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g r a p h i c a l a b s t r a c t
� Avidin successfully disperses
MWCNTs and provides them of bio-
recognition properties.

� Avidin maintains their recognition
properties even after the drastic
dispersing conditions.

� GCE/MWCNTs-avidin is a versatile
platform to immobilize biotynilated
residues.

� Biotinylated HRP was attached to
GCE/MWCNTs-avidin as proof-of-
concept.

� GCE/MWCNT-avidin/b-HRP allowed
the highly sensitive quantification of
H2O2.

� GCE/MWCNT-avidin/b-HRP was suc-
cessfully used for detecting of H2O2

in real samples.
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a b s t r a c t

We are reporting an innovative building-block for the development of biosensors based on the non-
covalent functionalization of multi-walled carbon nanotubes (MWCNTs) with avidin (MWCNTs-avidin).
In this work, at variance with previous reports, avidin has the double role of simultaneously being the
exfoliating agent of MWCNTs and the platform for anchoring different biotinylated biomolecules. The
optimum dispersion was obtained by sonicating for 5.0min 0.50 mgmL�1 MWCNTs with 1.00 mgmL�1

avidin solution prepared in 50:50 v/v ethanol/water. As proof-of-concept, we immobilized biotinylated
horseradish peroxidase (b-HRP) at glassy carbon electrodes (GCE) modified with MWCNTs-avidin to
develop a hydrogen peroxide biosensor using hydroquinone as redox mediator. Surface plasmon reso-
nance, electrochemical impedance spectroscopy, cyclic voltammetry and amperometry demonstrated
that, even after the partial denaturation of avidin due to the drastic conditions used to functionalize the
MWCNTs, it preserves the biorecognition properties and efficiently interacts with biotinylated horse-
radish peroxidase (b-HRP). The analytical characteristics of the resulting hydrogen peroxide biosensor
are the following: linear range between 1.0� 10�6M and 1.4� 10�5M, sensitivity of (1.37± 0.04) x 105
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mAM�1, detection limit of 24 nM and reproducibility of 2.9%. The sensor was challenged with different
samples, a mouthwash solution, human blood serum and milk, with very good performance.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

The exceptional properties of carbon nanostructures have made
them very attractive materials for the construction of electro-
chemical (bio)sensors [1e3]. Particularly, carbon nanotubes (CNTs)
have been widely used due to their unique electronic, structural,
mechanical and catalytic properties, their capacity to interact with
different biomolecules, and their multiple possibilities of func-
tionalization [4e6].

Due to the important interactions between tubes through van
der Waals forces and p-p stacking, CNTs requires some function-
alization to minimize their aggregation and to allow them to
participate in the construction of electrochemical (bio)sensors [7,8].
The non-covalent scheme has received enormous attention since it
makes possible an efficient functionalization of CNTs without dis-
turbing their electronic characteristics. Supramolecular complexes
were obtained after the interaction of CNTs with different polymers
[9]. For instance, chitosan [10], polyethylenimine [11,12], Nafion
[13], poly(4-vinylpyridine) [14], poly(lysine) [15], poly(arginine)
[16], poly(histidine) [17], and poly(aniline) [18] have been suc-
cessfully used for the preparation of CNTs-based electrochemical
biosensors.

We have proposed an interesting and original strategy to
develop CNTs-based electrochemical sensors by direct functional-
ization of multiwall carbon nanotubes (MWCNTs) with different
biomolecules. The main challenge of this strategy was to obtain
supramolecular architectures where the biomolecules maintain as
much as possible their biocatalytic/bioaffinity properties and allow
to obtain sensitive andwell-defined analytical signals that ensuring
a competitive biosensing. In fact, we have reported the use of
glucose oxidase (GOx) [19] cytochrome c [20,21] and calf-thymus
double stranded DNA (dsDNA) [22,23] to non-covalently func-
tionalize MWCNTs. In general, the functionalizationwas performed
by ultrasonicating the mixture of the biomolecule (prepared in a
50/50 v/v ethanol/water solution) andMWCNTs for a given time. As
a consequence of these drastic conditions to prepare the disper-
sions, the biomolecules that supported the carbon nanostructures
suffered a partial denaturation. However, even after this partial
denaturation, the enzymes recognized their substrates (glucose in
the case of GOx and hydrogen peroxide in the case of cytochrome c)
and dsDNA recognized the know intercalator promethazine.
Therefore, it was possible to obtain successful glucose, hydrogen
peroxide and promethazine electrochemical biosensors once the
resulting dispersions were immobilized at glassy carbon electrodes
(GCE).

