle (DuSPR) during the assembly of PDDA and
GOx layers at bCNT-dsDNA. The inset shows the corresponding
sensorgram. The general behavior is that DuSPR increases during
the alternate adsorption of PDDA and GOx up to the third PDDA/
GOx bilayer; however, some differences were found when
considering the first, second and third bilayer. For instance, the
assembling of the second layers of PDDA and GOx produces
increments in DuSPR less pronounced than those obtained for the
first layers, indicating that the adsorption of PDDA at bCNT-dsDNA
is more efficient than at bCNT-dsDNA/PDDA/GOx, mainly due to
the different charge density of the surface and local distribution of
the negative charges at the electrode surface. After the third
bilayer, the changes in the SPR angle are very small evidencing a
poor adsorption of PDDA and GOx, in agreement with previous
results.

Fig. 8 displays the effect of the number of bilayers on the surface
concentration of bioactive GOx (GGOx) calculated from the catalytic
current density (jcat) for FcOH obtained from cyclic

voltammograms performed in the presence of saturation concen-
trations of glucose (0.30 M) according to the Bourdillon method
[33] (for further information, see Supplementary Information).
GGOx increases with the number of bilayers up to the third one, to
remain constant after that, in agreement with the EIS and SPR
results previously shown. These results point out that the active
site of GOx confined at the electrode surface is accessible to the
substrate and that the enzyme retains its biocatalytic activity in the
different GCE/bCNT-dsDNA/(PDDA/GOx)n multistructures.

In fact, the Michaelis-Menten apparent constant (KM
app) for

each bilayer obtained from Eadie-Hofstee plots were smaller than
the KM reported for native GOx in solution [34,35]: (1.8 � 0.7),
(0.62 � 0.08), and (0.21 �0.03) mM for the first, second, and third
bilayers, respectively (for further information, see section 4 in
Supplementary Information). These results suggest that the
environment where GOx is immobilized is enzyme-friendly and
does not affect significantly the biocatalytic activity of the enzyme.

In summary, the variation of Rct, GGOx, DuSPR and the sensitivity
towards glucose with the number of PDDA/GOx bilayers allow us to
get the following conclusions: (i) PDDA and GOx can be
successfully assembled at GCE/bCNT-dsDNA to build supramolec-
ular architectures using LbL self-assembly; (ii) the system (PDDA/
GOx)n becomes less stratified as n increases due to interpenetra-
tion of the layers; and (iii) GOx incorporated in the supramolecular
multistructure retains its biocatalytic activity.

3.3. Analytical performance of the biosensor

The evaluation of the analytical parameters for GCE/bCNT-
dsDNA/(PDDA/GOx)n for n = 1, 2, and 3 indicates that the best
analytical performance is obtained with n = 3 (Table 1).

The short-term stability was excellent, even for GCE/bCNT-
dsDNA/(PDDA/GOx)4, since the R.S.D. for 10 successive ampero-
metric calibrations for glucose performed at 0.700 V using the

Fig. 7. DuSPR values obtained after LbL assembling of PDDA and GOx at GCE/bCNT-
dsDNA. Inset: Sensorgram obtained during the LbL assembly of PDDA and GOx at
GCE/bCNT-dsDNA. The green and red arrows indicate the injection of PDDA and
GOx, respectively; and the black and blue arrows indicate the washing of the surface
with water and 0.050 M phosphate buffer pH 7.40, respectively. PDDA and GOx
assembling conditions as in Fig. 1. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Fig. 8. Surface concentration of bioactive GOx (GGOx) as a function of the number of
PDDA/GOx bilayers, obtained from voltammetric experiments in 0.30 M glucose
using FcOH as redox mediator. Supporting electrolyte: 0.100 M phosphate buffer
solution pH 7.40. For further experimental conditions and data fitting, see section
3 in Supplementary Information.

