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This work  reports  the non-covalent  functionalization  (dispersion)  of multi-walled  carbon  nanotubes
(MWCNTs)  with  cytochrome  c (Cyt  c),  the  direct electron  transfer  (DET)  after  drop-coating  deposition
of  MWCNTs-Cyt  c dispersion  on  glassy  carbon  electrodes  (GCE),  and  the  analytical  applications  for  the
highly sensitive  quantification  of hydrogen  peroxide.  The  dispersion  and  the  resulting  modified  elec-
trodes  were  studied  by  UV–visible  spectroscopy,  scanning  electron  microscopy,  and  electrochemical
techniques.  The  drastic  treatment  for dispersing  the  MWCNTs  (5.0  min  sonication  in  water  with  ultra-
sonic  tip) produces  a partial  denaturation  that  facilitates  the  interaction  of Cyt  c  with  the CNTs  and
makes  possible  an  efficient  electron  transfer  between  the  heme  group  and  the  electrode.  A  critical  anal-
ysis of  the  influence  of  different  experimental  conditions  on  the  efficiency  of  the dispersion  and  on  the
ydrogen peroxide
lectrochemical biosensor
irect electron transfer.

performance  of  GCE  modified  with  MWCNTs-Cyt  c dispersion  is also  reported.  The analytical  parameters
obtained  with  GCE/MWCNTs-Cyt  c for the  amperometric  quantification  of  hydrogen  peroxide  at  −0.100  V
were: sensitivity  of  (43 ± 1) mA  M−1 cm−2, linear  range  between  1.0 × 10−6 and  1.6  × 10−4 M,  detection
limit  of  1.5  × 10−7 M,  reproducibility  of  3.1%  and  repeatability  of  3.4%.  The  biosensor  was  successfully
used  for the  quantification  of  hydrogen  peroxide  in mouthwash  and  spiked  milk  samples.
. Introduction

The unique physical and chemical properties of carbon nano-
ubes (CNTs) have made them an excellent component for the
evelopment of electrochemical (bio)sensors [1–3]. However, since
NTs present strong van der Waals and �-–�* interactions that

nduce bundling and prevent their dispersion in most organic
nd aqueous media [4], different strategies have to be developed
o allow their application in the construction of electrochemical
bio)sensors. In this regard, the functionalization of CNTs by using
igh-frequency sonication in the presence of amphiphilic dispers-

ng agents such as surfactants [5,6], polymers [7,8], proteins [9–11],
nd DNA [12,13] has demonstrated to be highly effective. The
onication process disaggregates the nanotubes from the bundles
hile the amphiphilic agent is adsorbed at the surface of CNTs

n different extent depending on the nature, stabilizing them in

olution either by electrostatic repulsion and/or steric hindrance,
nd/or other mechanisms [10]. Therefore, the knowledge of the

∗ Corresponding author. Tel.: +54 351 4334169/80; fax: +54 351 4334188.
E-mail address: grivas@fcq.unc.edu.ar (G. Rivas).
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©  2015  Elsevier  B.V.  All  rights  reserved.

factors that affect the exfoliation and the dispersing efficiency is a
critical aspect when developing electrochemical (bio)sensors [14].

We are reporting for the first time a critical study of the
non-covalent functionalization (dispersion) of multi-walled car-
bon nanotubes (MWCNTs) in the protein cytochrome c (Cyt c), the
evaluation of the direct electron transfer (DET) of the Cyt c protein
that supports the CNTs, and the development of an electrochemical
biosensor for hydrogen peroxide (GCE/MWCNT-Cyt c). The disper-
sion of single-walled carbon nanotubes (SWCNT) with Cyt c has
been proposed by Nagaraju et al. [15]; however, there was  no crit-
ical analysis about the influence of the experimental conditions on
the quality of the dispersion and on the electrochemical response
of the gold electrode modified with the dispersion, and there is just
few data about the analytical parameters of the resulting biosensor,
with a very restricted linear range.

