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Non-Covalent Functionalization of Multi-Wall Carbon
Nanotubes with Polyarginine: Characterization and
Analytical Applications for Uric Acid Quantification
Alejandro Gutiérrez,[a, b] Fabiana Gutierrez,[a] Marcos Eguı́laz,[a] Concepción Parrado,[c] and Gustavo
A. Rivas*[a]

Abstract: We report for the first time the non-covalent
functionalization of multiwall carbon nanotubes
(MWCNTs) with polyarginine (Polyarg), the modification
of glassy carbon electrodes (GCE) with the resulting
Polyarg-MWCNTs dispersion and the analytical applica-
tion of Polyarg-MWCNTs-modified GCE for the quantifi-
cation of uric acid. The optimum MWCNT-Polyarg
dispersion was obtained by sonicating for 5.0 min the
mixture of 0.75 mg mL�1 MWCNTs and 0.50 mg mL�1

Polyarg. The dispersion was characterized by scanning
electron microscopy, electrophoretic mobility, electro-
chemical impedance spectroscopy, cyclic voltammetry and
amperometry. The presence of MWCNT-Polyarg at GCE
surface produced a drastic decrease in the overvoltages

for the oxidation of hydrogen peroxide (300 mV) ascorbic
acid (281 mV) and uric acid (70 mV) and for the reduction
of hydrogen peroxide (200 mV), as well as an important
decrease in the charge transfer resistances for hydrogen
peroxide, hydroquinone/quinone and ferricyanide/ferro-
cyanide markers. The strong adsorption of uric acid at
GCE/MWCNT-Polyarg made possible the highly sensitive
detection of this biomarker at nanomolar levels even in
the presence of 1.0 3 10�4 M ascorbic acid by Adsorptive
Stripping with medium exchange and linear scan voltam-
metry transduction. The quantification of uric acid in
untreated human urine was very successful, demonstrating
an excellent correlation (98%) with the reference method
used in clinical laboratories (Uricostat, Wiener Lab).

Keywords: Carbon nanotubes functionalization · Polyarginine · Electrochemical sensor · Ascorbic acid · Uric acid sensor

1 Introduction

The discovering of carbon nanomaterials has demon-
strated to be a key point for the development of the nano
(bio)technology. In particular, carbon nanotubes (CNTs)
have attracted enormous attention for the design of new
sensing technologies due to their unique physical, elec-
tronic, and chemical properties [1–5]. Owing to their
outstanding beneficial characteristics and their ability to
promote electron transfer reactions, CNTs have been
successfully used for the development of a large number
of electrochemical (bio)sensors, as it has been extensively
reviewed in the literature [6–8]. However, the important
interactions between CNTs make difficult their direct
application for the development of electrochemical sen-
sors [9, 10]. Therefore, a functionalization step, either
covalent or non-covalent, is highly required, and the
performance of the resulting sensors is extremely depend-
ent on the efficiency of this functionalization. In this
regard, the use of (bio)polymers as CNTs-functionaliza-
tion agents have demonstrated to be extremely useful
[11,12]. We have reported the use of polyethylenimine
[13,14], polylysine [15,16], polyhistidine [17, 18], glucose
oxidase [19], calf-thymus double stranded DNA [20,21]
and cytochrome c [22] for the highly successful non-
covalent functionalization of multi-wall carbon nanotubes
(MWCNTs). Polytyrosine covalently attached to single-
wall carbon nanotubes (SWCNTs) have also demon-

strated to be highly effective for the preparation of
electrochemical sensors [23].

In this work we are reporting the non-covalent
functionalization of MWCNTs based on the use of
polyarginine (Polyarg) as dispersing agent and the devel-
opment of an uric acid (UA) electrochemical sensor
through the modification of glassy carbon electrodes
(GCE) with the resulting MWCNTs-Polyarg dispersion.