In this work, we report an innovative building-block for the
development of biosensors based on the use of avidin in two di-
rections, to exfoliate multi-walled carbon nanotubes (MWCNTs)
(MWCNTs-avidin) and to work as platform to immobilize a given
biotinylated molecule to obtain the desired biosensor. In this work,
we selected a biotinylated horseradish peroxidase (b-HRP) as
proof-of-concept of the interaction between the avidin that sup-
ports the MWCNTs and a biotinylated biomolecule. In the following
sections, we present the characterization of GCE modified with
avidin-functionalized MWCNTs (GCE/MWCNTs-avidin), the evalu-
ation of the biorecognition properties of GCE/MWCNTs-avidin in
the presence of b-HRP, and the analytical performance of the
resulting GCE/MWCNTs-avidin/b-HRP for the highly sensitive
hydrogen peroxide biosensing using hydroquinone as redox
mediator.

2. Experimental section

2.1. Chemicals

Hydrogen peroxide (30% v/v aqueous solution) was purchased
from Baker. Avidin of egg white (Ref: 434401) and biotinylated
horseradish peroxidase (b-HRP, Ref: 432040) were obtained from
Life Technology-Invitrogen (USA). Hydroquinone (HQ) and benzo-
quinone were received from Sigma-Aldrich. Multiwalled carbon
nanotubes powder (MWCNTs, diameter (30± 15) nm, length 1e5
mm) was purchased from NanoLab, U.S.A.). Other chemicals were
reagent grade and used without further purification. Ultrapure
water (r¼ 18MUcm) from a Millipore-MilliQ system was used for
preparing all the solutions. A 0.100M saline phosphate buffer so-
lution (PBS) pH 7.40 was used as supporting electrolyte and (GCE/
MWCNTs-avidin)/(b-HRP) interaction buffer. PBS solution with
0.010% Tween-20 was used as washing buffer after interaction of
GCE/MWCNTs-avidin with b-HRP or HRP to remove the unspecific
bond protein.

2.2. Apparatus

Electrochemical experiments were carried out with TEQ 4 and
Autolab PGSTAT128 N potentiostats. A platinum wire and Ag/AgCl,
3M NaCl (BAS, Model RE-5B) were used as auxiliary and reference
electrodes, respectively. All potentials are referred to the latter. A
magnetic stirrer (BASi Cell stand) set at 800 rpm and a stirring bar
provided the convective transport during the amperometric
measurements.

Scanning Electron Microscopy (SEM) images were obtained
with a Field Emission Gun Scanning Electron Microscope (Zeiss,
SIGMA model). The samples were prepared by depositing the
dispersion of MWCNTs-avidin at glassy carbon disks and drying at
room temperature. UV-Vis experiments were performed with a
Shimadzu UV 1700 Pharma spectrometer. Circular dichroism
spectra were recorded with a JASCO Model J-810 spec-
tropolarimeter. FT-IR spectra were obtained with a Nicolet 5-SX C
spectrometer.

Sonication treatments were carried out with a sonicator probe
VCX 130W (Sonics & Materials, Inc.) of 20 kHz frequency with a
titanium alloy microtip (3mm diameter).

Amperometric experiments were performed at �0.100 V in the
supporting electrolyte solution by successive additions of hydrogen
peroxide. Electrochemical impedance spectroscopy (EIS) experi-
ments were carried out in the supporting electrolyte solution by
applying a sinusoidal potential perturbation of 10mV in the fre-
quency range of 105e10�1 Hz. Theworking potential was the formal
potential of a 2.0� 10�3M hydroquinone/benzoquinone solution
(0.050 V). The impedance spectra were analyzed and fitted using
the Z-view program.

Electrochemical capacitance spectroscopy (ECS) is based on
impedimetric measurements by converting the complex imped-
ance, Z*(w) into a complex capacitance, C*(w). The spectra were
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obtained in the supporting electrolyte solution for frequencies
ranging from 1 MHz to 0.1 Hz with an amplitude of 10 mV (peak to
peak) at a stationary potential of 0.0 V.

SPR measurements were performed with a single chanel
AUTOLAB SPRINGLE instrument (Eco Chemie), using Au disks (BK7).
Sample solutions (60 mL) were injected manually into the cuvette.
The measurements were carried out under stationary conditions at
(25± 1) �C. The analytical signal was the change in the plasmon
resonance angle (DqSPR) for Au/MWCNT-avidin obtained as the
difference between qSPR after and before the addition of b-HRP
(once the surfaces were washed with the washing buffer).

2.3. Preparation of the dispersions

a) The dispersion of MWCNTs with avidin (MWCNTs-avidin)
was obtained by mixing 0.50mg of MWCNTs with 1.00mL of
avidin solution (1.00 mgmL�1 prepared in 50:50 v/v ethanol/
water) followed by sonication for 5.0min with ultrasonic
probe.