The DET of redox proteins is a topic that has received consider-
able attention for the development of third generation biosensors
and as a model system to understand the mechanism of elec-
tron transfer in real biological systems [16–19]. Cyt c is a small

redox hemeprotein of 104 aminoacids with peroxidase activity
[20]. It is well known that the DET between Cyt c and conventional
unmodified electrodes is generally slow due to the non-favourable
contact between the prostetic group and the electrode, and the

dx.doi.org/10.1016/j.snb.2015.11.011
http://www.sciencedirect.com/science/journal/09254005
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enaturation of the protein after immobilizing in a rigid envi-
onment [21]. Several modified electrodes, mainly based on
anomaterials such as carbon nanotubes, graphene, and nanopar-
icles, have been proposed to provide the Cyt c of a more favourable

icroenvironment that allows the DET [22–27].
In the following sections we discuss the effect of the amount

f MWCNTs, the concentration of the protein, and the sonica-
ion time on the effectiveness of the dispersions by using UV–vis
pectroscopy, scanning electron microscopy (SEM) and cyclic
oltammetry (CV). The DET and biocatalytic activity of the Cyt c
hat supports the MWCNTs deposited at the surface of glassy car-
on electrode (GCE) and the usefulness of GCE/MWCNT-Cyt c for
he quantification of hydrogen peroxide are also discussed.

. Experimental

.1. Chemicals and solutions

Carbon nanotubes [MWCNTs (30 ± 15) nm diameter, (1–5) �m
ength, and purity higher than 95%], were supplied from Nanolab
USA). Cytochrome c (Cyt c) from horse heart was supplied by
igma. Hydrogen peroxide (30% v/v aqueous solution), NaH2PO4,
nd Na2HPO4 were purchased from Baker. Other chemicals were
f analytical grade and used without further purification. Commer-
ial low fat milk (Argentine dairy company “La Serenisima”) and
outhwash samples (Colgate Plax Whitening), were obtained from

 local market.
A 0.050 M phosphate buffer solution pH 7.40 was employed as

upporting electrolyte. A solution of 1.0 mg  mL−1 Cyt c prepared in
ater was used as stock solution. Ultrapure water (� = 18.2 M� cm)

rom a Millipore-MilliQ system was used for preparing all aqueous
olutions.

.2. Apparatus

Sonication treatments were carried out with an ultrasonic pro-
essor VCX 130 W (Sonics and Materials, Inc.), of 20 kHz frequency
ith a titanium alloy microtip (3 mm diameter). A Digicen 21
ltracentrifuge (Orto Alresa) with a RT 151 rotor was  used to cen-
rifuge the samples after sonication. UV–vis absorption spectra
ere obtained with a Shimadzu UV-1700 Pharma spectrophotome-

er using a quartz cuvette of 1 mm  path length.
Scanning electron microscopy (SEM) images were obtained

ith a field emission gun scanning electron microscope (FE-SEM,
eiss,�IGMA model) equipped with secondary and back-scattered
lectron detectors. For this purpose, samples were prepared by
rop-coating of MWCNTs dispersions onto GCE disks and solvent
vaporation at room temperature.

Electrochemical experiments were carried out with Autolab
PGSTAT 128 N Eco-Chemie) and TEQ 04 potentiostats. Unmodified
lassy carbon electrodes (GCE, CH Instruments, 3 mm diameter)
nd glassy carbon electrodes modified with MWCNTs-Cyt c disper-
ion were used as working electrodes. A platinum wire and Ag/AgCl,

 M NaCl (BAS, Model RE-5B) were used as auxiliary and reference
lectrodes, respectively. All potentials are referred to this reference
lectrode. A magnetic stirrer under controlled speed provided the
onvective transport during the amperometric measurements.

