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Electrochemical Sensing of Uric Acid Using Glassy Carbon
Modified with Multiwall Carbon Nanotubes Dispersed in

Polyethylenimine
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Abstract: This work reports the advantages of using
glassy carbon electrodes modified with multiwall carbon
nanotubes (MWCNT) dispersed in polyethylenimine
(PEI). The presence of MWCNTSs wrapped by PEI large-
ly facilitated the strong adsorption of uric acid (UA) and
allowed its highly sensitive and selective quantification
even in the presence of high excess of ascorbic acid. The
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1 Introduction

Uric acid (UA), the major nitrogenous compound in
urine, is the primary end product of purine metabolism in
the human body. The presence of abnormal UA levels is
a sign of gout, hyperuricemia or Lesch—Nyhan syndrome.
Therefore, simple, fast and sensitive methods are highly
required for the quantification of this bioanalyte [1].

Several analytical methods have been proposed for the
determination of UA, ranging from the simple colorimet-
ric methods based on commercially available enzymatic
kits [2] to fluorometry and chemiluminescence [3], flow-
injection [4], or even high-resolution separation methods,
such as capillary electrophoresis [5] high-performance
liquid chromatography (HPLC) [6] and ion-exclusion
HPLC [7].

The electrochemical sensors have demonstrated to be
an interesting alternative for the quantification of UA.
However, they present the disadvantage of the interfer-
ence of other electroactive compounds like ascorbic acid
(AA), which is oxidized at potentials similar to UA [8-
19]. Several strategies have been proposed to overcome
this problem [8,20] involving the modification of electro-
des with polymeric membranes [10,15,21-25], nanoparti-
cles [19,26-31], cyclodextrines [19,20,32] and carbon
nanostructures [9,10,12-19,25,28,31,33-38]. Rodriguez
et al. [25] have reported the highly selective and sensitive
UA quantification in the presence of AA using glassy
carbon electrode (GCE) modified with multiwall carbon
nanotubes (MWCNT) dispersed in polylysine (Plys) by
differential pulse voltammetry-adsorptive stripping. The
electrocatalytic activity of MWCNT deposited on GCE
allowed an important decrease in the overvoltage for AA
oxidation making possible the clear separation of the oxi-
dation processes of AA and UA. The use of cationic poly-
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selected conditions for the electrochemical sensing were
5's accumulation at —0.300 V under stirring and quantifi-
cation in a 0.050 M phosphate buffer solution pH 7.40 by
differential pulse voltammetry adsorptive-stripping after
medium exchange. The platform allowed the successful
application in the quantification of UA in urine.

Carbon nanotubes dispersion - Polyethylenimine - Uric acid -

mers as dispersing agents of MWCNTs present two ad-
vantages, the efficient dispersion of the nanotubes and
the favorable electrostatic accumulation of bioanalytes,
once immobilized at the top of the electrodes, demon-
strating an important advantage compared to other dis-
persing agents [39].

In this work we propose the use of GCE modified with
MWCNTSs dispersed in polyethylenimine (PEI), for the
highly sensitive and selective UA quantification by Differ-
ential Pulse Voltammetry-Adsorptive Stripping (DPV-
AdS) in the presence of a large excess of AA.

2 Experimental
2.1 Reagents

Ascorbic acid (AA) was obtained from Fluka. Uric acid
(UA) was purchased from Quimica Meyer. Polyethyleni-
mine (PEI, average MW 750,000, catalog number P-3143)
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was purchased from Sigma. Multiwall carbon nanotubes
powder (MWCNT, (30+15) nm diameter, 5-20 microns
length) were obtained from NanoLab (USA). Other
chemicals were reagent grade and used without further
purification. Ultrapure water (0o=18 MQcm) from Milli-
pore-MilliQ system was used for preparing all the solu-
tions. A 0.050 M phosphate buffer solution pH 7.40 was
used as supporting electrolyte.

2.2 Apparatus

The electrochemical measurements were performed with
a 100B potentiostat (BAS). Glassy carbon electrodes
(GCE, CHI 3 mm diameter) either bare or modified with
PEI or the dispersion of MWCNTs in PEI were used as
working electrodes. A platinum wire and a Ag/AgCl, 3 M
NaCl (BAS, Model RE-5B) were used as counter and ref-
erence electrodes, respectively. All potentials are referred
to the latter. A magnetic stirrer provided the convective
transport during the amperometric measurements.

2.3 Modification of the Working Electrodes
2.3.1 Preparation of MWCNT-PEI Dispersion

It was obtained by mixing 1.0 mg of MWCNTs within
1.0 mL of PEI solution (1.0 mgmL™" prepared in 50/50 v/v
ethanol/water) followed by sonication for 15 min.