(b) The dispersion of MWCNTs in 50/50 v/v ethanol/water was
obtained by mixing 1.00mg of MWCNTs with 1.00mL of
50:50 v/v ethanol/water followed by sonication for 5.0min
with ultrasonic probe.
Fig. 1. A) Cyclic voltamograms for 1.0� 10�3M hydroquinone obtained at GCE/
MWCNT (a) and GCE/MWCNT-avidin (b). Scan rate: 0.100 Vs-1. B) Nyquist plots for
2.0� 10�3M hydroquinone/benzoquinone obtained at GCE/MWCNT (a) and GCE/
MWCNT-avidin (b). Frequency range: 10 KHz to 10mHz; Potential perturbation:
10mV; Working potential: 0.050 V. Inset: Randles circuit. Supporting electrolyte:
0.100M PBS pH 7.40.
2.4. Preparation of GCE modified with the dispersions

Before modification, GCE was polished with alumina slurries of
1.0, 0.30, and 0.05 mm for 2min each. After that, the GCEs were
modified by dropping 20 mL of MWCNT-avidin dispersion on the
top of the surfaces followed by the evaporation of the solvent at
room temperature (GCE/MWCNTs-avidin). Similar protocol was
followed to prepare GCE modified with MWCNTs dispersed in 50/
50 v/v ethanol/water (GCE/MWCNTs) using the corresponding
dispersion.

2.5. Preparation of GCE/MWCNT-avidin modified with biotinylated
horseradish peroxidase

GCE/MWCNTs-avidin was modified with b-HRP (GCE/MWCNTs-
avidin/b-HRP) by dipping the electrode in a b-HRP solution (1.00
mgmL�1 prepared in 0.100M PBS pH 7.40) for 30min at room
temperature. Similar protocol was used for preparing the GCE/
MWCNT-avidin modified with non-biotinylated HRP (GCE/
MWCNT-avidin/HRP).

3. Results and discussion

3.1. Characterization of GCE modified with MWCNT-avidin. Effect of
avidin concentration

Fig. 1A displays cyclic voltammograms for 1.0� 10�3M hydro-
quinone at GCE/MWCNT (a) and GCE/MWCNT-avidin (b). At GCE/
MWCNTs the potentiodynamic profile shows the typical quasi-
reversible electrooxidation of hydroquinone, with a cathodic peak
current (ip,c) of 289 mA and an anodic peak current (ip,a) of 287 mA.
At variance with this behavior, at GCE/MWCNTs-avidin, there is an
important decrease of the reduction and oxidation peak currents
(ip,c¼ 88 mA; ip,a¼ 96 mA). Since hydroquinone has to be adsorbed
at sp2 carbon to allow the electron transfer [24], it is a good indi-
cator of the electrode-surface state. Therefore, these results indi-
cate that the avidin that supports the CNTs produces a blockage of
the electrode surface.

Fig. 1B depicts Nyquist plots obtained at 0.050 V for GCE/
MWCNTs (a) and GCE/MWCNTs-avidin (b) using 2.0� 10�3M
hydroquinone/benzoquinone as redox markers. The experimental
data (symbols) were fitted with a Randles circuit (solid line) where
Rs is the electrolytic resistance, Rct the charge transfer resistance,
Cdl the double layer capacitance, and W the Warburg impedance.
The increment in the semicircle portion observed at higher fre-
quencies for GCE/MWCNT-avidin, is a clear indication of the in-
crease of Rct due to the blocking effect of the protein that supports
the MWCNTs ((3.0± 0.2) x 103U and (1.10± 0.09) x 103U, for GCE/
MWCNT-avidin and GCE/MWCNTs, respectively), in agreement
with the results shown in Fig. 1A.

Taking into account that the dispersing agent/CNTs ratio has
demonstrated to be a critical aspect to obtain an efficient func-
tionalization of carbon nanostructures [25] we evaluated the effect
of the avidin concentration used to prepare the dispersions on the
performance of GCEs modified with the resulting dispersions.
Fig. 2A depicts the variation of the peak-potential separation (DEp)
for 1.0� 10�3M hydroquinone obtained from cyclic voltammo-
grams performed at GCE modified with MWCNTs (0.50 mgmL�1)
dispersed with avidin solutions of different concentrations (from
0.25 to 2.00 mgmL�1). DEp increases with the increment of avidin
concentration in the dispersions up to 1.0 mgmL�1, demonstrating
the influence of the amount of avidin present in the dispersion on
the charge transfer of the redox probe. DEp values are summarized
in Table SI-1.