.3. Preparation of MWCNTs-Cyt c dispersion

MWCNTs were oxidized using a mixture of sulphuric and nitric
cids (3:1 v/v) for 5 h under ultrasonic stirring. The oxidized CNTs

ere repeatedly washed with distiller water up to reach pH∼7. The
ispersion was prepared by mixing 1.0 mg  of oxidized MWCNTs
ith 1.0 mL  of 0.060 mg  mL−1 Cyt c solution (prepared in water)

ollowed by sonication with a sonicator probe for 5.0 min. The
uators B 225 (2016) 74–80 75

amplitude was 50% and the sample was  kept in an ice-bath during
the procedure. After this treatment, the sample was centrifuged at
1500 rpm for 15 min, taking the supernatant for further work. For
comparison, a dispersion of oxidized MWCNTs in water (MWCNTs-
water) was prepared using similar conditions.

2.4. Preparation of glassy carbon electrodes modified with
MWCNTs-Cyt c dispersion

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,
sonicated for 30 s in water, and finally dried under a N2 stream.
GCE/MWCNTs-Cyt c was prepared by casting 20 �L of MWCNTs-Cyt
c onto the glassy carbon surface, followed by the evaporation of the
solvent at room temperature for 60 min. For comparison, the GCE
was also modified with a dispersion of MWCNTs in water and once
the solvent was evaporated, an aliquot of 20 �L of 0.060 mg  mL−1

Cyt c solution (prepared in water) was deposited on the top of the
electrode (GCE/MWCNTs/Cyt c). Both biosensors, GCE/MWCNTs-
Cyt c and GCE/MWCNTs/Cyt c, were rinsed with deionized water
before using.

2.5. Procedure

The electrochemical experiments were performed in a N2-
saturated 0.050 M phosphate buffer solution pH 7.40. Cyclic
voltammetry (CV) experiments were carried out between 0.500 and
−0.900 V at a scan rate of 0.050 V s−1.

Amperometric experiments were performed in stirred solutions
by applying −0.100 V as working potential and allowing the tran-
sient current to reach a steady-state value prior to the addition
of the analyte and the subsequent current monitoring. All experi-
ments were conducted at room temperature.

2.6. Determination of H2O2 in real samples

Mouthwash and low fat milk samples were used to evaluate the
analytical performance of the proposed biosensor. Milk samples
were spiked with known levels (10.0 and 30.0 mM)  of hydrogen
peroxide. The electrochemical measurements were performed by
transferring aliquots of 10 �L of 1:100 stock solution of the mouth-
wash sample (diluted with the phosphate buffer) or 10 �L of the
spiked milk samples to the electrochemical cell containing 5.0 mL
of 0.050 M phosphate buffer solution pH 7.40. In all cases the deter-
mination of hydrogen peroxide was  performed by amperometry at
−0.100 V and the hydrogen peroxide content was determined by
using the standard additions method.

3. Results and discussion

3.1. Characterization of MWCNTs-Cyt c dispersion

UV–vis spectroscopy is an effective tool to prove the efficient
disaggregation of CNTs since the individual nanotubes strongly
absorb around 265 nm,  at variance with the aggregates that are
hardly active in this frequency region [28]. This technique is also
useful to study the interaction between the hemeprotein and CNTs
since the wavelength of the maximum absorption and the intensity
of the absorption bands, in particular the Soret one, are sensitive to
the conformational state of the protein [25,29,30,32].

Fig. 1A shows the UV–vis spectra for: (a) 0.060 mg  mL−1 native
Cyt c in water; (b) 0.060 mg  mL−1 Cyt c (in water) sonicated for

