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Different functionalized Multi-Wall Carbon Nanotube and gold nanoparticles (AuNPs)

were synthesized as biosensor electrodes. These materials have been applied to the

detection of the Prostate Specific Antigen (PSA). The synthesis of AuNPs was carried out

using polyvinylpyrrolidone (PVP) as protecting agent. The PVP/Au molar ratio (0.5 and 50)

controls the nanoparticle size distribution, obtaining a wide and narrow distribution with

an average diameter of 9.5 and 6.6 nm, respectively. Nanoparticle size distribution shows

an important effect in the electrochemical performance of the biosensor, increasing the

electrochemical active surface area (EASA) and promoting the electron-transfer from the

redox probe (Ferrocene/Ferrocenium) to the electrode. Furthermore, a narrow and small

nanoparticle size distribution enhances the amount of antibodies immobilized on the

transducer material and the performance during the detection of the PSA. Significant

results were obtained for the quantification of PSA, with a limit of detection of 1 ng·ml−1

and sensitivities of 0.085 and 0.056 µA·mL·ng−1 for the two transducer materials in only

5min of detection.

Keywords: carbon nanotubes, PSA detection, chronoamperometry, gold nanoparticles, immunosensor

INTRODUCTION

Prostate Specific Antigen (PSA) or Kallikrein related peptidase-3, is a serine protease secreted by the
prostate gland to seminal fluid, with a single chain of 32–33 kDa. According to the World Health
Organization (WHO), prostate cancer is considered the second cause of death by cancer in men,
with 307,000 deaths in 2012 (Ryerson et al., 2016; Siegel et al., 2017). One of the reasons for the
high mortality of this illness is the application of medical therapy in advanced stages. Normally,
blood levels of this protein in healthy men is below 4 ng·mL−1; then, higher values in the PSA
concentration are related with development of tumors in the prostate gland, considering it as a
reliable biomarker for early detection of prostate cancer (Villoutreix et al., 1994; Bélanger et al.,
1995; Qu et al., 2008; Liu et al., 2012).

Thus, methods for early detection are required for a proper clinical treatment. Unfortunately,
current methods for cancer diagnosis, such as a histological test or screening methods based
on immunoassays as an ELISA test, are time-consuming and require qualified personnel, which
implies high cost (Akter et al., 2012; Wang et al., 2015). In addition, low sensibility and
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sensitivity makes detecting the disease difficult, especially in the
first stages, where cancer shows an asymptomatic phase (Altintas
et al., 2011). For that reason, many researches are trying to find
low-cost techniques and improve the parameters of the detection,
decreasing the time-response in the measurement.

Nowadays, sensitive detection and accurate quantification
of chemical substances in physiological fluids has been a
critical factor for a reliable clinical diagnostics of different
diseases or medical disorders, for instance infectious diseases,
diabetes melitus, Alzheimer’s disease, DNA mutations, and
cancer (Holliger and Hudson, 2005). Biomarkers are specific
molecules (enzymes, proteins), whose concentrations increase
during the development of a disease. Therefore, changes in the
levels of a biomarker in physiological fluids might be related to
the presence of a specific disease, and their measurement is useful
for the early detection, monitoring drug therapy and medical
control (Jayanthi et al., 2017).

Certainly, biosensors have been one of the most economical
and functional analytical devices utilized in the last decade,
as a result of their simple use in the detection of specific
analytes, especially in complex samples, they are low-cost and
easier handling (Turner, 2000). Biosensors are composed of
two elements, a biorecognition element (enzymes, antibodies,
hormones, proteins, or cells) which recognizes the target
analyte, and a transducer material which converts the
recognition event between the analyte and the bioreceptor
in a measurable signal. Electrochemical biosensors are
one of the most applied and commercialized at present
(Ronkainen et al., 2010; Pisoschi, 2013).

Since the commercial implementation of electrochemical
biosensors in the quantification of glucose in blood proposed
by Clark and Lyons (Wang, 2002), recent advances in the
biosensor field, especially in the application of nanomaterials,
have brought a remarkable development in the miniaturization
of electrochemical biosensors, translating in a small amount
of sample required for the detection and a reduction of
costs for manufacturing of the devices. Moreover, given
that biological processes occur in nano and micro scales,
nanostructured materials have shown an excellent platform
to improve the interaction between the biological species of
interest and the biosensor, guaranteeing a good measurement
of the concentration. Proof of this concept has been the use
of high surface area materials as metal nanoparticles (Au, Pt,
Pd, Cu) (Corma and Garcia, 2008; Zhou et al., 2015), carbon
materials (carbon nanotubes, graphene, and carbon nanohorns)
(Wang and Dai, 2015; Bo et al., 2016), nanomanufactured
electrodes, for instance interdigitated electrodes array (IDA),
and screen printed electrodes (Abellán-Llobregat et al., 2017;
González-Gaitán et al., 2017); producing electrochemical
transducers for biosensors with high electroactive area
and excellent electron transfer, key properties to provide
an excellent sensitivity. At the same time, these materials
might offer anchoring sites to promote the immobilization
of the biorecognition element; or even promoting a direct
electron transfer between the analyte and the electrode
without the use of mediators or other species in the medium
(Santos et al., 2015; González-Gaitán et al., 2017).

Integration between electrochemistry with other detection
methods, such as enzyme immunoassays (EI), has created new
platforms for biosensors with high sensibility and selectivity,
benefitting from the specificity of the antigen-antibody reaction
or the DNA chains hybridization, called electrochemical
immunosensors, as several works have reported (Kavosi et al.,
2014). Depending on the configuration of the immunosensors,
they can be classified as “label-free” or “sandwich type.” The
first ones employ the interaction of the antibody (Ab) as
biorecognition element with the antigen (Ag) to create an
immunocomplex (Ab-Ag) onto the surface which will block
the surface for electron transfer of some electroactive species
(Okuno et al., 2007; Wang et al., 2013). On the other hand,
sandwich type uses the coupling of a second antibody with
antigen immobilized, creating an immunocomplex Ab1-Ag-
Ab2, to increase the electrical barrier of the system. However,
several works have developed sandwich type immunosensors
with a second antibody labeled with peroxidase or phosphatase
enzymes which catalyzes the hydrogen peroxide reduction,
creating an increase in the electrochemical signal (Yu et al., 2006);
(Yan et al., 2012).

Even though PSA detection has been widely studied using
different electrochemical techniques, the high time consumption
to quantify the concentration of the analyte has not been solved,
taking at least 24 h for its analysis.

In this work a label-free electrochemical platform has been
studied for the fast measurement of concentrations of PSA
for the identification of the biomarker. Then, electrochemical
detection of PSA was carried out with glassy carbon electrodes
(GC) modified with functionalized multi-wall carbon nanotubes
decorated with gold nanoparticles and the immobilization of
monoclonal antibodies to the PSA.