Fig. 2. A) Peak potential separation (DEp) for 1.0� 10�3M hydroquinone as a function of the concentration of avidin used to disperse the MWCNTs (from 0.25 to 2.00 mgmL�1)
obtained from cyclic voltammograms. Scan rate: 0.100 Vs-1. B) Nyquist plots obtained at 0.050 V using 2.0� 10�3M hydroquinone/benzoquinone for GCE modified with dispersions
of 0.50 mgmL�1 MWCNTs prepared in 0.25 (a), 0.50 (b), 1.00 (c) and 2.00 (d) mgmL�1 avidin solutions. Frequency range: from 1MHz to 0.01 Hz; potential perturbation: 10mV;
working potential: 0.050 V. C) Capacitive Nyquist diagrams obtained for 0.100M PBS pH 7.40 at GCE/MWCNTs-avidin using GCE modified with dispersions of 0.50 mgmL�1 MWCNTs
prepared in 0.25 (a), 0.50 (b), 1.00 (c) and 2.00 (d) mgmL�1 avidin solutions. Frequency range: from 1MHz to 0.01 Hz; amplitude: 10mV; working potential: 0.00 V. D) Sensitivities
for hydrogen peroxide obtained from amperometric experiments at 0.700 V as a function of the avidin concentration in the dispersion used to modify GCE. Supporting electrolyte:
0.100M PBS pH 7.40.
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Fig. 2B displays Nyquist plots obtained at 0.050 V for GCE
modified with dispersions of 0.50 mgmL�1 MWCNTs prepared in
0.25 (a), 0.50 (b), 1.00 (c) and 2.00 (d) mgmL�1 avidin solutions
using 2.0� 10�3M hydroquinone/benzoquinone. Rct increases with
the increment of avidin concentration in the dispersion used to
modify GCE up to 1.00 mgmL�1, to slightly decreases thereafter. To
obtain complementary information about the accessibility of
MWCNTs for the charge transfer and to make a correlationwith the
EIS results, we also studied the system by electrochemical capaci-
tance spectroscopy (ECS). Considering that ECS provides a purely
capacitive electroanalytical signal (at lower frequencies) associated
with the electronic states of CNTs [26e31], is possible to know the
effect of the functionalization of MWCNTs with avidin on the
electrochemical capacitance of the carbon nanostructures and on
their density of electronic states. The plot of real capacitance versus
applied potential displayed in Fig SI-1a indicates that the density of
electronic states for MWCNTs is energetically accessible along a
wide range of potentials, being maximum at 0.000V. Fig SI-1b
shows that the capacitance for GCE/MWCNTs-avidin is lower than
that for GCE/MWCNTs because the density of electronic states de-
creases when the nanostructures are modified with avidin due to
the intimate contact between the carbon nanostructures and the
protein. Therefore, is possible to follow the functionalization of
MWCNTs with the non-conductive avidin from the decrease of the
electronic states density at a given potential, being 0.000V the
selected one according to the results shown in Figure SI-1a. Fig. 2C
shows the plots of imaginary versus real capacitance obtained at
GCEs modified with MWCNTs dispersed in 0.25 (a), 0.50 (b), 1.00 (c)
and 2.00 (d) mgmL�1 avidin solutions, for frequencies ranging from
1MHz to 0.1 Hz with an amplitude of 10mV. The electrochemical
capacitance decreases with the increment of avidin concentration
used to functionalize the MWCNTs, being minimum at 1.00
mgmL�1, indicating that the degree of MWCNTs functionalization
increases with the concentration of avidin and reaches a maximum
for 1.00 mgmL�1.

Fig. 2D shows the variation of the sensitivities for hydrogen
peroxide obtained from amperometric experiments at 0.700 V as a
function of the avidin concentration in the dispersion used to
modify GCE. From the analysis of the results shown in this figure, is
possible to get the following conclusions: i) Compared to GCE/
MWCNTs, the sensitivity largely decreases for GCE/MWCNTs-avidin
(0.25mgmL�1), clearly indicating that the protein produces a
blockage of the surface; ii) Compared to GCE/MWCNTs-avidin
(0.25mgmL�1), for GCE/MWCNTs-avidin prepared with increasing
concentrations of avidin, the sensitivity increases with the incre-
ment of avidin up to 1.00 mgmL�1, demonstrating that, even when
the protein blocks the electrode surface, its effect on the disag-
gregation of the carbon nanostructures is very important and
partially compensates the blocking effect; iii) Although the sensi-
tivity increases with the amount of avidin in the dispersion due to
the disaggregation of the carbon nanostructures, the sensitivity for
GCE/MWCNTs-avidin never reaches the value obtained at GCE/
MWCNTs. These results demonstrate the importance of the con-
centration of avidin solution used to non-covalenty functionalize
the CNTs to obtain the best compromise between the efficiency to
exfoliate the nanostructures and the negative effect of the surface
blockage.