Table 1
Analytical parameters for the quantification of glucose at GCE/bCNT-dsDNA/(PDDA/
GOx)n obtained from amperometric experiments.

Sensitivity/mA mM�1 cm�2 LOD/mM Linear range/mM

(PDDA/GOx)1 86 � 7 0.10 Up to 2.5
(PDDA/GOx)2 172 � 9 0.10 Up to 3.0
(PDDA/GOx)3 265 � 7 0.05 Up to 2.0
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same surface (implying more than 180 min of continuous use) was
4.4%.

The interference of other carbohydrates was evaluated from
amperometric experiments at GCE/bCNT-dsDNA/(PDDA/GOx)3 at
0.700 V after the addition of 5.0 � 10�3M Fru, Mal, Gal, and Man,
followed by the addition of 5.0 � 10�3M glucose (the amperomet-
ric recordings are depicted in section 5 in the Supplementary
Information). No interference was found for Fru, Gal and Mal. In the
case of Man (which is a dimer of glucose), there was a small
interference (7.2 � 0.4) % still acceptable from the analytical point
of view. Table 2 summarizes the analytical parameters of other
LbL-based glucose biosensors. Compared to them, our biosensor,
GCE/bCNT-dsDNA/(PDDA/GOx)3, presents a wider linear range and
possesses an excellent sensitivity, which is better than those
reported by the other strategies.

The GCE/bCNT-dsDNA/(PDDA/GOx) was used to obtain the
glucose content in the beverage “Pepsi-cola” and the natural orange
juice “Baggio”. The concentration obtained were (40 � 4) and
(0.6 � 0.1) x102mg mL�1, respectively, demonstrating an excellent
correlation with the values reported by the manufacturer, 39 mg
mL�1 (Relative Error = 2.5%) and 66.25 mg mL�1 (Relative Error =
9.4%) respectively. The glucose content in the nasal spray
“Allennys”, which contains glucose as an excipient, was also
evaluated. The concentrations obtained with GCE/bCNT-dsDNA/
(PDDA/GOx)n with n = 1, 2 and 3 showed an excellent agreement
with the value reported in the product (2.75 mg of glucose per
dose): (2.6 � 0.2), (2.9 � 0.1) and (2.9 � 0.3) mg of glucose per dose.
The excellent correlation demonstrates that GCE/bCNT-dsDNA/
(PDDA/GOx)n is a successful analytical tool for the quantification of
glucose. Also, the fine tuning of the sensitivity with the number of
bilayers allows reducing the amount of sample used for the
determination.

The combination of the excellent dispersing properties of
dsDNA, the robustness of the bCNT-dsDNA layer at GCE, the
electrocatalytic properties of bCNTs, the negative charge of dsDNA
and the biocatalytic specificity of GOx confined at the electrode
surface, have allowed us to build up a sensitive, selective, robust,
reproducible and stable glucose amperometric biosensor that
could be a valuable tool for routine analysis of glucose and quality
control in dairy, food and pharmaceutical industries.

4. Conclusions

The results presented here demonstrate the usefulness of bCNT-
dsDNA as platform to build biosensing supramolecular architec-
tures. In this particular case, the confluence of the versatility of LbL
self-assembling of multilayers, the biocatalytic activity of GOx, the
catalytic activity of bCNTs towards the oxidation of the enzymati-
cally generated hydrogen peroxide, and the robustness of CNTs
non-covalently functionalized with dsDNA, have allowed the
construction of GCE/bCNTs-dsDNA/(PDDA/GOx)n supramolecular
architectures for the sensitive and selective detection of glucose.

The new platform represents an interesting alternative for the
development of different types of CNT-based biosensors just
varying the bio-recognition element without the need of CNTs
pretreatments to generate different functional groups or covalent
attachment of bioactive groups.
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Table 2
–Comparison of the analytical parameters obtained for GOx-based biosensors using the LbL strategy.

Sensor layer Detection Sensitivity/
mA mM�1 cm�2

Linear
range/
mM

Comments Ref.