EXPERIMENTAL SECTION

Reagents and Equipment
Multi-Wall Carbon Nanotubes (MWCNT) with purity 95%
(8 nm of diameter) and 10–30µm length were purchased to
Cheap Tubes Inc. (Cambridgeport, USA). Nitric acid (65%)
from Panreac was employed to functionalize and purify the
carbon nanotubes. Purified mouse monoclonal PSA antibody
(Ab) (Purified IgG-Ab) and native human PSA purified were
purchased from Bio-Rad Laboratories (Munich, Germany).

Potassium dihydrogen phosphate (KH2PO4) and dipotassium
hydrogen phosphate (K2HPO4) obtained from Merck and VWR
Chemicals, respectively, were used to prepare phosphate buffer
solutions (0.01M PBS, pH = 7.2 and 0.1M PBS, pH = 7.2) to
dissolve the immunoreagents and as electrolyte, unless otherwise
noted. Ferrocenium hexafluorophosphate (Fc-97%), employed
as redox probe was purchased from Sigma Aldrich. All the
solutions were prepared using ultrapure water (18 MOhm·cm,
Purelab Ultra Elga equipment). The gases N2 (99.999%) and H2

(99.999%) were provided by Air Liquide.
Reagents employed in the gold nanoparticles synthesis

included sodium tetrachloroaurate (III) dihydrate (NaAuCl4 ·

2H2O, 99%), poly-n-vinylpyrrolidone (PVP, 40K), sodium
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hydroxide (NaOH, 99,99% purity), anhydrous ethylene glycol
and methanol (+98%) and were purchased from Sigma-Aldrich.

Preparation of the Transducer Material.
Functionalized Multiwall Carbon
Nanotubes (fMWCNT) With Gold
Nanoparticles (AuNPs)
Functionalization of Multi-Wall Carbon Nanotubes
Multi-Wall carbon nanotubes (MWCNT) were subjected to a
functionalization treatment by oxidation in nitric acid solution,
according to the following procedure. In a two-necked, round-
bottom flask, 200mg of MWCNT were added in 100mL of 3M
HNO3 at 120◦C for 24 h under reflux conditions.

MWCNTs were extracted after 24 h, filtered, washed with
ultrapure water until the pH was neutral and dried in vacuum
at 60◦C for 24 h, and weighed. The sample was called fMWCNTs.
These fMWCNTs were dispersed in water using sonication bath
for 10min, to get a concentration of 1 mg·mL−1.

Gold Nanoparticles Synthesis
Gold nanoparticles were synthesized following the reduction-by-
solvent method (Lu et al., 1999), adapting a previously published
procedure (Domínguez-Domínguez et al., 2006). Given that, this
procedure allows a control of the nanoparticle size distribution
varying the molar ratio PVP/Au. In this research, two syntheses
were carried out using two PVP/Au molar ratios (0.5 and 50).
At the same time, all the chemical reactions during the synthesis
were carried out in an inert atmosphere of argon, using a Schlenk
system to avoid undesirable reactions. A typical synthesis is
carried out as described in section S1.1 in supporting information
(see Figure S1).

fMWCNT Decorated With AuNPs Dispersion
Transducermaterials were prepared by the impregnationmethod
in liquid phase, where the suspensions of the carbon material
were put in contact with the nanoparticles colloid. Suspensions of
fMWCNT (1 mg·mL−1) were mixed with an appropriate amount
of purified gold nanoparticles suspension (1 mg·mL−1) to yield
5% (w/w) of metal loading. The dispersions were sonicated and
stirred overnight in order to ensure the adsorption of the metal
nanoparticles. Samples were filtered in vacuum to remove non-
adsorbed nanoparticles and dried in vacuum at 60◦C for 24 h.
Based on the ratio PVP/Au used in the synthesis, transducer
material will be named as fMWCNT-AuNPs-0.5 ratio and
fMWCNT-AuNPs-50 ratio, for 0.5 and 50 ratios, respectively.

Immunosensor Electrode Preparation
A schematic diagram of the stepwise assembly procedure of the
immunosensor is shown in Scheme 1. Prior to the modification,
glassy carbon electrodes surface (3mm diameter) was sanded
with emery paper and polished using 1 and 0.05µm alumina
slurries, then rinsed with ultrapure water. Ten milligrams of
the transducer material (fMWCNT-AuNPs) were dispersed in
water with the aid of ultrasonic bath for 45min, using an ice
bath to avoid heating during the sonication. A 4 µL aliquot of
the dispersion was dropped onto the glassy carbon (GC) surface
and dried under an infrared lamp to remove the water. This

procedure was repeated 3 times until completing 12 µL of the
carbon material suspension on the electrode. Then, 5 µL of
monoclonal antibodies solution (10 µg·mL−1) were added onto
the electrode surface and incubated at 4◦C for 24 h, yielding the
GC-fMWCNT-AuNPs-Ab electrode with 4.16µg Ab·g−1

fMWCNT of
loading. Subsequently, electrodes were rinsed with PBS (0.01M,
pH = 7.2) to remove all non-reacted material. Afterwards, the
electrodes were stored in PBS (0.1M, pH = 7.2) solution at 4◦C
before electrochemical detection of PSA in 0.1M PBS + 0.5mM
Fc (pH= 7.2) by chronoamperometry.

Electrochemical Methods
Electrochemical characterization was performed in
an EG&G Princeton Applied Research Model 263A
Potentiostat/Galvonastat using a standard three-electrode
cell configuration, in which GC-fMWCNT-AuNPs-Ab electrode
was the working electrode (WE), a gold wire as counter electrode
(CE), and a reversible hydrogen electrode (RHE) introduced
in the same electrolyte as reference electrode (RE). All the
measurements were carried out in 0.1M PBS (pH = 7.2) and
0.1M PBS+ 0.5mM Fc (pH= 7.2) solutions, deoxygenating the
cell during the measurement by bubbling nitrogen. Previously,
fMWCNT-AuNPs were submitted to a continuous cycling in
0.1M PBS (pH= 7.2) to clean the electrode.

The electrochemical detection of PSA was carried out
by chronoamperometry in a BIOLOGIC SP-300 potentiostat,
applying a steady potential of 1.0 V in 0.1M PBS + 0.5mM Fc
(pH = 7.2) solution. A total of 8–9 aliquots of PSA solution
(500 ng·mL−1) were added to the electrochemical cell, achieving
concentrations between 1 and 10 ng·mL−1. Three minutes of
reaction were maintained after the addition of each aliquot
under stirring during the immunoreaction to ensure a good
homogenization of the analyte in the electrolyte and promoting
the transport of the PSA to the electrode.

All the calibration curves and the electrochemical
characterization, including the immobilization process, were
performed by triplicate using 3 different electrodes, synthesized
separately. Error bars are incorporated in the calibration
curves considering the standard deviation. Afterwards the
electrochemical determination of PSA, mass of carbon nanotubes
modified with AuNPs were determined using the gravimetric
capacitance in PBS; in this way, current was normalized to the
mass to avoid effect of mass.