5.0 min  with ultrasonic tip and centrifuged for 15 min at 1500 rpm;
(c) the supernatant of the dispersion of 1.0 mg  mL−1 MWCNTs in
water after 15 min  centrifugation at 1500 rpm; and (d) the super-
natant of the dispersion of 1.0 mg  mL−1 MWCNTs in 0.060 mg  mL−1
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Fig. 1. (A) UV–vis absorption spectra for: (a) 0.06 mg mL−1 native Cyt c; (b) 0.06 mg mL−1 Cyt c sonicated for 5.0 min and centrifuged for 15 min at 1500 rpm; (c) supernatant
of  1.0 mg  mL−1 MWCNTs dispersed in water; (d) supernatant of 1.0 mg mL−1 MWCNTs dispersed in 0.06 mg mL−1 Cyt c. Sonication time 5.0 min, acoustic amplitude 50% and
centrifugation at 1500 rpm for 15 min. (B) Pictures for dispersions of MWCNTs prepared in water (a) and 0.06 mg mL−1 Cyt c solution (b), obtained by ultrasonication for
5.0  min and centrifugation at 1500 rpm for 15 min. (C) SEM micrograph of glassy carbon disk modified with dispersion of MWCNTs-Cyt c. The inset corresponds to a SEM
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the non-covalent functionalization of the nanostructures and the
consequent disaggregation of the nanotubes exalt the electrocat-
alytic properties of CNTs towards the oxidation of the redox marker,
minimizing the blocking effect of the protein.
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icrograph of glassy carbon disk modified with a dispersion of MWCNTs-water. Ma
t  1500 rpm for 15 min.

yt c followed by the centrifugation at 1500 rpm for 15 min. Native
yt c (a) has two  typical absorption bands at 409 nm (Soret band)
nd 530 nm (Q band), which are due to the chromophore of por-
hyrin ring [30,31]. The spectrum for sonicated Cyt c (b) presents

 red-shift in the Soret band (wavelength of maximum absorp-
ion: 412 nm)  as well as a split of the band Q in two small bands,
oth changes attributed to the denaturation of the protein [33].
he supernatant of the MWCNTs dispersed in water (c) presents

 characteristic absorption band at 263 nm due to 1D van Hove
ingularities of individual nanotubes [34]. Finally, the spectrum of
WCNTs-Cyt c dispersion (d) presents both, the absorption band

ue to 1D van Hove singularities of individual nanotubes at 263 nm,
hich is three times higher than the one obtained for MWCNTs-
ater dispersion, and the characteristic Soret band of Cyt c at

10 nm,  indicating the improvement in the disaggregation process
ue to the interaction between Cyt c and MWCNTs. The partial
enaturation of Cyt c facilitates the dispersion of MWCNTs because
he phenylalanine and tyrosine aminoacids of the protein interact

ore strongly with MWCNTs by �–� stacking effect and van der
aals attraction when the chain is more stretched [9,10].
Fig. 1B shows pictures of MWCNTs dispersions prepared in

ater (a) and Cyt c solution (b), obtained by ultrasonication for
.0 min  and centrifugation at 1500 rpm for 15 min. The comparison
f these pictures demonstrates that higher amount of nanotubes
an be exfoliated when MWCNTS are dispersed in Cyt c since Cyt

 minimizes the strong van der Waals interaction between the
anotubes walls avoiding their aggregation and improving their
ompatibility with the solvent.

Fig. 1C displays SEM micrographs of glassy carbon disks mod-
fied with MWCNTs-Cyt c. The image reveals that MWCNTs-Cyt c
ispersion covers the whole disk surface with an homogeneous dis-
ribution. For comparison, the inset presents SEM micrographs of
lassy carbon disks modified with MWCNTs dispersed in water. At
ariance with GCE/MWCNTs-Cyt c, at GCE/MWCNT the CNTs are
ot homogeneously distributed on the electrode surface, demon-
trating, in this way, the advantages of the presence of the protein
s dispersing agent.

The analysis of the spectrophotometric and SEM results indi-
ates that the presence of Cyt c not only facilitates the efficient
isaggregation of CNTs but also makes possible the homogeneous

nd robust deposition of the nanostructures at glassy carbon sur-
aces.