Figure SI-2 displays typical FE-SEM pictures for glassy carbon
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disks modified with dispersions prepared by sonicating for 5.0min
0.50 mgmL�1 of MWCNTs with 0.10 (A), 0.50 (B) and 1.00 (C)
mgmL�1 avidin. The comparison of the different images indicates
that when the glassy carbon disks are modified with dispersions
containing lower amounts of avidin, there are areas with higher
density of aggregates. These areas decreasewhen the concentration
of protein used to prepare the dispersion increases, demonstrating
the importance of the amount of avidin for an efficient disaggre-
gation of the carbon nanostructures, in consonance with the vol-
tammetric, impedimetric and amperometric results previously
shown.

The aggregation fraction (cagg) is an important parameter to
evaluate the efficiency of a given molecule to disaggregate the CNTs
[32]. In this case, we calculate cagg by measuring the absorbance at
600 nm (inset Fig. 3) before (Abefore) and after (Aafter) centrifugation
of MWCNTs-avidin dispersion (at 9000 rpm for 15min) as a func-
tion of the avidin concentration, according to:

xagg ¼ Abefore � Aafter
Abefore

Fig. 3 displays the variation of cagg with the concentration of
avidin in the solution used to prepare the dispersion. cagg decreases
as the concentration of avidin increases, reaching a minimum for
1.00 mgmL�1 avidin, indicating that the concentration of avidin
that allows the disaggregation of 0.50 mgmL�1 MWCNTs, known as
dispersion limit, is 1.00 mgmL�1. The hydrodynamic radius for
MWCNT-avidin decreased with the increment of the avidin con-
centration used to prepare the dispersions due to the disaggrega-
tion of MWCNTs bundles, reaching almost constant values for
avidin concentrations higher than 1.0 mgmL�1 (results not shown).

In summary, the electrochemical results obtained using EIS, ECS,
cyclic voltammetry and amperometry, SEM images and cagg, clearly
demonstrate that there is a critical value of avidin concentration
high enough to allow an efficient disaggregation of MWCNTs, but
not too high to minimize the blocking effect. This optimum value
was 1.0 mgmL�1 avidin.

3.2. Molecular recognition of GCE/MWCNTs-avidin towards b-HRP

The main goal of this work was to create a multipurpose plat-
form for the development of different biosensors by taking
advantage of the bioaffinity properties of the avidin that supports
the MWCNTs through the incorporation of the corresponding
Fig. 3. Variation of cagg with the concentration of avidin in the solution used to pre-
pare the dispersion of 0.50 mgmL�1 MWCNTs. Inset: UV-Vis spectra for 0.50 mgmL�1

MWCNTs dispersed in 1.00 mgmL�1 avidin.
biotynilated-biorecognition molecule. Therefore, is very important
to know if the avidin that supports the MWCNTs presents some
grade of denaturation and if it is able to recognize the biotin resi-
dues even despite the drastic conditions for the preparation of
MWCNTs-avidin dispersion.

To answer these questions, we interrogated the dispersion by
different techniques. The small shifting in the wavelengths of
maximum absorption of the protein observed in the UV-visible
spectra (at 226 and 280 nm, Figure SI-3A) indicates that the
drastic conditions for the preparation of the dispersion (sonication
and ethanol/water solution) produces only a partial denaturation of
avidin [33]. Figure SI-3B shows the FTIR spectra for unmodified
MWCNTs (a), avidin (b) and MWCNTs-avidin (c). In the case of the
spectrum corresponding to the carbon nanostructures, there is a
weak band at 1648 cm�1 which is assigned to C¼C stretching of
phenyl ring vibration. The spectrum corresponding to avidin (b)
presents the characteristic bands of the peptidic bonds, amide I,
due to C¼O stretching vibration (1654 cm�1), and amide II, pri-
marily due to the NeH bending with a contribution from CeN
stretching vibrations (1538 cm�1). The spectrum for MWCNTs-
avidin (1.00 mgmL�1) shows these two amide bands with small
changes in the wavenumbers, indicating the successful attachment
of the protein to the carbon nanostructures. Taking into account
that amide I band is very sensitive to modifications in the sec-
ondary structure of the proteins [34,35], and that the changes in the
position of this band are small, there is only a partial denaturation
of the protein. Circular dichroism spectra also showed a shifting in
the bands and a change of the intensity compatible with some
grade of denaturation (Figure SI-3C). However, evenwhen there is a
partial denaturation of the protein, the secondary structure is
preserved [36].