Physicochemical Characterization
Transmission electron microscopic measurements (TEM) were
carried out using JEOL TEM, JEM-2010 model, which is
equipped with and Oxford X-ray detector (EDS), INCA Energy
TEM 100 model, and GATAN acquisition camera.

X-Ray photoelectron spectroscopy (XPS) was performed in a
VG-Microtech Mutilab 3,000 spectrometer and Al Kα radiation
(1253.6 eV). The deconvolution of the XPS Au4f, C1s, S2p, and
N1s was done by least squares fitting using Gaussian-Lorentzian
curves, while a Shirley line was used for the background
determination. The S2p spectra have been analyzed considering
the spin-orbit splitting into S2p3/2 and S2p1/2 with a 2:1 peak
area ratio and 1.2 eV splitting (Castner et al., 1996). The XPS
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SCHEME 1 | Illustration of the stepwise process for PSA immunosensor electrode fabrication and detection of the cancer biomarker.

measurements were done in different parts of a given sample and
repeated in two different samples, being the results similar.

To determine metal content, 10mg of the carbon material
modified with AuNPs were digested in an acid solution [1 HNO3

(65%):3 HCl (37%)]. The suspension was sonicated for 20min
and heated at 80◦C for 6 h until evaporation. Afterwards, 2mL of
HNO3 were added and diluted with ultrapure water. Solutions
were then analyzed using inductively coupled plasma optical
emission spectroscopy (ICP-OES), Perkin-Elmer Optima 4,300.

RESULTS AND DISCUSSION

fMWCNT-AuNPs
Electrodes Characterization
Physicochemical Characterization
MWCNT pristine material and fMWCNT were studied by
temperature programmed desorption (TPD) to observe the
nature of the different oxygen surface groups incorporated
during the functionalization treatment and by Field Emission
Scanning Electron Microscopy (FE-SEM) for studying possible
morphological changes in the structure of the carbon material.
The most relevant results are presented in section S2.1 in
supporting information (see Figures S2–S4 and S6, Table S1 and
discussion included in supporting information).

Figure 1 shows the TEMmicrographs of the carbon materials
with AuNPs. This Figure reveals the distribution and particle
size of the AuNPs onto the surface of the carbon nanotubes
after the impregnation procedure. As previously reported, PVP
concentration during the synthesis of the metal nanoparticles
is a key factor to control the nanoparticle size in the colloid
(Bönnemann and Richards, 2001; Miguel-García et al., 2010).
Figures 1C,F show the particle size distribution determined by
TEM. As expected, the nanoparticle size distribution decreases to

a narrow distribution with the increase of the amount of PVP.
The average particle size changes from 9.5 to 6.6 nm with the
increase in the PVP/Au ratio. Moreover, agglomeration and a
non-spherical shape of the nanoparticles is observed for lower
PVP/Au ratio.

Gold loading was quantified by ICP-OES, achieving values of
2.1 and 3.6 wt % for the ratios PVP/Au of 0.5 and 50, respectively
(See Table 1). Furthermore, XPS spectra for Au-4f core level
region of our samples in Figure S5, shows two doublets at 84.1
and 87.8 eV associated with Au0 species and at 84.9 and 88.6 eV
related with a higher oxidized state (Au+δ species) (Jasmin et al.,
2017; Liberman et al., 2017). The Au0/Au+δ ratio is for both
samples 90.5%.

Electrochemical Characterization of fMWCNT-AuNPs
Figure 2 shows the cyclic voltammograms (CV) for fMWCNT
and fMWCNT-AuNPs modified GC electrode between 0.1 and
1.8V. The CV for fMWCNT shows an oxidation peak at ∼

0.6V, with the corresponding reduction peak at 0.55V; which
are associated with the surface oxygen groups formed during the
functionalization treatment. At the same time, the capacitance of
these fMWCNTs is 43 F·g−1, a value similar to that previously
reported in similar conditions (González-Gaitán et al., 2017).
However, incorporation of the gold nanoparticles in the carbon
material generate an additional oxidation process at 1.5V and
the corresponding reduction at 1.15V, corresponding with the
oxidation-reduction of the gold oxide in the surface of the
nanoparticles (Sukeri et al., 2015).

It is well-known that nanoparticle size has an important
influence in the electrochemical active surface area (EASA)
and smaller nanoparticle size implies an increase in the EASA
(Zaragoza-Martín et al., 2007; Sukeri et al., 2015; Ayán-Varela
et al., 2017). Table 1 shows the EASA for the different transducer
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FIGURE 1 | (A–F) HR-TEM micrographs: (A) fMWCNT-AuNPs-0.5, (B) fMWCNT-AuNPs-0.5 magnified, (C) histogram of Au nanoparticle size distribution in

fMWCNT-AuNPs-0.5 transducer material, (D) fMWCNT-AuNPs-50, (E) fMWCNT-AuNPs-50 magnified, and (F) histogram of Au nanoparticle size distribution in

fMWCNT-AuNPs-50 transducer material.
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TABLE 1 | Amount of Au obtained by ICP and EASA in the fMWCNT-AuNPs and fMWCNT-AuNPs-Ab materials.

Sample Au ICP-OES

(wt %)

EASA

(m2 g−1)

S-2p amount by XPS

(wt %)

% of Au-S species in the

total S-2p

fMWCNT-AuNP-0.5 2.1 28.6 – –

fMWCNT-AuNP-50 3.6 33.4 – –

fMWCNT-AuNP-0.5-Ab – – 0.16 9

fMWCNT-AuNP-50-Ab – – 0.32 28

Amount of S obtained by XPS and percentage of thiol group bound to Au.

FIGURE 2 | CV for fMWCNT, fMWCNT-AuNPs-0.5 and fMWCNT-AuNPs-50 in

0.1M PBS (pH = 7.2) and vscan =50 mV·s−1.

material synthesized in this work. It can be observed that the
decrease in the particle size implies an increase in the EASA of
around 17%.

Electrochemical Characterization of the
Monoclonal Antibodies Immobilized on the
fMWCNT-AuNPs Samples
Figure 3 shows the CV for the fMWCNT-AuNP electrode before
and after immobilization of antibodies. It can be observed that
no significant changes are appreciated on the double layer region
of carbon nanotubes between 0.1 and 0.75V for both materials.
This result suggests that the immobilization of the antibody is not
produced on the carbon nanotube surface. On the other hand,
the redox processes for gold surface oxide shows a decrease in
the current indicating a blockage of the surface area of AuNP
and a decrease in the EASA of 16 and 24% for fMWCNT-
AuNPs-0.5 (Figure 3A) and fMWCNT-AuNPs-50 (Figure 3B),
respectively (Dey et al., 2012; Deiminiat et al., 2017). Section
S2.2 of the supporting information includes, for comparison
purposes, the electrochemical behavior of a polycrystalline gold
electrode modified with monoclonal antibodies to PSA (see
Figures S7 and S8). The high affinity between thiol groups
present in the antibody structure with the gold nanoparticles

causes the immobilization of the antibody (Benvidi et al., 2015)
producing the observed decrease in available Au surface area.