UA is the main final product of purine metabolism in
the human body and is an important biomarker. In fact,
abnormal levels in blood are usually connected with
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diseases like gout, hyperuricaemia, Lesch�Nyhan syn-
drome [24] and cardiovascular disorders [25]. Considering
the significance of these pathologies, the development of
methodologies that allow the sensitive and selective
quantification of UA is highly required. Electrochemical
sensors have demonstrated to be very useful for sensing
different bioanalytes [26,27]; however, the major problem
in the electrochemical detection of UA is the coexistence
of interfering compounds, mainly ascorbic acid (AA),
since it oxidizes at potentials close to UA oxidation,
making very difficult their selective quantification. Thus,
one important challenge in the electrochemical sensing of
UA is the development of new strategies that make
possible the detection of UA in the presence of AA or at
least the discrimination between the oxidation processes
of both analytes.

This work presents a first section where discussing the
influence of the sonication time and the amount of
Polyarg and MWCNTs on the efficiency of the dispersions
using common redox markers like hydrogen peroxide and
AA, and a second section where presenting the analytical
application of glassy carbon electrodes (GCEs) modified
with the resulting dispersion (GCE/MWCNT-Polyarg) for
the sensitive and selective quantification of UA in the
presence of AA.

2 Experimental

2.1 Reagents

Poly-L-arginine hydrochloride (Polyarg) (molwt>70,000)
and hydroquinone (H2Q) were obtained from Sigma.
Hydrogen peroxide (H2O2, 30 % v/v aqueous solution)
and ascorbic acid (AA) were purchased from Baker.
Potassium ferrocyanide, potassium ferricyanide and uric
acid (UA) were supplied by Merck. Multiwalled carbon
nanotubes (MWCNTs) of 15–45 nm diameter and 1–5
microns length were obtained from NanoLab (USA).
Other chemicals were analytical reagent grade and used
without further purification. Ultrapure water (1=
18 MWcm) from a Millipore-MilliQ system was used to
prepare all the solutions. The stock solutions of AA and
UA were prepared in a 0.050 M phosphate buffer pH 7.40
before starting each set of experiments, stored in ice bath,
and covered with alumina foil until using. Polyarg
solutions were prepared in water.

2.2 Apparatus

Sonication treatments were carried out with an ultrasonic
processor VCX 130 W (Sonics and Materials, Inc.) of
20 kHz frequency with a titanum microtip (3 mm diame-
ter). A Digicen 21 ultracentrifuge (Orto Alresa) with a
RT 151 rotor was used to centrifuge the samples after
sonication.

Amperometric and voltammetric measurements were
performed with EPSILON (BAS) and TEQ_02 potentio-
stats. The electrodes were inserted into the cell (BAS,

Model MF-1084) through holes in its Teflon cover. A
platinum wire and Ag/AgCl, 3 M NaCl (BAS, Model RE-
5B) were used as counter and reference electrodes,
respectively. All potentials are referred to the latter. A
magnetic stirrer provided the convective transport during
the amperometric measurements.

EIS experiments were performed by applying a sinus-
oidal potential perturbation of 10 mV of amplitude in the
frequency range of 105–10�1 Hz using different redox
markers: 2.0 3 10�3 M Q/H2Q, 2.50 3 10�2 M H2O2 and 2.0 3

10�3 M [Fe(CN)6]
3�/4�. The working potentials were

0.700 V for hydrogen peroxide, and the formal potential
for Q/H2Q (~0.05 V) and Fe(CN)6]

3�/4� (~0.20 V) solu-
tions. The impedance spectra were analyzed and fitted by
using the Z-view program.

Scanning electron microscopy (SEM) images were
obtained with a Field Emission Gun Scanning Electron
Microscope (FE-SEM, Zeiss, SIGMA model).

The zeta potential (z) was determined by electro-
phoretic light scattering (ELS) measurements, using a
Delsa Nano C instrument (Beckman Coulter).

2.3 Preparation of Glassy Carbon Modified Electrodes

2.3.1 Preparation of MWCNTs-Polyarg Dispersion

0.75 mg of MWCNTs were mixed with 1.00 mL of
0.50 mgmL�1 Polyarg solution followed by sonication for
5.0 min with ultrasonic probe. Finally, the dispersion was
centrifuged for 15 min at 9000 rpm and the supernatant
was collected for further work.