In this work we use b-HRP as proof-of-concept of the bioaffinity
of the avidin that supports the MWCNTs towards biotin residues.
We studied by SPR the immobilization of 1.00 mgmL�1 b-HRP
(Fig. 4A, a) and HRP (Fig. 4A and b) at gold surfaces modified with
MWCNT-avidin dispersion. The amount of b-HRP immobilized at
the platform, calculated from the change in the plasmon resonance
angle (DqSPR) was (2.6± 0.4) pmol cm�2. On the contrary, when
using non-biotinylated HRP instead of b-HRP, the amount of HRP at
Au/MWCNT-avidin is very small (0.21± 0.06) pmol cm�2), con-
firming that b-HRP is really immobilized by specific bioaffinity
interaction. EIS experiments were also performed to evaluate the
interaction of b-HRP and HRP with GCE/MWCNTs-avidin. Fig. 4B
displays Nyquist plots obtained for 2.0� 10�3M hydroquinone/
benzoquinone at 0.050 V at GCE/MWCNTs-avidin/b-HRP (a), GCE/
MWCNTs-avidin/HRP (b) and GCE/MWCNTs-avidin (c). The
considerably increase of Rct after the interaction of GCE/MWCNT-
avidin with b-HRP ((2.2 ± 0.3) x 103U) compared to GCE/
MWCNTs-avidin ((1.1± 0.3) x 103U), and the negligible change in
Rct after the interaction of GCE/MWCNT-avidinwith HRP ((1.1± 0.4)
x 103U) are additional evidences of the specific interaction be-
tween MWCNTs-avidin and b-HRP.

Fig. 4C displays cyclic voltammograms for 1.0� 10�3M hydro-
quinone obtained at GCE/MWCNT-avidin/b-HRP before (dotted
line) and after (solid line) the addition of 2.0� 10�3M hydrogen
peroxide. In the absence of hydrogen peroxide, there is a typical
quasi-reversible response for hydroquinone. After the addition of
hydrogen peroxide, there is a large decrease in the anodic peak
current (ip,a¼ 99.8 vs 15.8 mA) and a huge increment in the cathodic
one (ip,c¼ 99.1 vs 193 mA) as a consequence of the catalytic activity
of b-HRP. At variance with these results, cyclic voltammograms
obtained under similar conditions at GCE/MWCNTs-avidin modi-
fied with the non-biotinylated HRP (inset Fig. 4C) show negligible
changes in the cathodic and anodic peak current after the addition
of hydrogen peroxide ((99.8 vs 82.8 mA) for the anodic peak



Fig. 4. A) Sensorgrams for the interaction of Au/MWCNT-avidin with b-HRP (a) and
HRP (b). B)Nyquist plots obtained for 2.0� 10�3M hydroquinone/benzoquinone at
0.050 V at GCE/MWCNTs-avidin/b-HRP (a), GCE/MWCNTs-avidin/HRP (b) and GCE/
MWCNTs-avidin (c). C)Cyclic voltammograms for 1.0� 10�3M hydroquinone ob-
tained at GCE/MWCNT-avidin/b-HRP before (dotted line) and after (solid line) the
addition of 2.0� 10�3M hydrogen peroxide for GCE/MWCNTs-avidin/b-HRP. Inset:
Similar to Fig. 4C using GCE/MWCNTs-avidin/HRP.
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currents and (91.5 mA vs 99.1 mA) for the cathodic peak currents in
the presence and absence of hydrogen peroxide, respectively).
These results clearly demonstrate that: i) the avidin that supports
the CNTs can recognize biotin even after the partial denaturation
produced during the preparation of the dispersion; ii) the non-
specific interaction of HRP with GCE/MWCNTs-avidin is really
negligible, and iii) the immobilized b-HRP can efficiently recognize
hydrogen peroxide. Therefore, GCE/MWCNTs-avidin/b-HRP can be
used as bioanalytical platform for the quantification of hydrogen
peroxide.

Additional evidences of the successful recognition of b-HRP
were also obtained by amperometry and ECS. Amperometric ex-
periments performed at �0.100 V in the presence of 1.0� 10�3M
hydroquinone demonstrated that the sensitivity obtained for suc-
cessive additions of hydrogen peroxide with GCE/MWCNTs-avidin/
b-HRP was almost five times higher than the one obtained with
GCE/MWCNTs-avidin/HRP (Figure SI-4). ECS experiments per-
formed in a 0.100M PBS solution pH 7.40 with GCE/MWCNTs-
avidin, GCE/MWCNTs-avidin/b-HRP and GCE/MWCNTs-avidin/
HRP demonstrated that the capacitances for GCE/MWCNTs-
avidin/HRP and GCE/MWCNTs-avidin are almost the same and
clearly different than the one obtained for GCE/MWCNTs-avidin/b-
HRP (Figure SI-5). Thus, SPR, EIS, cyclic voltammetry, amperometry
and ECS clearly demonstrate that the avidin that supports the
MWCNTs maintains its biorecognition properties making possible
the successful specific immobilization of b-HRP.