The influence of the different modifications of GCE on the
lectroactivity of the resulting electrodes was evaluated from
ation: 4570×. Sonication time: 5.0 min, acoustic amplitude 50% and centrifugation

cyclic voltammetry experiments using hydroquinone (HQ) as redox
probe. Fig. 2 depicts cyclic voltammograms for 1.0 × 10−3 M HQ
(prepared in 0.050 M phosphate buffer solution pH 7.40) at GCE
(a), GCE/MWCNTs (b), GCE/MWCNTs/Cyt c (c) and GCE/MWCNTs-
Cyt c (d) at 0.050 V s−1. A well-defined current peaks system with
a peak-to-peak separation (�Ep) of 0.354 V is observed at the bare
GCE (a). After modification with MWCNTs dispersed in water (b),
the oxidation peak current increases 40%, and the �Ep decreases
141 mV (�Ep = 0.213 V), demonstrating that the presence of MWC-
NTs largely facilitates the electrooxidation of HQ.  When GCE is
modified by dropping the dispersion of MWCNTs in water fol-
lowed by the adsorption of Cyt c (c), there is a large increase of
�Ep (�Ep = 0.470 V) and a significant decrease in the associated
peak currents due to the non-conductive nature of the protein that
partially hinders the charge transfer between the redox probe and
the electrode surface. On the contrary, when GCE is modified with
MWCNTs-Cyt c (d) there is an increase in the oxidation peak cur-
rent of 150% compared to GCE/MWCNTs/Cyt c and around 80%
compared to GCE/MWCNTs, while the �Ep decreases 255 mV  com-
pared to GCE/MWCNTs/Cyt c (�Ep = 0.215 V) demonstrating that
Potential / V

Fig. 2. Cyclic voltammograms obtained at GCE (a), GCE/MWCNTs (b),
GCE/MWCNTs/Cyt c (c), and GCE/MWCNTs-Cyt c (d) in a solution of 1.0 × 10−3 M
HQ  prepared in 0.050 M phosphate buffer solution pH 7.40. Scan rate: 0.050 V s−1.
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CE/MWCNTs-Cyt c at different scan rates: 0.010, 0.050, 0.070, 0.100, 0.200, 0.300,
.400, and 0.500 V s−1. (C) Dependence of peak currents on the scan rates.

.2. Charge transfer of Cyt c at CNTs-modified GCE

Fig. 3A shows cyclic voltammograms obtained in a N2-satured
.050 M phosphate buffer solution pH 7.40 at 0.050 V s−1 at (a)
CE/MWCNTs, (b) GCE/MWCNTs/Cyt c, and (c) GCE/MWCNTs-
yt c. At GCE/MWCNTs a poorly defined current peaks system
ppears around 0 V due to the redox processes associated with the
uinone-like oxygen functional groups present at oxidized carbon
anotubes surfaces, generated during the acid treatment [35,36]. At

CE/MWCNTs/Cyt (c) (curve b) there is a pair of quasi-reversible
urrent peaks, the cathodic one at −0.416 V (Epc) and the anodic
ne at −0.260 V (Epa); with a formal potential (E0) of −0.338 V
nd �Ep of 0.156 V. Since this peaks system was not observed at
uators B 225 (2016) 74–80 77

GCE/MWCNTs, it is clear that it is due to the direct electron trans-
fer of the prosthetic group of Cyt c, Fe(III). Considering that small
changes in the accessibility of the heme group of an hemeprotein
can modulate the reduction potential [37], the differences in the
E0 compared to the native protein (E0 = 0.051 V) can be attributed
to the conformational changes produced in the environment of the
protein after the immobilization at GCE/MWCNTs [38–40].

The potentiodynamic profiles obtained at GCE modified
with MWCNTs-Cyt c dispersion (c) shows clearly defined
current peaks system, with Epc = −0.320 V, Epa = −0.268,
�Ep = 0.052 V, E0 = −0.294 V, and higher peak currents com-
pared to GCE/MWCNTs/Cyt c. These changes in the voltammetric
parameters can be ascribed to a more efficient charge transfer
between the Fe(III) located within the Cyt c and the electrode
surface due to the close proximity of the protein and CNTs in the
dispersion of MWCNTs-Cyt c [23,41]. In this particular case, the
non-covalent functionalization of MWCNTs with Cyt c significantly
decreases the distance between the redox centre of Cyt c and CNTs
and greatly increases the effective surface area of the CNTs for the
immobilization of a larger amount of Cyt c in a more favourable
orientation. Therefore, the MWCNTs-Cyt c dispersion can provide
a convenient microenvironment for the direct electron transfer
of Cyt c, largely improving the electrochemical performance of
GCE/MWCNTs-Cyt c compared to GCE/MWCNTs/Cyt c.