2.3.2 Modification of Glassy Carbon Electrodes (GCE)
with MWCNT- Polyarg (GCE/MWCNT-Polyarg) and
Polyarg (GCE/Polyarg)

Before modification, the GCEs were polished with
alumina slurries of 1.0, 0.30, and 0.05 mm for 1.0 min each.
After polishing, the electrodes were rinsed with water and
cycled 10 times in 0.050 M phosphate buffer solution
between �0.200 V and 0.800 V at 0.100 Vs�1. Finally, an
aliquot of 10 mL of MWCNT-Polyarg (supernatant) or
1.00 mgmL�1 Polyarg were dropped on the top of the
polished GCEs, allowing the solvent to evaporate for
60 min at room temperature.

2.4 Quantification of UA

The quantification of UA was performed by Adsorptive
stripping analysis with medium exchange and Linear Scan
Voltammetry (LSV) transduction according to the follow-
ing procedure:

(I) Preconcentration: performed at open circuit poten-
tial by immersion of GCE/MWCNT-Polyarg in the UA
solution (prepared in a 0.050 M phosphate buffer solution
pH 7.40) for 5.0 min under stirring conditions.

(II) Washing: the electrodes containing the accumu-
lated material were washed with a 0.050 M phosphate
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buffer solution pH 7.40 for 10 s and then transferred to a
fresh phosphate buffer solution.

(III) Transduction: The anodic stripping was per-
formed in a 0.050 M phosphate buffer solution pH 7.40 by
scanning the potential between �0.300 V and 0.600 V at
0.050 V s�1 using LSV. The analytical signals were ob-
tained from the oxidation peak currents of UA after
subtracting the background currents. All measurements
were performed at room temperature.

2.5 Validation of the Sensor

The sensor was validated with the Uricostat enzymatic kit
from Wiener Lab (Argentina), a reference method for the
quantification of UA in clinical laboratories [28]. This
method is based on the use of uricase to convert UA into
allatoin in the presence of oxygen which, in turn, is
reduced to hydrogen peroxide (reaction 1). In the second
step, the enzymatically generated hydrogen peroxide in
the presence of peroxidase, 4-aminophenzone and di-
chloro-hydroxy bencensulfonic acid generates quinoimine
(reaction 2), compound that absorbs at 505 nm. The
absorbance of this compound is used as analytical signal.
Urine samples were collected for 24 h and used untreated
for the quantification of UA.

UAþ 2H2OþO2 ! allatoinþH2O2 þ CO2 ½reaction 1�

H2O2 þ 4-AFþDCHBS! quinonimine ½reaction 2�

Where 4-AF: 4-aminophenazone, DCHBS: dichlorohy-
droxybencen sulfonic acid.

3 Results and Discussion

3.1 Characterization of MWCNT-Polyarg Dispersions

Figure S1 displays a SEM image of a glassy carbon disk
modified with MWCNTs non-covalently functionalized
with Polyarg (0.75 mg mL�1 MWCNTs/0.50 mg mL�1 Poly-
arg sonicated for 5.0 min). The image reveals a complete
coverage of the glassy carbon surface although, as in other
MWCNTs-polymer modified GCEs [11], there are areas
with different density of MWCNTs.

The dispersions were also characterized by different
electrochemical techniques. The electronic properties of
GCE/MWCNT-Polyarg were comparatively evaluated
with those of GCE and GCE/Polyarg by EIS using
quinone/hydroquinone (Q/H2Q), H2O2, and [Fe(CN)6]

�3/�4

as redox markers. Figure 1 displays Nyquist plots obtained
for the different redox markers and electrodes. The
symbols correspond to the experimental points and the
solid lines to the fitting with the corresponding equivalent
circuits, which are shown in Figure S2. Figure 1A depicts
the Nyquist plots obtained at 0.050 V for GCE (a), GCE/
Polyarg (b) and GCE/CNT-Polyarg (c) using 2.0 3 10�3 M
Q/H2Q as marker, and a Randles (a and c) or (Rs(RctCdl))
(b) circuits. The inset shows a bars plot for the charge