The optimization of b-HRP concentration and interaction time
between GCE/MWCNTs-avidin and b-HRP was performed using
different techniques. Figure SI-6A displayed the variation of the SPR
angle during the interaction of Au/MWCNTs-avidin prepared with
different concentrations of avidin with 1.00 mgmL�1 b-HRP. The
surface coverage of b-HRP increases with the amount of avidin
present at the MWCNTs-avidin gold modified surfaces up to 1.00
mgmL�1 avidin (Figure SI-6B), indicating that 1.0 mgmL�1 avidin is
also adequate to reach an efficient immobilization of b-HRP.

The optimum concentration and interaction time of b-HRP with
Au/MWCNTs-avidin were selected using different techniques. EIS
experiments performed with Au/MWCNTs-avidin modified with
increasing concentrations of b-HRP after 15min interaction
demonstrated that Rct increases with the concentration of b-HRP
from 0.25 to 1.00 mgmL�1, to level off thereafter (Fig. SI-7). Similar
EIS experiments performed with GCE/MWCNTs-avidin modified
with 1.00mgmL�1 b-HRP after different interaction times indicate
that the optimum interaction time between Au/MWCNTs-avidin
and b-HRP was 20min (Figure SI-8A). These results were
confirmed by amperometric experiments performed at �0.100 V in
the presence of 1.0� 10�3M hydroquinone since the sensitivity for
hydrogen peroxide increases with the interaction time, reaching an
almost constant value between 15 and 20min (Figure SI-8B).

3.3. Analytical performance of GCE/MWCNTs-avidin/b-HRP for
hydrogen peroxide biosensing

Fig. 5A displays amperometric recordings obtained at GCE/
MWCNTs-avidin/b-HRP at �0.100 V for successive additions of
1.0� 10�6MH2O2 in the presence of 1.0� 10�5M hydroquinone. A
fast an well-defined response is observed after each addition of
hydrogen peroxide. The corresponding calibration plot is shown in
Fig. 5B. The linear range goes from 1.0� 10�6M to 1.4� 10�5M,
with a sensitivity of (1.37± 0.04) x 105 mAM�1 (R2¼ 0.998), and a
detection limit of 24 nM (taken as 3 x standard deviation of the
blank signal/sensitivity). Table 1 compares the analytical perfor-
mance of our biosensor with the most relevant biosensors for
hydrogen peroxide reported in the last years based on the use of
enzymes and catalytic nanomaterials. The detection limit is com-
parable to the one obtained using a GCE modified with porous
graphene and HRP [37] and lower than those obtained with
different non-enzymatic and enzymatic hydrogen peroxide sensors
[18,38e44]. Seetharamaiah et al. [45] reported a biosensor with a
detection limit considerably lower than the one obtained with our
biosensor, although it presented a more complex scheme of prep-
aration (using a multilayers system of polytyrosine, gold nano-
structures, Ti (IV) and catalase) and worked at more negative



Fig. 5. A) Amperometric recordings obtained at GCE/MWCNTs-avidin/b-HRP
at �0.100 V for successive additions of 1.0� 10�6MH2O2 in the presence of
1.0� 10�5M hydroquinone. B) Calibration plot obtained from the amperometric
response at �0.100 V shown in A).

Table 1
Analytical characteristics of different hydrogen peroxide electrochemical sensors.

Platform Detection Sensitivity Dete
[mM]