The covalent interaction between gold and the bioreceptor can
be observed in the S2p spectra after immobilization (Figure 4),
where, S2p3/2 peaks at binding energies of 163.9 and 162.7 eV,
can be associated unbound and bound thiol groups (Castner
et al., 1996). Considering the low amount of sulfur species,
the XPS has significant noise and the deconvolution can only
be considered as qualitative. The bound thiol species can be
associated to the interaction between the antibody and the gold
surface (Yam et al., 2003; Berner et al., 2007; Amendola et al.,
2014; Venditti et al., 2017). Then, it can be suggested that the
interaction between gold nanoparticles and thiol groups promote
the covalent immobilization of the antibodies in thematerial. The
samples with PVP/ratio of 50 presents a much higher intensity of
the peak at 162.7 eV, indicating a higher quantity of thiol groups
bonded to AuNPs, in contrast with the AuNPs prepared with
a lower PVP/Au ratio. This suggests that a higher amount of
antibodies are immobilized on the surface of the electrode which
contains the smaller average Au nanoparticle size (Table 1).
Moreover, the presence of a higher amount of covalently bounded
Ab-Au in the fMWCNT-AuNPs-50-Ab samples permits either
a proper immobilization or even a better orientation of the
bioreceptor in the transducer (Trilling et al., 2013). Even though
the interaction with thiol generates changes in the oxidation
states of gold from Au0 to Au+δ, authors have observed that the
signal of Au0 can scatter the intensity of the Au+δ, when low
concentration of this latter species is present. For that reason no
significant changes in gold spectra can be observed (Singh and
Whitten, 2008).

Additional signals in the S2p spectra appear at higher binding
energies, especially for fMWCNT-AuNPs-0.5-Ab, between 166.4
and 169.6 eV, which can be related with oxidized sulfur species,
probably associated with the denaturalization which takes place
in the antibody or other direct interactions with the functional
groups of the carbon material. These interactions are more
probable for the sample with the largest AuNPs size and this
produces a larger proportion of inappropriate immobilization of
the biorecognition element in the surface of the material (Singh
and Whitten, 2008; Trilling et al., 2013).

Electrochemical Performance of the

PSA Immunosensor
Despite the blocking effect of the Ab antibodies in the AuNPs
surface and subsequent formation of the immunocomplex
antibody-antigen, which can be used as a label-free platform
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FIGURE 3 | (A,B) Electrochemical behavior of the immunosensor fMWCNT-AuNPs-Ab: (A) CV for transducer material before (red line) and after (black line) the

immobilization with monoclonal antibodies of fMWCNT-AuNPs-0.5 in 0.1M PBS (pH = 7.2), vscan =50 mV·s−1, (B) CV for transducer material before (red line) and

after (black line) the immobilization with monoclonal antibodies of fMWCNT-AuNPs-50 in 0.1M PBS (pH = 7.2), vscan =50 mV·s−1.

FIGURE 4 | (A,B) XPS spectra for S2p: (A) fMWCNT-AuNPs-0.5 and (B) fMWCNT-AuNPs-50 synthesized.

for detection, application of the high potential to achieve the
oxidation-reduction reaction of gold nanoparticles produces
the denaturalization and desorption of the bioreceptor
[See Preparation of the transducer material. Functionalized
multiwall carbon nanotubes (fMWCNT) with gold nanoparticles
(AuNPs)]. Then, a redox mediator could be used in order to

decrease the detection potential (Chuah et al., 2012), for this part
ferrocene was used as redox mediator for the sensing process of
the biomarker.

Figure 5A shows the CVs for the fMWCNT and fMWCNT-
AuNPs with different PVP/Au ratios (0.5 and 50) in 0.1M
PBS + 0.5mM Fc solution, where the corresponding
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oxidation-reduction processes of ferrocene at 0.9 and 0.83V
can be observed. Current density for both processes increases
with the incorporation of the AuNPs. Moreover, increasing the
PVP/Au ratio causes a growth in the current density for both
processes, as a result of a larger EASA.

As reported, the oxidation process of ferrocene in aqueous
solution is characterized by a single-electron transfer mechanism
preceded by a weak adsorption process (Salinas-Torres et al.,
2011). In this case, the separation peak for the redox process
of ferrocene in fMWCNT at 50 mV·s−1 is around 47 ± 1mV,
suggesting that the mechanism for the redox process of ferrocene
involves adsorption on the carbon material. On the contrary,
incorporation of the AuNPs in the carbon material causes an
increase of the separation peak to around 72 ± 1mV, suggesting
that the catalyst avoids the adsorption step during the oxidation
process, making the process more irreversible (Sieben et al.,

2014). The electrochemical behavior with the scan rate for the
different transducer material synthesized in presence of the Fc
can be observed in section S2.3 of the Supporting Information

(see Figures S9 and S10).
Figures 5B, C show the decrease in the peak current for

the oxidation process at 0.9 V for electrodes modified with Ab
monoclonal antibodies, suggesting that the Fc redox processes
are electrochemically impeded, presenting the higher current
drop in fMWCNT-AuNPs-50-Ab biosensors. Some authors
have suggested that, steric effects of the different functional
groups of the antibodies immobilized on the surface, reduce
the electron transfer between the electrode and the electroactive
species (Fc), which might be used as a label-free platform for
detection of the biomarker. These results agree with the XPS
results and confirm the presence of the Ab on the surface of
AuNPs (Deiminiat et al., 2017).

FIGURE 5 | (A–C) Electrochemical behavior of material synthesized in ferrocene: (A) CV for fMWCNT and fMWNCT-AuNP in PBS (0.1M, 0.5mM Fc, pH = 7.2) and

vscan =50 mV·s−1, (B) CV for transducer material in the oxidation peak before (red line) and after (black line) the immobilization with monoclonal antibodies of

fMWCNT-AuNPs-0.5 in 0.1M PBS + 0.5mM Fc (pH = 7.2) and vscan =50 mV/s, (C) CV for transducer material in the oxidation peak before (red line) and after (black

line) the immobilization with monoclonal antibodies of fMWCNT-AuNPs-50 in 0.1M PBS + 0.5mM Fc (pH = 7.2) and vscan =50 mV/s.
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Immunosensor performance was investigated using
chronoamperometry at 1V with different concentrations of
PSA in 0.1M PBS + 0.5mM Fc solution. Only 3min were left
between the additions of each aliquot for reaction between Ab
immobilized in the AuNPs and PSA in solution. A decrease
of the oxidation current associated to Fc is obtained with the
increase of the PSA concentration. The change of the current
with the addition of PSA can be used as electrochemical
signal for detection of PSA. Given that antibody-antigen
(Ab-Ag) reaction takes place after the addition of PSA in the
solution, the immunocomplex Ab-Ag on the surface of the
biosensor might increase the steric effects onto the surface of
the electrode, which is translated in a decrease of the current
for the ferrocene oxidation process (Fc → Fc + 1e−) (Torati
et al., 2017). The calibration curves for both electrodes are
shown in Figures 6A,B, with the chronoamperometric profiles
(inset). First of all, decrease in the electrical current density of
the oxidation process for ferrocene is observed with the increase
of the concentration of PSA, demonstrating the blocking of the
surface by the Ab-Ag complex which was mentioned above.
Furthermore, all immunosensors show a typical Langmuir

behavior, where an initial linear range can be observed and
a plateau where the saturation of the biorecognition element
takes place. In this case, saturation occurs as a consequence of
the interaction of most of the immobilized antibodies with the

TABLE 2 | Analytical figures of merit for the quantification of PSA with both

electrochemical modified electrodes (fMWCNT-AuNPs-0.5-Ab and fMWCNT-

AuNPs-50-Ab).