Fig. 1. Nyquist plots for 2.0 3 10�3 M Q/H2Q (A), 2.5 3 10�2 M
H2O2 (B) and 2.0 3 10�3 M [Fe(CN)6]3�/4� (C) obtained at GCE
(a), GCE/Polyarg (b) and GCE/MWCNT-Polyarg (c). Working
potential: A) 0.050 V, B) 0.700 V and C) 0.200 V. Frequency
range: 10 KHz to 10 mHz; Potential perturbation: 10 mV;
Supporting electrolyte: 0.100 M phosphate buffer solution
pH 7.40. Insets Figures 1A and B: bar plots for the Rct obtained
at the different electrodes; Inset Figure 1C zoom of the spectra
obtained at higher frequencies.
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transfer resistance (Rct) obtained at the different electro-
des. Since Q/H2Q needs to be adsorbed at sp2 carbon to
allow the charge transfer at the electrode, the electro-
chemical response of this redox couple is very sensitive to
the surface blockage [29].Taking into account that the
semicircle portion at high frequencies corresponds to the
charge transfer limited processes, is evident that Rct

increases when GCE is modified with Polyarg due to the
blockage of the surface (214 and 487 Wcm2 for GCE and
GCE/Polyarg, respectively). On the contrary, the modifi-
cation of GCE with MWCNTPolyarg produces a drastic
decrease of Rct (2.3 Wcm2) suggesting that, even when the
polymer that supports the CNTs has a passivating effect,
the electroactivity of CNTs makes possible a huge incre-
ment in the charge transfer rate of the redox marker.

For better comprehension of the electrochemical
behavior of GCE modified with MWCNT-Polyarg, the
system was also evaluated using H2O2 as redox marker.
Figure 1B displays Nyquist plots obtained in a 2.5 3 10�2 M
hydrogen peroxide solution at 0.700 V using GCE (a),
GCE/Polyarg (b) and GCE/MWCNT-Polyarg (c). The
inset depicts a bars plot for the Rct obtained at the
different surfaces. In this case, the experimental data were
satisfactorily fitted with the simple equivalent circuit (Rs

(RctCdl)). Since the charge transfer of hydrogen peroxide
is not as sensitive as H2Q/Q to the state of the electrode
surface, the Rct at GCE/Polyarg slightly increases com-
pared to GCE; however, as in the previous case, Rct

largely decreases when GCE is modified with MWCNT-
Polyarg due to the efficient catalytic activity of the CNTs
towards hydrogen peroxide oxidation (1678, 1913 and
176 Wcm2 for GCE, GCE/Polyarg and GCE/MWCNT-
Polyarg, respectively).

EIS experiments using the highly-charged redox
couple [Fe(CN)6]

3�/4�as redox marker were also per-
formed at 0.200 V to study the effect of the charge of
MWCNT-Polyarg on the electron transfer of the anion.
Nyquist plots for GCE showed a typical resistive compo-
nent at high frequencies and a diffusional one at lower
frequencies, using (Rs(RctCdl)) circuit (a). In the presence
of Polyarg, Rct drastically decreases due to the electro-
static attraction between the negatively charged marker
and the positively charged dispersion, demonstrating that
the polymer that supports the MWCNTs facilitates the
apparent charge transfer of the probe. It is important to
mention that z potential for MWCNT-Polyarg in a
0.050 M phosphate buffer solution was (0.0530�0.006) V,
indicating that the dispersion presents a positive charge
under the working conditions. In this case, the experimen-
tal data were satisfactorily fitted with the modified
Randles circuit indicated in Figure S2,C which also
includes a pseudocapacitance. This capacitive behavior
observed at lower frequencies, is associated with the
adsorption of the redox probe. No significant differences
in Rct were observed at GCE/MWCNT-Polyarg compared
to GCE/Polyarg, although the presence of MWCNT-
Polyarg produces important changes in the diffusional

portion of Nyquist plots due to diffusional problems
associated with the film thickness of MWCNT-Polyarg.