PEDOT:PSS-rGO-AuNPs-HRP/
SPGEs

Amperometry
E¼�0.4 V

677 mAmM�1cm�2

�2
0.08

SPE/CRGO/GCE Amperometry
E¼�0.090 V

4.4 AM�1 0.05

Nafion/Hb/FF-G/GCE Amperometry
E¼�0.4 V

e 0.1

HRP-PGN/GCE Chronoamperometry
E¼�0.7 V

0.0052 mAmM�1 0.026

HB/PCS/MWCNT/CPE CV 76.43 mAmM�1cm�1 32
HRP-MIL-100(Cr)-B/GCE Amperometry

E¼�0.3 V
47.9 mAmM�1 0.1

Hb-PIT@Fe3O4/GCE Amperometry
E¼�0.28 V

e 0.54

Poly-Tyr/AuNs{1/Ti(IV)/2/AuNs/
CAT}3

Amperometry
E¼�0.4 V

992 mAmM�1 cm�2 0.000

3D-KSC/PCN-333(Al)@MP-11 Amperometry
E¼�0.4 V

168 mAmM�1 cm�2

Cytc-MWCNTs/GCE Amperometry
E¼�0.1 V

43± 1mAM�1 cm�2 0.15

b-HRP/MWCNT-avidin/GCE Amperometry
E¼�0.1 V

(1.37 ± 0.04)� 105

mAM�1
0.024

Abbreviations: PEDOT: poly(3,4-ethylenedioxythiophene), PSS: poly(styrenesulfonate), r
idase; SPGEs: screen printed gold electrode; SPE: soybean peroxidase; CRGO: chemically
assembled nanowires of diphenylalanine and graphene nanocomposites; PGN: porous
electrode; MIL-100(Cr)-B: boronic acid functionalized metal-organic frameworks; PIT@
tyrosine; AuNs{1/Ti(IV)/2/AuNs/CAT}3; one dimensional gold nanostructures (AuNs) and
technique using Ti (IV). PCN-333(Al)@MP: microperoxidase-11 encapsulated in metal-o
three-dimensional kenaf stem-derived porous carbon; Cytc: cytochrome c.
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potentials (�0.400 V versus �0.100 V).
After 5 consecutive calibration plots, the sensitivity was

(1.31± 0.04) x 105 mAM�1, indicating a very good short-term sta-
bility. The reproducibility of GCE/MWCNTs-avidin/b-HRP using the
same dispersion and 5 different electrodes was 2.9%. Amperometric
experiments performed in the presence of ascorbic acid, uric acid,
glucose, galactose, lactose, maltose, fructose and albumin demon-
strated that the interference of these compounds is negligible
(Figure SI-9).

The biosensor was challenged with different samples. The
hydrogen peroxide concentration in the mouthwash “Colgate Plax
Whitening” (1.5% w/w hydrogen peroxide) was (1.43± 0.05) % w/w,
demonstrating an excellent agreement with the value reported in
the product. Additionally, we determined the recovery of hydrogen
peroxide in more complex samples such as human blood serum
and milk, without any pre-treatment. In both cases, the samples
were enrichedwith 25 mMhydrogen peroxide. The concentration of
hydrogen peroxide obtained in human blood serum samples
(Standatrol S-E-2, Wiener Lab.) diluted 1/10 with PBS was
(26.3± 0.4) mM. The recovery percentage in milk samples diluted 1/
500 with PBS was 90.8%. These successful results demonstrate the
analytical usefulness of the proposed biosensor for the highly
sensitive and selective quantification of hydrogen peroxide in
different samples.
4. Conclusions

In summary, we demonstrated that avidin successfully disperses
MWCNTs and the resulting MWCNTs-avidin platform is able to
recognize biotin residues even after the drastic conditions to pre-
pare the dispersion. The bioaffinity properties of GCE/MWCNTs-
avidin and the usefulness as building-block for the development
of biosensors was demonstrated using biotinylated HRP as proof-
of-concept. The resulting biosensor allowed the highly sensitive
quantification of hydrogen peroxide with highly competitive
ction Limit Linear Range
[mM]

Real sample Ref.

5 to 400 Tap water and bovine milk [38]

0.15e3.0 Contact lens
care solutions

[39]

0.5e500.0 Human urine [40]

7 2.77e835 Living cells [37]

100e5000 e [18]
5e300 Living cells [41]

2e350 Rain water, milk and urine [42]

98 50e19350 e [45]

0.387e1725 e [43]

1e160 Mouthwash and milk [44]

1e14 Mouthwash, milk and human blood
serum

This
work

GO: reduced graphene oxide; AuNPS: gold nanoparticles; HRP: horseradish perox-
reduced graphene oxide; GCE: glassy carbon electrode; HB: hemoglobin; FF-G: self-
graphene; PCS: polyaniline/Multiwall Carbon Nanotubes/Starch; CPE: carbon paste
Fe3O4: polymerized poly(indole-co-thiophene) supported Fe3O4; poly-Tyr: poly-
catalase (CAT) multilayer film fabricated through metal-ion coordination assembly

rganic frameworks, PCN-333 (Al): stands for porous coordination network; 3DKSC:
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analytical characteristics.
The versatility of the proposed platform (GCE/MWCNTs-avidin)

makes it extremely attractive for the development of different
biosensors either enzymatic biosensors, immunosensors, geno-
sensors, aptasensors or glycobiosensors, just by changing the bio-
tinylated molecules used as biorecognition element attached to
GCE/MWCNT-avidin.
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