The effect of the scan rate on the peak currents at GCE/MWCNTs-
Cyt c was  also evaluated (Fig. 3B). The linear relationship between
the cathodic and anodic peaks currents (Ip) and scan rate (v)
in the range between 0.010 and 0.500 V s−1 confirms that the
electron transfer is a surface-controlled quasi-reversible electro-
chemical process (Fig. 3C). The average surface concentration (�)
of electroactive Cyt c present in GCE/MWCNTs-Cyt c was estimated
according to the following equation [42]:

ip = n2F2��A

4RT

where v is the scan rate, n is the number of the electrons involved
in the redox process (n = 1 for Cyt c), F is the Faraday constant, A
is the effective area of the electrode, R is the gas constant, and
T is the temperature. The average surface concentration of Cyt c
at GCE/MWCNTs-Cyt c was 1.9 × 10−10 mol  cm−2, which is higher
than the theoretical monolayer coverage (1.4 × 10−12 mol  cm−2)
[43] and higher than the one obtained by self-assembling Cyt c at
gold modified with 4-aminothiophenol [15]. The surface coverage
obtained at GCE/MWCNTs/Cyt c was  9.1 × 10−11 mol cm−2, a value
smaller than the one obtained at GCE/MWCNTs-Cyt c, confirming
an enhanced protein loading after the non-covalent functionaliza-
tion of MWCNTs with Cyt c. This improvement can be attributed to
the sonication of the nanostructures in the presence of the protein
that produces a chain of cavitation events that enables the separa-
tion of the tubes, the diffusion of the stretched protein between the
nanotubes and further interaction with them. The electron trans-
fer rate constant (k) was  obtained by using the Laviron’s model
for a surface-controlled electrochemical system when the value of
n	Ep ≤ 200 mV  (n is the number of transferred electrons) [44]:

m = RT

nF

k

�

where m is a parameter related to the �Ep. The value of the rate con-
stant k was  (3.6 ± 0.2) s−1 at GCE/MWCNTs-Cyt c, which is higher
than the one obtained for GCE/MWCNTs/Cyt c [(0.88 ± 0.04) s−1].
Moreover, the k value obtained is higher than those reported
for Cyt c immobilized at carbon nanotube-DNA (0.89 s−1) [45],

graphene-gold nanoparticle (3.14 s ) [23], and graphene-ionic liq-
uid (2.39 s−1) [25] modified electrodes, and comparable to that
of Cyt c immobilized on graphene-carbon nanotube composite
(3.4 s−1) [46]. The faster kinetics obtained here indicates that the
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lose proximity of the protein with MWCNTs at MWCNTs-Cyt c
ispersion offers an excellent connection for the electron transfer
etween Cyt c and the electrode.

.3. Bioelectrocatalytic properties of GCE/MWCNTs-Cyt c towards
he reduction of H2O2

Hemeproteins have been widely used for the quantification of
ydrogen peroxide due to their known electrocatalytic activity
owards this important bioanalyte [47]. To evaluate the biocatalytic
ctivity of GCE/MWCNTs-Cyt c towards the reduction of hydrogen
eroxide, we performed amperometric experiments using not only
he supernatant of MWCNTs-Cyt c dispersion, but also the whole
ispersion. The sensitivity obtained from amperometric experi-
ents performed at −0.100 V demonstrated that even when an

xcellent response is achieved with both, the GCE modified with
he supernatant of the dispersion and the GCE modified with
he whole dispersion, the GCE modified with the whole disper-
ion allowed to obtain higher sensitivity [(43 ± 1) mA  M−1 cm−2 vs
16.9 ± 0.8) mA  M−1 cm−2]. Taking into account the importance of
btaining higher sensitivities and lower detection limits from the
nalytical point of view, we used the whole dispersion for further
nalytical applications.