Figure 2 shows cyclic voltammograms for 5.0 3 10�2 M
H2O2 (A), 1.0 3 10�3 M AA (B) and 1.0 3 10�4 M UA (C)
obtained at GCE (dotted line) and GCE/MWCNTs-
Polyarg (solid line). The voltammetric response for hydro-
gen peroxide at MWCNTs-Polyarg modified GCE shows
a huge enhancement in the reduction/oxidation currents
and a very important decrease in the oxidation (300 mV)
and reduction (200 mV) overvoltages compared to bare

Fig. 2. Cyclic voltammograms for 0.050 M hydrogen peroxide (A),
1.0 3 10�3 M AA (B) and 1.0 3 10�4 M UA (C) at GCE (dotted
line) and GCE/MWCNT-Polyarg (solid line). Scan rate:
0.050 V s�1. Supporting electrolyte: 0.050 M phosphate buffer
solution pH 7.40.
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GCE, in consonance with the EIS results previously
described (Figure 1B). The potentiodynamic profiles for
1.0 3 10�3 M AA solution at GCE/MWCNT-Polyarg show
a decrease of 281 mV in the oxidation overvoltage
compared to GCE, as a result of the catalytic activity of
MWCNTs and the facilitated interaction of the negatively
charged ascorbate with the positively charged MWCNT-
Polyarg dispersion (Figure 2B). As Figure 2C displays,
these effects are also evident for the electrooxidation of
UA, compound that is negatively charged under our
working conditions. In fact, at GCE/MWCNT-Polyarg the
oxidation overvoltage for UA decreases 70 mV and the
peak current enhances in a factor of 5.

3.2 Optimization of MWCNT-Polyarg Dispersions

As it was previously reported [11], one of the crucial
aspects when developing CNTs-based electrochemical
(bio)sensors is to find a strategy that allows an efficient
and stable functionalization of the nanostructures, their
successful dispersion in aqueous media, and a deposition
at electrode surfaces in a homogeneous and robust way.

We evaluated the influence of the amount of MWCNT,
the concentration of Polyarg and the sonication time on
the efficiency of the dispersion by cyclic voltammetry and
amperometry using hydrogen peroxide as redox marker.

Figure 3A shows the effect of the concentration of
Polyarg on the sensitivity to hydrogen peroxide obtained
from amperometric experiments at 0.700 V using GCE
modified with dispersions of MWCNTs (0.75 mgmL�1) in
Polyarg solutions of different concentration (from 0.25 to
2.00 mgmL�1). The sensitivity obtained at bare GCE is
also included for comparison. The sensitivity largely
increases when GCE is modified with MWCNT-Polyarg
dispersions prepared either with 0.25, 0.50 or
1.00 mgmL�1 Polyarg, demonstrating the efficiency of
Polyarg as dispersing agent. Dispersions prepared with
2.0 mg mL�1 Polyarg produced a decrease in the sensitivity
due to the passivating effect of the polymer at high
concentrations. Therefore, 0.50 mg mL�1 Polyarg was se-
lected as the optimum amount of Polyarg to efficiently
disperse 0.75 mg mL�1 MWCNT in water after 5.0 min
sonication. It is important to mention that the selected
solvent was water since it allowed the best compromise
between the quality of the dispersion, the robustness of
the deposited layer at the GCE, and the reproducibility of
the amperometric response of the resulting sensor.

The effect of the amount of MWCNTs was evaluated
using 0.50 mg mL�1 Polyarg (Figure 3B) and hydrogen
peroxide as redox marker. As in the previous case, the
sensitivity obtained at GCE was also included for
comparison. A large enhancement in sensitivity is
observed as the amount of CNTs increases from 0.25 to
0.75 mgmL�1 as a consequence of the electroactivity of
the nanostructures. Higher amounts of MWCNTs in the
dispersion produced a decrease in the sensitivity due to a
less efficient dispersion (for this concentration of Polyarg).
Therefore, 0.75 mg mL�1 MWCNTs was selected as the

optimum amount of carbon nanostructures. Similar ex-
periments performed with AA also confirmed the advan-
tages of the dispersion on the electro-oxidation of AA.
Figure S3 depicts the variation of the peak potential and