Parameter Sample

fMWCNT-AuNP-0.5-

Ab

fMWCNT-AuNP-50-

Ab

Sensitivity

[(mA·gfMWCNT
−1)/(ng·mL−1)]

7.11 ± 0.82 4.74 ± 0.43

Intercept (ng·mL−1) 2.48 ± 2.02 2.32 ± 1.22

R 0.96 0.96

N 5 7

Linear range (ng·mL−1 ) 0–4 0–6

LOD (ng·mL−1) 1 1

LOQ (ng·mL−1) 3.3 3.3

FIGURE 6 | (A–D) Electrochemical detection of the biomarker: (A) Calibration curve for fMWNCT-AuNPs-0.5-Ab, (B) Calibration curve for fMWNCT-AuNPs-50-Ab. All

the measurements were performed in 0.1M PBS + 0.5mM Fc (pH = 7.2) and vscan =50 mV·s−1, (C) CV for fMWNCT-AuNPs-0.5-Ab before (black line) and after

(red line) detection of PSA in 0.1M PBS + 0.5mM Fc (pH = 7.2) and vscan =50 mV/s, (D) CV for fMWNCT-AuNPs-50-Ab before (black line) and after (red line)

detection of PSA in 0.1M PBS + 0.5mM Fc (pH = 7.2) and vscan =50 mV/s.
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TABLE 3 | Analytical parameters for different PSA biosensors.

Electrode Sample

Electrochemical

technique

(Time to measure)

Detection limit

(ng·mL−1)

Concentration

range (ng·mL−1)

Sensitivity

(µA·mL·ng−1)

References

fMWCNT-AuNPs-0.5-Ab Amperometric

(5min)

1 0–4 0.085 This work

fMWCNT-AuNPs-50-Ab Amperometric

(5min)

1 0–6 0.056 This work

GC-MWCNT-Reactor Amperometric

(24 h)

1 0–60 0.047 Panini et al., 2008

AuNPs-PANAM

dendrimer/MWCNTs/Chitosan/

Ionic liquid

Voltametric

(24 h)

0.05 0.05–2

(Range 1)

0.0942 (Kavosi et al., 2014)

Pt/Ti patterned-SWCNT DPV

(24 h)

0.25 0–1 … Okuno et al., 2007

antigen in solution, therefore, no more active sites are
available for an enhanced detection of PSA after achieving
this saturation and thus no current changes happen. Finally,
only an important decrease in the oxidation-reduction processes
for ferrocene can be observed in the cyclic voltammograms
Figures 6C, D, before and after the sensing process, as result
of the immune-complex onto the surface which blocks
the electron transfer, proving the biosensing activity of the
immunosensor synthetized.

The saturation range of the immunosensor takes place
at higher concentration values with the increase of PVP/Au
ratio, showing at the same time, a higher analytical linear
range detection of (0–4 ng·mL−1) for fMWNCT-AuNPs-0.5-
Ab and (0–6 ng·mL−1) for fMWCNT-AuNPs-50-Ab. This
behavior can be attributed to the nanoparticle size distribution
in the fMWCNT-AuNPs-50-Ab immunosensor, which can
provide a higher surface area, promoting a higher amount
of biorecognition element immobilized onto the surface, a
critical factor in the proper interaction of the fragment antigen-
binding (Fab) part of the antibody with the antigen, which is in
concordance with the XPS spectra for sulfur observed in section
Electrochemical characterization of the monoclonal antibodies
immobilized on the fMWCNT-AuNPs samples (Tajima et al.,
2011). The linear regression of the calibration curve for both
electrodes (fMWCNT-AuNPs-0.5-Ab and fMWCNT-AuNPs-50-
Ab) were: 1i (mA/g fMWCNT) = 7.112 CPSA (ng PSA·ml−1) +
2.478 and 1i (mA/g fMWCNT) = 4.743 CPSA (ng PSA·ml−1) +
1.717, respectively and with the same correlation coefficient (R2

= 0.96) for both electrodes. On the other hand, the sensitivity of
the immunosensor shows a higher value in fMWNCT-AuNPs-
0.5-Ab biosensors, in comparison with the samples with the
highest PVP/Au ratio, which can be attributed to the fast decrease
in the amount of antibodies in the electrode during the detection
process, which is also supported by the saturation limit of
the immunosensor.

Table 2 shows the analytical parameters obtained with both
immunosensors. It can be observed that the sensitivity is higher
for the fMWCNT-AuNPs-0.5 electrodes; however, the linear
range is higher for the fMWCNT-Au-50 electrode.

Table 3 shows a comparison of some analytical parameters
obtained in this work, with data published in the literature. In
most of the cases, the sensitivity is similar or higher than the
published, being the proposed sensor competitive with respect
to previously reported electrochemical sensors. Moreover, time
consumption to detect the PSA is greatly improved with respect
to other immunosensors.

CONCLUSIONS

Electrochemical PSA sensors based on fMWCNT-AuNPs-Ab
with different nanoparticle size distribution were developed.
In order to study the effect of the nanoparticle size in
the performance of the electrochemical sensor, two different
synthesis were carried out, controlling the PVP/Au molar ratio
to obtain gold nanoparticles with a wide and narrow distribution,
and an average diameter of 9.5 nm and 6.6 nm for PVP/Au
ratios of 0.5 and 50, respectively. Incorporation of the metal
nanoparticles was verified by CVs, which demonstrated that
narrow nanoparticle size distribution has higher EASA.

The prepared electrodes with different Au nanoparticles sizes
showed a decrease of the current density of the redox processes
associated with the gold oxide formation after the immobilization
process of the biorecognition element, as a consequence of the
blocking effect of this molecule in the surface. This behavior
was shown for ferrocene (Fc-Fc+) employed as redox probe. At
the same time, XPS spectra for S2p demonstrated the presence
of the S-Au bound, due to the covalent immobilization of the
antibodies on the nanoparticle surface. Moreover, narrow Au
nanoparticle size distribution promotes a higher immobilization
of the antibodies which was seen as an increase in the amount of
S-Au bound.