Fig. 4A shows cyclic voltammograms obtained at GCE/MWCNTs-

yt c in a 0.050 M phosphate buffer solution pH 7.40 without
dotted line) and with (solid line) 1.0 × 10−2 M H2O2. In the
bsence of H2O2, only the redox peaks system of the immobi-
ized Cyt c is observed. After the addition of H2O2, the i–E profiles
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ig. 4. (A) Cyclic voltammograms obtained at GCE/MWCNTs-Cyt c in a 0.050 M N2-satu
.0  × 10−2 M H2O2. Inset: cyclic voltammograms obtained at GCE/MWCNTs in the same con
f  GCE/MWCNTs-Cyt c towards H2O2. Sonication time: 5.0 min, Cyt c concentration: 0.5

 towards H2O2. Amount of MWCNTs: 1.0 mg,  Cyt c concentration: 0.5 mg mL−1. (D) Effe
mount of MWCNTs: 1.0 mg.  Sonication time: 5.0 min. Working potential: –0.100 V.
uators B 225 (2016) 74–80

dramatically change, with a huge increment in the cathodic peak
current and a large decrease in the anodic ones. The inset demon-
strates that no similar cathodic peak is observed at GCE/MWCNTs
(without the heme-protein) proving the role of Cyt c in the bio-
catalytic reduction of H2O2. These results clearly demonstrate
that the protein retains the electrocatalytic properties towards
the reduction of H2O2, even after being sonicated, converting
GCE/MWCNTs-Cyt c in a promising platform for H2O2 sensing.

The optimization of MWCNTs-Cyt c was performed through
the evaluation of the electrocatalytic properties of Cyt c from the
amperometric response at −0.100 V in the presence of hydrogen
peroxide. Fig. 4B shows the sensitivities for H2O2 obtained at GCE
modified with MWCNTs-Cyt c dispersions prepared by sonication
of different amounts of MWCNTs (0.5, 1.0, and 2.0 mg)  in 1.0 mL
of 0.5 mg  mL−1 Cyt c (prepared in water) for 5.0 min. The sensitiv-
ity increases for electrodes modified with dispersions containing
up to 1.0 mg  of MWCNTs and decreases thereafter, suggesting that
the amount of protein is not enough to disperse these amounts of
MWCNTs. Therefore, 1.0 mg  of MWCNTs was  selected for further
experiments.

Fig. 4C displays the H2O2 sensitivities obtained at GCE mod-
ified with MWCNTs-Cyt c dispersions obtained by sonication
of 1.0 mg  mL−1 MWCNTs with 0.5 mg  mL−1 Cyt c (prepared in
water) for different times between 1.0 and 20 min. The sensi-

tivity increases with the ultracavitation time until reaching a
maximum after 5.0 min. For electrodes modified with dispersions
obtained after 20 min  sonication, the sensitivity decreased in a fac-
tor of 18%. This decrease can be associated to a more important
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[4] T. Premkumar, R. Mezzenga, K.E. Geckeler, Small 8 (2012) 1299.
bration plot obtained from the amperometric recording shown in Fig. 5A. Working
otential: –0.100 V.

enaturation of the protein when increasing the sonication time. It
s important to remark that when MWCNTs and Cyt c were mixed
sing a vortex, the dispersion was not successful and when an
liquot was deposited onto the GCE, the deposit was  unstable and
he response was poor and non-reproducible (not shown). These
esults demonstrate that the sonication is necessary to allow the
ntimate interaction between MWCNTs and Cyt c, and that there
s a critical time to obtain the highest sensitivity with the low-
st denaturation effect. The best compromise was reached using

 sonication time of 5.0 min.
The effect of the concentration of Cyt c used to disperse MWC-

Ts was also evaluated in the range between 0 and 0.50 mg  mL−1

Fig. 3D). The sensitivity to H2O2 increases when the dispersions
ere prepared with Cyt c up to 0.060 mg  mL−1 and decreases for
igher concentrations probably due to the insulating nature of the
rotein. According to the results previously shown, 0.060 mg  mL−1

yt c was selected to establish the analytical characteristics of the
eveloped biosensor.