Fig. 3. Variation of the sensitivity towards hydrogen peroxide
obtained from amperometric experiments performed at 0.700 V
using (A) GCEs modified with MWCNTs-Polyarg dispersions
prepared by sonicating for 5.0 min 0.75 mg mL�1 MWCNTs and
different concentrations of Polyarg; (B) GCEs modified with
MWCNTs-Polyarg dispersions prepared by sonicating
0.50 mgmL�1 Polyarg and different amounts of MWCNTs; C)
GCEs modified with MWCNTs-Polyarg dispersions prepared by
sonicating for different times 0.50 mgmL�1 Polyarg and
0.75 mgmL�1 MWCNTs. Other conditions as in Figure 2.
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peak currents for AA oxidation obtained at GCEs
modified with different amounts of MWCNTs and
0.50 mgmL�1 Polyarg. The presence of CNTs drastically
decreases the oxidation peak potential due to their
catalytic activity towards the oxidation of AA, reaching a
plateau for amounts higher than 0.50 mg mL�1. The peak
currents increases with the amount of MWCNTs being
0.75 mgmL�1 the one that allows the best compromise
between robustness of the dispersion and reproducibility
of the signal.

It is widely known that the sonication time is an
important factor when preparing CNTs-polymers disper-
sions since the total energy delivered by an ultrasonic
probe, which depends on the applied power and the
ultrasonication time, produces changes in the cavitation
events chain that facilitate the separation of the nano-
structures. Figure 3C shows the effect of the sonication
time (between 1.0 and 10 min) on the sensitivity obtained
from amperometric experiments performed at 0.700 V at
GCE/MWCNT-Polyarg using hydrogen peroxide as redox
marker. The sensitivity increases in a factor of 2 when the
sonication time rises from 1.0 to 5.0 min, to almost level
off thereafter.

In summary, the results presented here demonstrate
that Polyarg is an excellent dispersing agent for MWCNT
and that the best dispersion is obtained by sonicating for
5.0 min a mixture of 0.75 mg mL�1 of MWCNT with
0.50 mgmL�1 Polyarg (prepared in water).

The stability of MWCNT-Polyarg dispersion is a very
important aspect for further applications in the develop-
ment of sensors. Figure S4 shows the effect of the stability
of MWCNTs-Polyarg stored at room temperature by
evaluating the sensitivity towards the redox marker used
to optimize the dispersion, hydrogen peroxide, obtained
at 0.700 V at different GCEs modified with the same
MWCNT-Polyarg dispersion in different days. No signifi-
cant changes were observed even after 50 days storage,
period at which the sensitivity remains in a 98% of the
original one. The GCE/MWCNT-Polyarg also presents a
very good short-term stability, with R.S.D. of 2.0% for 5
successive amperometric experiments at 0.700 V using the
same electrode surface and hydrogen peroxide as marker.

3.3 Analytical Applications of GCE/MWCNT-Polyarg for
the Quantification of UA

We explored the usefulness of GCE/MWCNT-Polyarg as
electrochemical sensor for the quantification of UA.
Figure 4 depicts potentiodynamic profiles obtained at
bare GCE (a and c) and at GCE/MWCNT-Polyarg (b and
d) under different conditions. While no signal is observed
at bare GCE for 8.0 3 10�7 M UA without accumulation
(a), at GCE/MWCNT-Polyarg (b) the oxidation current
peak is (0.34�0.01) mA even for such small UA concen-
tration. After accumulation for 5.0 min in a 8.0 3 10�7 M
UA solution and medium exchange to 0.050 M phosphate
buffer solution pH 7.40 (c and d) the oxidation peak
current at GCE/MWCNT-Polyarg increases in a factor of

100 compared to GCE after accumulation of UA using
similar conditions and twenty-times compared to GCE/
MWCNT-Polyarg without accumulation. This significant
increment in the oxidation currents for UA clearly
demonstrate the efficiency of the pre-concentration step
due to the strong adsorption of UA at GCE/MWCNT-
Polyarg favored by the presence of MWCNTs and the
positive charge of the dispersion. The pre-concentration
time that allowed the best compromise between sensitivity
and reproducibility for 2.0 3 10�6 M UA was 5.0 min (not
shown).