In this work, the electrochemical detection of PSA by
chronoamperometry provided a fast method for the detection of
this compound, which profits from the steric effects in the surface
of the electrode created by the formation of the immunocomplex
antibody-antigen, which acts as a diffusional barrier for the
electroactive species, which is translated in a decrease in the
current intensity of the oxidation processes. Even though a
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decrease in current with the increase of PSA concentration can
be observed in both biosensors, the lineal range and saturation
concentrations is influenced by the nanoparticle size, being
fMWCNT-AuNPs-50-Ab the sample which presents the best
performance with a higher linear range between 0 and 6 ng·mL−1

with a good sensitivity of 4.74mA g−1/ng mL−1, allowing the
detection in human samples.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

ACKNOWLEDGMENTS

The authors would like to thank MINECO and FEDER
(MAT2016-76595-R) for the financial support. AFQJ gratefully
acknowledges Generalitat Valenciana for the financial support
through Santiago Grisolia grant (GRISOLIA/2016/084).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fchem.
2019.00147/full#supplementary-material

REFERENCES

Abellán-Llobregat, A., Vidal, L., Rodríguez-Amaro, R., Berenguer-Murcia, Á.,
Canals, A., and Morallón, E. (2017). Au-IDA Microelectrodes Modified with
Au-Doped Graphene Oxide for the Simultaneous Determination of Uric
Acid and Ascorbic Acid in Urine Samples. Electrochim Acta 227, 275–284.
doi: 10.1016/j.electacta.2016.12.132

Akter, R., Rahman, M. A., and Rhee, C. K. (2012). Amplified electrochemical
detection of a cancer biomarker by enhanced precipitation using horseradish
peroxidase attached on carbon nanotubes. Anal. Chem. 84, 6407–6415.
doi: 10.1021/ac300110n

Altintas, Z., Uludag, Y., Gurbuz, Y., and Tothill, I. E. (2011). Surface
plasmon resonance based immunosensor for the detection of the
cancer biomarker carcinoembryonic antigen. Talanta 86, 377–383.
doi: 10.1016/j.talanta.2011.09.031

Amendola, V., Scaramuzza, S., Agnoli, S., Polizzi, S., and Meneghetti, M. (2014).
Strong dependence of surface plasmon resonance and surface enhanced raman
scattering on the composition of Au–Fe nanoalloys. Nanoscale 6, 1423–1433.
doi: 10.1039/C3NR04995G

Ayán-Varela, M., Ruiz-Rosas, R., Villar-Rodil, S., Paredes, J. I., Cazorla-Amorós,
D., Morallón, E., et al. (2017). Efficient Pt electrocatalysts supported onto
flavinmononucleotide–exfoliated pristine graphene for themethanol oxidation
reaction. Electrochim. Acta 231, 386–395. doi: 10.1016/j.electacta.2016.12.177

Bélanger, A., van Halbeek, H., Graves, H. C., Grandbois, K., Stamey, T. A., Huang,
L., et al. (1995). Molecular mass and carbohydrate structure of prostate specific
antigen: studies for establishment of an international PSA standard. Prostate 27,
187–197. doi: 10.1002/pros.2990270403

Benvidi, A., Firouzabadi, A. D., Moshtaghiun, S. M., Mazloum-Ardakani, M.,
and Tezerjani, M. D. (2015). Ultrasensitive DNA sensor based on gold
nanoparticles/reduced graphene oxide/glassy carbon electrode. Anal. Biochem.

484, 24–30. doi: 10.1016/j.ab.2015.05.009
Berner, S., Lidbaum, H., Ledung, G., Åhlund, J., Nilson, K., Schiessling,

J., et al. (2007). Electronic and structural studies of immobilized thiol-
derivatized cobalt porphyrins on gold surfaces. Appl. Surf. Sci. 253, 7540–7548.
doi: 10.1016/j.apsusc.2007.03.066

Bo, X., Zhou, M., and Guo, L. (2016). Electrochemical sensors and biosensors
based on less aggregated graphene. Biosens. Bioelectron. 89, 1–20.
doi: 10.1016/j.bios.2016.05.002

Bönnemann, H., and Richards, R. M. (2001). Nanoscopic metal particles
– synthetic methods and potential applications. Eur. J. Inorg. Chem.

2001, 2455–2480. doi: 10.1002/1099-0682(200109)2001:10<2455::2001:
10<2455::AID-EJIC2455>3.0.CO;2-Z

Castner, D. G., Hinds, K., and Grainger, D. W. (1996). X-Ray photoelectron
spectroscopy sulfur 2p study of organic thiol and disulfide binding interactions
with gold surfaces. Langmuir 12, 5083–5086. doi: 10.1021/la960465w

Chuah, K., Lai, L. M. H., Goon, I. Y., Parker, S. G., Amal, R., and Justin Gooding,
J. (2012). Ultrasensitive electrochemical detection of prostate-specific antigen
(psa) using gold-coated magnetic nanoparticles as “dispersible electrodes.”
Chem. Commun. 48, 3503–3505. doi: 10.1039/c2cc30512g

Corma, A., and Garcia, H. (2008). Supported gold nanoparticles as catalysts for
organic reactions. Chem. Soc. Rev. 37:2096. doi: 10.1039/b707314n

Deiminiat, B., Rounaghi, G. H., Arbab-Zavar, M. H., and Razavipanah, I.
(2017). A Novel Electrochemical aptasensor based on F-MWCNTs/AuNPs
nanocomposite for label-free detection of bisphenol, A. Sensors Actua. B Chem.

242, 158–166. doi: 10.1016/j.snb.2016.11.041
Dey, A., Kaushik, A., Arya, S. K., and Bhansali, S. (2012). Mediator free

highly sensitive polyaniline–gold hybrid nanocomposite based immunosensor
for prostate-specific antigen (PSA) detection. J. Mater. Chem. 22:14763.
doi: 10.1039/c2jm31663c

Domínguez-Domínguez, S., Berenguer-Murcia, Á., Cazorla-Amorós, D., and
Linares-Solano, Á. (2006). Semihydrogenation of phenylacetylene catalyzed
by metallic nanoparticles containing noble metals. J. Catal. 243, 74–81.
doi: 10.1016/j.jcat.2006.06.027

González-Gaitán, C., Ruiz-Rosas, R.,Morallón, E., and Cazorla-Amorós, D. (2017).
Effects of the surface chemistry and structure of carbon nanotubes on the
coating of glucose oxidase and electrochemical biosensors performance. RSC
Adv. 7, 26867–26878. doi: 10.1039/C7RA02380D

Holliger, P., and Hudson, P. J. (2005). Engineered antibody fragments and the rise
of single domains. Nat. Biotechnol. 23, 1126–1136. doi: 10.1038/nbt1142

Jasmin, J.-P., Miserque, F., Dumas, E., Vickridge, I., Ganem, J.-J., Cannizzo,
C., et al. (2017). XPS and NRA Investigations during the fabrication
of gold nanostructured functionalized screen-printed sensors for
the detection of metallic pollutants. Appl. Surf. Sci. 397, 159–166.
doi: 10.1016/j.apsusc.2016.11.125