Fig. 5A displays the amperometric recordings obtained with
he GCE/MWCNTs-Cyt c biosensor at −0.100 V for successive addi-
ions of H2O2. A fast response was observed after the addition
f H2O2 (steady-state reached in 2 s), demonstrating that the
ntimate contact of CNTs with the biorecognition element (Cyt
), and the efficient biocatalytic activity of the heme-protein
hat supports the CNTs makes possible to obtain an efficient

mperometric response for hydrogen peroxide. Fig. 5B shows
he calibration plot for hydrogen peroxide at GCE/MWCNTs-Cyt

 obtained from the amperometric recordings (n = 5). The linear
uators B 225 (2016) 74–80 79

range goes from 1.0 × 10−6 to 1.6 × 10−4 M (r = 0.997), the sensi-
tivity is (43 ± 1) mA M−1 cm−2, which is 20-fold higher than the
one obtained at GCE/MWCNTs without Cyt c (2.2 mA M−1 cm−2),
and the detection limit is 1.5 × 10−7 M (taken as 3.3
/S, where 

is the standard deviation of the blank signal and S the sensitivity).
This detection limit is similar or lower than those obtained with
other Cyt c-configurations based on carbon nanotubes [48–50].
It is important to remark that the amperometric quantification
at SWCNT-Cyt c assembled at 4-aminothiophenol-gold modified
electrode shows a linear range between 3.8 and 34.3 mM hydro-
gen peroxide, concentrations more than two orders of magnitude
higher than the ones reported here [15].

The GCE/MWCNTs-Cyt c revealed a high reproducibility, with
a relative standard deviation of 3.1% calculated from the sensitivi-
ties for hydrogen peroxide obtained with five biosensors prepared
with five different MWCNTs-Cyt c dispersions. The reusability of
the same electrode surface was excellent, with a relative standard
deviation of 3.4% for five successive calibration plots using the same
surface. The stability of MWCNTs-Cyt c dispersion stored at 4 ◦C
was also evaluated from amperometric experiments performed at
−0.100 V using GCE modified with this dispersion. After 14 days,
the sensitivity remained in a 92% of the original value, indicating
an excellent stability of the MWCNTs-Cyt c dispersion.

The GCE/MWCNTs-Cyt c biosensor was used to determine the
hydrogen peroxide content in mouthwash and spiked low-fat milk
samples. As described in Section 2.5, in order to minimize matrix
effect, the determination was accomplished by using the standard
addition method. Results obtained by triplicate yielded a mean
value of (1.48 ± 0.03)% w/v  for mouthwash sample, demonstrating
an excellent agreement with the value reported by the laboratory
(1.5% w/v). In the case of low-fat milk samples spiked with 10.0 mM
and 30.0 mM H2O2, mean recoveries were 98% and 100% with rela-
tive standard deviations of 2.9% and 2.6%, respectively. The obtained
results demonstrated the usefulness of the developed biosensor for
the quantification of hydrogen peroxide at low potentials in real
samples.

4. Conclusions

We reported the non-covalent functionalization of MWCNTs
in Cyt c with a critical analysis of the influence of the exper-
imental conditions on the exfoliation of the CNTs and on the
performance of the resulting GCE modified with MWCNT-Cyt c
dispersion. Spectroscopic experiments demonstrated that the dras-
tic treatment for dispersing the MWCNTs (5.0 min  sonication in
water with an ultrasonic tip) produces a partial denaturation of
the protein that facilitates the dispersion of MWCNTs and makes
possible an efficient electron transfer between the heme group
of the protein and the glassy carbon electrode after deposition
of the dispersion MWCNTs-Cyt c. The resulting biosensor demon-
strated to be a highly competitive strategy to quantify hydrogen
peroxide, with excellent performance in different samples. It is
important to remark that the resulting GCE/MWCNTs-Cyt c rep-
resents a new alternative to build supramolecular architectures,
opening the doors to new and exciting possibilities for the devel-
opment of biosensors using other biorecognition molecules.
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