Figure 5A displays the calibration plots for UA
obtained in the absence (blue squares) and in the presence
(green squares) of 1.0 3 10�4 M AA, the most common
interferent in the electrochemical quantification of UA.
The inset shows the linear scan voltammograms obtained
in a 0.050 M phosphate buffer solution pH 7.40 after
5.0 min accumulation in solutions of UA of different
concentrations from 2.0 3 10�7 to 2.0 3 10�6 M at GCE/
MWCNT-Polyarg. Well-defined peaks are observed in all
cases. The sensitivity obtained in the absence of AA is
(74.6�0.4) mAM�1 cm�2 (r=0.9998), the linear range goes
from 2.0 3 10�7 to 2.0 3 10�6 M, and the detection limit is
15 nM (taken as 3 3 standard deviation of the blank signal/
sensitivity). In the presence of 1.0 3 10�4 M AA the
sensitivity is (79.1�0.3) mAM�1 cm�2, (r2 =0.997), the line-
ar range goes from 2.0 3 10�7 to 2.0 3 10�6 M, and the
detection limit is 15 nM. Therefore, the proposed sensor
allows the successful quantification of UA even in the
presence of a large excess of AA. Table 1 compares the
analytical parameters for UA obtained using GCE/
MWCNT-Polyarg and different electrochemical sensors.
The results demonstrate that our sensor is highly com-

Fig. 4. Cyclic voltammograms obtained at GCE (a, c) and GCE/
MWCNTs-Polyarg (b,d) under different conditions: a and b: 8.0 3

10�7 M UA without accumulation; c and d: after 5.0 minutes
accumulation in a 8.0 3 10�7 M UA solution and medium exchange
to 0.050 M phosphate buffer solution pH 7.40. Other conditions
as in Figure 2.
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petitive since it allows to obtain detection limits lower
than most of the sensors presented in the Table.

To study the practical application of the proposed
sensor, the MWCNT-Polyarg modified GCE was chal-

lenged with human urine samples just diluted with
0.050 M phosphate buffer solution (500 times). The UA
concentration obtained after 7 determinations was (15�
1) mg dL�1, which is in good agreement (98%) with the
value obtained using the Uricostat Wiener spectrophoto-
metric method (15.4�0.2) mg dL�1.

4 Conclusions

In this work we reported the successful non-covalent
functionalization of MWCNTs with Polyarg and the
application of GCE modified with MWCNT-Polyarg
dispersion for the highly sensitive and selective quantifica-
tion of UA in the presence of a large excess of AA and in
untreated urine samples. GCE/MWCNT-Polyarg is a very
versatile and promising (bio)analytical platform that can
be used for diverse applications, either by taking advant-
age of the nanostructures and the charge of the resulting
dispersion to quantify negatively charged (bio)analytes or
as starting point in the development of more sophisticated
biosensors by immobilization of the biorecognition ele-
ment at the platform.

Electrodes

GCE/HNP-PtTi GCE modified with hierarchical
nanopopous PtTi alloy

Table 1. Comparison of the analytical parameters of the proposed sensor with those for UA reported sensors.

Platform Sample Sensitivity
(mA mM�1)

Linear Range
(mM)

Detection Limit
(mM)

Ref.

GCE/HNP-PtTib Mixture
AA, UA, DA

46.26 mA mM�1 cm�2 100–1000 5.3 30

GCE/MWCNT/CTAB-GOb AA, UA, DA, NO3
� 0.2372 3.0–60 1.0 31

GCE/C60/Pt NSsb AA, UA, DA 0.0141 9.5–1187 0.63 32
GCE/MGF/MWCNTb AA, UA, DA, Trp 0.2764 5–100 0.93 33
GCE/RGO/Aub AA, UA, DA 0.5 8.8–53 1.8 34
GCE/RGOb Urine, serum 0.0153 2–600 1.0 35
GCE/CdTe/QDs-Gra,b serum 0.1228 3–600 1.0 36
GCE/PLL/ERGOb urine 0.79 20–200 0.15 37
GCE/Zeo-Y/AgNPb urine 4.1 0.05–0.7 0.025 38
GCE/rGo/PAMa urine 0.09433 1.0–500 0.5 39
GCE/Nafion/MWCNT/CD/HPUf 2.11 mA mM�1 100–700 40
Au-IDA/Gr-FMN Mix AA+AU 0.065 60–578 18 41
Au-IDA/Pt-Gr-FMNa Mix AA+AU 0.10 60–345 18 41
GCE/CoPc/MWCNTa urine 0.02 125–4000 260 42
GCE/MoS2