Jayanthi, V. S. P. K. S. A., Das, A. B., and Saxena, U. (2017). Recent advances
in biosensor development for the detection of cancer biomarkers. Biosens.
Bioelectron. 91, 15–23. doi: 10.1016/j.bios.2016.12.014

Kavosi, B., Salimi, A., Hallaj, R., and Amani, K. (2014). A highly sensitive
prostate-specific antigen immunosensor based on gold nanoparticles/PAMAM
Dendrimer Loaded on MWCNTS/Chitosan/ionic liquid nanocomposite.
Biosens. Bioelectron. 52, 20–28. doi: 10.1016/j.bios.2013.08.012

Liberman, E. Y., Naumkin, A., V; Tsodikov, M., V; Mikhailichenko, A. I.,
Kon’kova, T., V; Grunskii, V. N., et al. (2017). Synthesis, structure, and
properties of a Au/MnOx–CeO2 Nanocatalyst for low-temperature oxidation
of carbon monoxide. Inorg. Mater. 53, 406–412. doi: 10.1134/S00201685
17040112

Liu, B., Lu, L., Hua, E., Jiang, S., and Xie, G. (2012). Detection of the
human prostate-specific antigen using an aptasensor with gold nanoparticles
encapsulated by graphitizedmesoporous carbon.MicrochimActa 178, 163–170.
doi: 10.1007/s00604-012-0822-5

Lu, P., Teranishi, T., Asakura, K., Miyake, M., and Toshima, N. (1999). Polymer-
Protected Ni/Pd Bimetallic nano-clusters: preparation, characterization and
catalysis for hydrogenation of nitrobenzene. J. Phys. Chem. B. 103, 9673–9682.
doi: 10.1021/jp992177p

Miguel-García, I., Berenguer-Murcia, Á., and Cazorla-Amorós, D. (2010).
Preferential Oxidation of CO catalyzed by supported polymer-protected
palladium-based nanoparticles. Appl. Catal. B Environ. 98, 161–170.
doi: 10.1016/j.apcatb.2010.05.025

Frontiers in Chemistry | www.frontiersin.org 11 March 2019 | Volume 7 | Article 147

https://www.frontiersin.org/articles/10.3389/fchem.2019.00147/full#supplementary-material
https://doi.org/10.1016/j.electacta.2016.12.132
https://doi.org/10.1021/ac300110n
https://doi.org/10.1016/j.talanta.2011.09.031
https://doi.org/10.1039/C3NR04995G
https://doi.org/10.1016/j.electacta.2016.12.177
https://doi.org/10.1002/pros.2990270403
https://doi.org/10.1016/j.ab.2015.05.009
https://doi.org/10.1016/j.apsusc.2007.03.066
https://doi.org/10.1016/j.bios.2016.05.002
https://doi.org/10.1002/1099-0682(200109)2001:10<2455::AID-EJIC2455>3.0.CO;2-Z
https://doi.org/10.1021/la960465w
https://doi.org/10.1039/c2cc30512g
https://doi.org/10.1039/b707314n
https://doi.org/10.1016/j.snb.2016.11.041
https://doi.org/10.1039/c2jm31663c
https://doi.org/10.1016/j.jcat.2006.06.027
https://doi.org/10.1039/C7RA02380D
https://doi.org/10.1038/nbt1142
https://doi.org/10.1016/j.apsusc.2016.11.125
https://doi.org/10.1016/j.bios.2016.12.014
https://doi.org/10.1016/j.bios.2013.08.012
https://doi.org/10.1134/S0020168517040112
https://doi.org/10.1007/s00604-012-0822-5
https://doi.org/10.1021/jp992177p
https://doi.org/10.1016/j.apcatb.2010.05.025
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Quintero-Jaime et al. CNT/Au for Electrochemical PSA Detection

Okuno, J., Maehashi, K., Kerman, K., Takamura, Y., Matsumoto, K., and Tamiya, E.
(2007). Label-free immunosensor for prostate-specific antigen based on single-
walled carbon nanotube array-modified microelectrodes. Biosens. Bioelectron.
22, 2377–2381. doi: 10.1016/j.bios.2006.09.038

Panini, N. V., Messina, G. A., Salinas, E., Fernández, H., and Raba, J. (2008).
Integrated microfluidic systems with an immunosensor modified with carbon
nanotubes for detection of prostate specific antigen (PSA) in human serum
samples. Biosens. Bioelectron. 23, 1145–1151. doi: 10.1016/j.bios.2007.11.003

Pisoschi, A. M. (2013). Biosensors as bio-based materials in chemical analysis: a
review. J. Biobased Mater. Bioenergy 7, 19–38. doi: 10.1166/jbmb.2013.1274

Qu, B., Chu, X., Shen, G., and Yu, R. (2008). A novel electrochemical
immunosensor based on colabeled silica nanoparticles for determination
of total prostate specific antigen in human serum. Talanta 76, 785–790.
doi: 10.1016/j.talanta.2008.04.026

Ronkainen, N. J., Halsall, H. B., and Heineman, W. R. (2010). Electrochemical
biosensors. Chem. Soc. Rev. 39, 1747–1763. doi: 10.1039/b714449k

Ryerson, A. B., Eheman, C. R., Altekruse, S. F., Ward, J. W., Jemal, A., Sherman,
R. L., et al. (2016). Annual report to the nation on the status of cancer, 1975-
2012, featuring the increasing incidence of liver cancer. Cancer 122, 1312–1337.
doi: 10.1002/cncr.29936

Salinas-Torres, D., Huerta, F., Montilla, F., and Morallón, E. (2011).
Study on electroactive and electrocatalytic surfaces of single walled
carbon nanotube-modified electrodes. Electrochim Acta 56, 2464–2470.
doi: 10.1016/j.electacta.2010.11.023

Santos, J. C. S. D., Barbosa, O., Ortiz, C., Berenguer-Murcia, A., Rodrigues, R.
C., and Fernandez-Lafuente, R. (2015). Importance of the support properties
for immobilization or purification of enzymes. ChemCatChem 7, 2413–2432.
doi: 10.1002/cctc.201500310

Sieben, J. M., Ansón-casaos, A., Montilla, F., Martínez, M. T., and Morallón, E.
(2014). Electrochimica acta electrochemical behaviour of different redox probes
on single wall carbon nanotube buckypaper-modified electrodes. Electrochim
Acta 135, 404–411. doi: 10.1016/j.electacta.2014.05.016

Siegel, R., Miller, K., and Jemal, A. (2017). Cancer Statistics, 2017. Cancer J. 67,
7–30. doi: 10.3322/caac.21387

Singh, J., and Whitten, J. E. (2008). Adsorption of 3-
mercaptopropyltrimethoxysilane on silicon oxide surfaces and adsorbate
interaction with thermally deposited gold. J. Phys. Chem. C 112, 19088–19096.
doi: 10.1021/jp807536z

Sukeri, A., Saravia, L. P. H., and Bertotti, M. (2015). A facile electrochemical
approach to fabricate a nanoporous gold film electrode and its electrocatalytic
activity towards dissolved oxygen reduction. Phys. Chem. Chem. Phys. 17,
28510–28514. doi: 10.1039/C5CP05220C

Tajima, N., Takai, M., and Ishihara, K. (2011). Significance of antibody orientation
unraveled: well-oriented antibodies recorded high binding affinity.Anal. Chem.