Au/Cys/(GOx/
amMWCNT)4

Amperometric
E = �0.300 V

7.46 1 to 7 Analyzed interferents: AA, UA, PA. [36]

ITO/PB/(CHIT/MWCNT/
GOx)6

Amperometric
E = 0.000 V

8.017 1 to 7 Analyzed interferents: AA, PA. [37]

GCE/MWCNT/(PEI/
GOx)3/PEI

CV (3rd generation
glucose sensor)

106.57 Up to 0.3 Analyzed interferents: AA, UA. Real sample: recovery assay with human serum. [38]

Au/PB/(CHIT/GOx)6 Amperometric
E = 0.000 V

82.8 0.006 to
1.6

Analyzed interferents: AA, UA, PA. [39]

Au/(MWCNT-MPTS/
AuNPs)5/GOx

Amperometric
E = 0.300 V

19.27 0.02 to 10 Analyzed interferents: AA, UA, PA. Real sample: recovery assay with human
serum.

[40]

GE/(CRGO/Pyr-GOx)3 Amperometric
E = 0.280 V

– Up to 30 Analyzed interferents: AA, UA. Real sample: recovery assay with human serum. [41]

Au/(CHIT-NGr-GOx)/
PSS/(CHIT-NGr-GOx)

Amperometric
E = �0.200 V

10.5 � 0.9 0.2 to 1.8 Analyzed interferents: AA, UA, dopamine, citric acid, oxalic acid, fructose,
catechol.

[42]

Au/Cys/(Fc-C6-LPEI/
GOx)16/Fc-C6-LPEI

CV (2nd generation
glucose sensor)

15.9 – – [43]

Pt/GO/PANHS/GOx Amperometric
E = 0.600 V

40.5 � 0.4 0.004 to
4.4

– [44]

GCE/IL-CRGO/S-Gr/GOx/
Naf

Amperometric
E = �0.200 V

1.07 � 0.09 0.01 to
0.5

Analyzed interferents: AA, UA, dopamine. Real sample: in-vivo measurement of
glucose in rat striatum using a micro-dialysis system.

[45]

Pt/(PDDA-SWCNT/
GOx)7

Amperometric
E = 0.600 V

63.84 0.05 to 12 Analyzed interferents: AA, UA, PA. [46]

Au/Cys/(GOx/CHIT)2 Amperometric
E = 0.300 V

8.91 1.5 to 10.5 – [47]

GCE/(MWCNT-Polyhys/
GOx)5/Naf

Amperometric
E = 0.700 V

27.4 � 0.4 0.25 to 5 Analyzed interferents: AA, UA, lactose, maltose, galactose. Real sample: milk [15]

GCE/bCNT-dsDNA/
(PDDA/GOx)3

Amperometric
E = 0.700 V

265 � 7 Up to 2.5 Analyzed interferents: fructose, maltose, galactose, manose. Real sample:
beverage, fruit juice and nasal spray.

This
work

Symbols: Cys, cysteamine; amMWCNT, aminated MWCNTs; AA, ascorbic acid; UA, uric acid; PA, paracetamol; ITO, idium tin oxide electrode; PB, prussian blue; CHIT, chitosan;
PEI: polyethilenimine; MPTS, (3-mercaptopropyl) triethoxysilane; NPs, nanoparticles; GE, graphite electrode; CRGO, chemically-reduced graphene oxide; Pyr, 1-
pyrenebuttyric acid; NGr, nitrogen-doped graphene; PSS, polystyrene sulfonate; Fc-C6-LPEI, linear PEI modified with a ferrocenium group; GO, graphene oxide; PANHS, 1-
pyrenebutyric acid-N-hydroxysuccinimide; IL, ionic liquid; S-Gr, sulfonic acid-functionalized graphene; Polyhys, polyhystidine.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.
electacta.2015.09.028.
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