a,b AA+DA+UA 7.1 1–60 0.06 43
GCE/Co-CeO2

d HXA+ UA+XA 0.0083 1–2200 0.36 44
GCE-GNs-Q-AgNPsb Human urine 0.085 26.7–63.2 – 45
GCE/Mn-SnO2

d Urine 0.010 1–860 0.36 46
GF@NiCo2O4

b Urine, serum 0.072 10–60 0.2 47
GCE/P(GBHA)b Urine 0.058 1.0–100 0.09 48
GCE/C/Nia,b Human urine samples

and fetal bovine serum
0.445 or
11.87 mA mM�1 cm�2

5–180 0.1 49

GCE/MWCNT-Polyargc Mix AA+UA
Urine

9.5 0.2–2.0 0.015 This work

Analytes (UA: uric acid, AA: ascorbic acid, DA: dopamine, Trp: Tryptophan, HXA: hypoxanthine.

Fig. 5. Calibration plots obtained for UA in the presence (green
squares) and absence (blue squares) of 1.0 3 10�4 M AA. Accumu-
lation at open circuit potential for 5.0 min and medium exchange
to 0.050 M phosphate buffer solution pH 7.40. Inset: Linear scan
voltammograms obtained at GCE/MWCNT-Polyarg in the ab-
sence of AA for UA (a) 5.0 3 10�7 M, (b) 8,0 3 10�7 M, (c) 1.0 3

10�6 M. (d) 1.25 3 10�6 M, (e) 1.5 3 10�6 M, and (f) 2.0 3 10�6 M.
Other conditions as in Figure 2.
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GCE/MWCNT/
CTAB-GO

hexadecyl trimethyl ammonium
bromide functionalized graphene
oxide decorated glassy carbon elec-
trode

GCE/C60/Pt NSs glassy carbon electrode modified
with fullerene/ platinum nanosheets

GCE/MGF/
MWCNT

multiwalled carbon nanotubes and
mesocellular graphene foam deco-
rated glassy carbon electrode

GCE/RGO/Au gold nanoplates and reduced gra-
phene oxide decorated glassy carbon
electrode

GCE/RGO reduced graphene oxide modified
glassy carbon electrode

TMB-Cu2+-uricase colorimetric sensing platform, Cu2+-
catalyzed 3,3,5,5-
tetramethylbenzidine�H2O2 system

GCE/CdTe QDs-Gr quantum dots CdTe and graphene
nanocomposite decorated glassy car-
bon electrode

GCE/PLL/ERGO electrodeposited reduced graphene
oxide/polymerized L-lysine/modified
glassy carbon electrode

AgNP/Zeo-Y/GCE silver nanoparticles/zeolite Y/modi-
fied glassy carbon electrode

GCE/rGo/PAM polyacrylamide/reduced graphene
oxide nanocomposite onto glassy car-
bon electrode

GCE/Nafion/
MWCNT/CD/HPU

nafion-MWCNT nanocomposite
film/electropolymerized b-cyclodex-
trin/hydrothane polyurethane/modi-
fied glassy carbon electrode

Au-IDA/Gr-FMN gold interdigitated microelectrodes/
flavin mononucleotide – graphene
flakes

Au-IDA/Pt-Gr-
FMN

gold interdigitated microelectrodes/
flavin mononucleotide – graphene
flakes and platinum nanoparticles

GCE/CoPc/
MWCNT

cobalt phthalocyanine/multiwalled
carbon nanotube composite

GCE/MoS2 glassy carbon electrode/molybdenum
disulfide nanosheets

GCE/Co-CeO2 glassy carbon electrode/cobalt doped
CeO2 nanoparticules

GCE-GNs-Q-
AgNPs

quercetin /silver nanoparticles/gra-
phene nanosheets/glassy carbon elec-
trode

GCE/Mn-SnO2/ glassy carbon electrode/Mn doped
SnO2 nanoparticles

GF@NiCo2O4 : GF graphene/NiCo2O4 nanowires
GCE/P(GBHA) glassy carbon electrode/poly(glioxal-

bis(2-hydroxyanil)
GCE/C/Ni carbon-supported Ni nanoparticles/

glassy carbon electrode
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