83, 1969–1976. doi: 10.1021/ac1026786
Torati, S. R., Kasturi, K. C. S. B., Lim, B., and Kim, C. G. (2017).

Hierarchical gold nanostructures modified electrode for electrochemical
detection of cancer antigen CA125. Sensors Actuat. B Chem. 243, 64–71.
doi: 10.1016/j.snb.2016.11.127

Trilling, A. K., Beekwilder, J., and Zuilhof, H. (2013). Antibody orientation
on biosensor surfaces: a minireview. Analyst 138, 1619–1627.
doi: 10.1039/c2an36787d

Turner, A. P. F. (2000). Biosensors - sense and sensitivity. Science 290, 1315–1317.
doi: 10.1126/science.290.5495.1315

Venditti, I., Fontana, L., Scaramuzzo, F., Russo, M., Battocchio, C., Carlini, L.,
et al. (2017). Nanocomposite based on functionalized gold nanoparticles
and sulfonated Poly(Ether Ether Ketone) membranes: synthesis and
characterization.Materials 10:258. doi: 10.3390/ma10030258

Villoutreix, B. O., Getzoff, E. D., and Griffin, J. H. (1994). A structural model for
the prostate disease marker, human prostate-specific antigen. Protein Sci. 3,
2033–2044. doi: 10.1002/pro.5560031116

Wang, D., Zheng, Y., Chai, Y., Yuan, Y., and Yuan, R. (2015). Target protein
induced cleavage of a specific peptide for prostate-specific antigen detection
with positively charged gold nanoparticles as signal enhancer †. Chem.

Commun. 51, 10521–10523. doi: 10.1039/C5CC02148K
Wang, H., Zhang, Y., Yu, H., Wu, D., Ma, H., Li, H., et al. (2013). Label-free

electrochemical immunosensor for prostate-specific antigen based on silver
hybridized mesoporous silica nanoparticles. Anal. Biochem. 434, 123–127.
doi: 10.1016/j.ab.2012.11.012

Wang, J. (2002). Glucose biosensors: 40 years of advances and challenges.
Electroanalysis 10, 107–119. doi: 10.1002/(SICI)1521-4109(199802)10:2<107::
AID-ELAN107>3.0.CO;2-B

Wang, Z., and Dai, Z. (2015). Carbon nanomaterial-based electrochemical
biosensors: an overview. Nanoscale 7, 6420–6431. doi: 10.1039/C5NR00585J

Yam, C. M., Cho, J., and Cai, C. (2003). Preparation, characterization, and
heck reaction of multidentate thiolate films on gold surfaces. Langmuir 19,
6862–6868. doi: 10.1021/la0345385

Yan, M., Zang, D., Ge, S., Ge, L., and Yu, J. (2012). A disposable
electrochemical immunosensor based on carbon screen-printed electrodes for
the detection of prostate specific antigen. Biosens. Bioelectron. 38, 355–361.
doi: 10.1016/j.bios.2012.06.019

Yu, X., Munge, B., Patel, V., Jensen, G., Bhirde, A., Gong, J. D., et al.
(2006). Carbon nanotube amplification strategies for highly sensitive
immunodetection of cancer biomarkers. J. Am. Chem. Soc. 128, 11199–11205.
doi: 10.1021/ja062117e

Zaragoza-Martín, F., Sopeña-Escario, D., Morallón, E., and de Lecea,
C. S. M. (2007). Pt/Carbon nanofibers electrocatalysts for fuel cells.
effect of the support oxidizing treatment. J. Power Sour. 171, 302–309.
doi: 10.1016/j.jpowsour.2007.06.078

Zhou, W., Gao, X., Liu, D., and Chen, X. (2015). Gold nanoparticles for in vitro

diagnostics. Chem. Rev. 115, 10575–10636. doi: 10.1021/acs.chemrev.5b00100

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Quintero-Jaime, Berenguer-Murcia, Cazorla-Amorós and

Morallón. This is an open-access article distributed under the terms of the

Creative Commons Attribution License (CC BY). The use, distribution or

reproduction in other forums is permitted, provided the original author(s)

and the copyright owner(s) are credited and that the original publication in

this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Chemistry | www.frontiersin.org 12 March 2019 | Volume 7 | Article 147

https://doi.org/10.1016/j.bios.2006.09.038
https://doi.org/10.1016/j.bios.2007.11.003
https://doi.org/10.1166/jbmb.2013.1274
https://doi.org/10.1016/j.talanta.2008.04.026
https://doi.org/10.1039/b714449k
https://doi.org/10.1002/cncr.29936
https://doi.org/10.1016/j.electacta.2010.11.023
https://doi.org/10.1002/cctc.201500310
https://doi.org/10.1016/j.electacta.2014.05.016
https://doi.org/10.3322/caac.21387
https://doi.org/10.1021/jp807536z
https://doi.org/10.1039/C5CP05220C
https://doi.org/10.1021/ac1026786
https://doi.org/10.1016/j.snb.2016.11.127
https://doi.org/10.1039/c2an36787d
https://doi.org/10.1126/science.290.5495.1315
https://doi.org/10.3390/ma10030258
https://doi.org/10.1002/pro.5560031116
https://doi.org/10.1039/C5CC02148K
https://doi.org/10.1016/j.ab.2012.11.012
https://doi.org/10.1002/(SICI)1521-4109(199802)10:2<107::AID-ELAN107>3.0.CO;2-B
https://doi.org/10.1039/C5NR00585J
https://doi.org/10.1021/la0345385
https://doi.org/10.1016/j.bios.2012.06.019
https://doi.org/10.1021/ja062117e
https://doi.org/10.1016/j.jpowsour.2007.06.078
https://doi.org/10.1021/acs.chemrev.5b00100
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Carbon Nanotubes Modified With Au for Electrochemical Detection of Prostate Specific Antigen: Effect of Au Nanoparticle Size Distribution
	Introduction
	Experimental Section
	Reagents and Equipment
	Preparation of the Transducer Material. Functionalized Multiwall Carbon Nanotubes (fMWCNT) With Gold Nanoparticles (AuNPs)
	Functionalization of Multi-Wall Carbon Nanotubes
	Gold Nanoparticles Synthesis
	fMWCNT Decorated With AuNPs Dispersion

	Immunosensor Electrode Preparation
	Electrochemical Methods
	Physicochemical Characterization

	Results And Discussion
	fMWCNT-AuNPs Electrodes Characterization
	Physicochemical Characterization
	Electrochemical Characterization of fMWCNT-AuNPs

	Electrochemical Characterization of the Monoclonal Antibodies Immobilized on the fMWCNT-AuNPs Samples
	Electrochemical Performance of the PSA Immunosensor


	Conclusions
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