2.3.2 Preparation of Glassy Carbon Electrodes Modified
with MWCNT-PEI (GCE/MWCNT-PEI)

The glassy carbon electrodes were polished with alumina
slurries of 1.0, 0.30, and 0.05 um for 2 min each; cycled
five times in a 0.050 M phosphate buffer solution pH 7.40
between —0.300V to 0.800 V and finally modified by
dropping 20 pL of MWCNT-PEI dispersion on the top.
The solvent was allowed to evaporate at room tempera-
ture for 1h. The modified electrodes were cycled for ten
times between —0.300 V and 0.800 V at 0.050 Vs™' before
starting the electrochemical experiments. The GCE modi-
fied with PEI (GCE/PEI) was prepared in a similar way
by dropping 20 uL of a 1.0 mgmL~" PEI solution (pre-
pared in 50/50v/v ethanol/water and sonicated for
15 min).

2.4 Procedure

The quantification of UA involved the following steps:

— Preconcentration of UA: was performed at —0.300 V
for a given time in a UA solution prepared in 0.050 M
phosphate buffer solution pH 7.40 under stirring.

— Washing: with 0.050 M phosphate buffer solution
pH 7.40 for 10 seconds.

— Stripping: in a 0.050 M phosphate buffer solution
pH 7.40 by differential pulse voltammetry (DPV). The
DPV parameters are the following: scan rate of
0.020 Vs, pulse width of 50 mV, 100 ms pulse period,
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2 s setting time and a pulse amplitude of 50 mV, with-
out stirring.

All the experiments were conducted at room tempera-
ture.

3 Results and Discussion

Figure 1 shows cyclic voltammograms obtained for a mix-
ture of 1.00x10° M AA+1.00x10*M UA at different
electrodes, GCE (red), GCE/PEI (blue) and GCE/
MWCNT-PEI (orange) at a scan rate of 0.050 Vs~ At
GCE there is a broad peak at around 0.6 V since AA and
UA are oxidized at very close potentials, indicating that is
not possible to use the bare GCE to detect a mixture of
these compounds. Similar behavior was observed at GCE/
PEI, with a broad peak at around 0.3 V that involves the
two oxidation processes. Compared to bare GCE, there is
a shifting to more negative potentials due to the facilitat-
ed interaction of ascorbate and urate anions at the posi-
tively charged PEI-modified GCE. On the contrary, the
potentiodynamic profile obtained for AA+ UA mixture
at GCE/MWCNT-PEI displays two very well-defined cur-
rent peaks at —0.050 V and 0.253 V for the oxidation of
AA and UA, respectively. The assignment of the signals
was performed by comparison with the electrochemical
response obtained for each analyte at GCE/MWCNT-PEI
under the same concentration (not shown). In addition to
the decrease in the oxidation overvoltage, there is a signif-
icant enhancement in the oxidation currents. In fact, the
AA oxidation currents change from 12.8 pA and 12 pA at
GCE and GCE/PEI respectively, to 44 pA at GCE/
MWCNT-PEL In the case of UA the currents change
from 1.7 pA and 1.6 pA at bare GCE and GCE-PEI, re-
spectively, to 21 pA at GCE/MWCNT-PEI. Therefore,
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Fig.1. Cyclic voltammograms for 1.00x107°M AA+1.0x

10™* M UA at GCE (red), GCE/PEI (blue) and GCE/MWCNT-
PEI (orange). Supporting electrolyte: 0.050 M phosphate buffer
pH 7.40. Scan rate: 0.050 Vs~'.
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Fig.2. DPV recordings obtained at GCE/MWCNT-PEI in
a 0.050 M phosphate buffer solution pH 7.40 after accumulation
of 1.00x10° M AA (blue), 5.0x10~° M UA (green) and 1.00x
10°M AA+5.0x10°M UA (red) and medium exchange. Ac-
cumulation conditions: 5seconds at —0.300 V. Stripping condi-
tions: Scan rate: 0.020 Vs, pulse width: 0.050 V, pulse period:
100 ms, setting time: 2 s; pulse amplitude: 0.050 V.

the modification of GCE with MWCNT-PEI offers the
great advantage of a clear definition of AA and UA oxi-
dation processes due to the catalytic activity of MWCNTSs
and the presence of the positively charged polymer that
support the MWCNTs. The catalytic effect of MWCNTSs
and the increment in the electroactive area also makes
possible a large increase in the AA and UA oxidation
currents.

Based on the important separation of the oxidation
peak potentials for AA and UA, (0.283 V), we evaluated
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the adsorptive behavior of UA and AA at GCE/
MWCNT-PEI to improve the simultaneous determination
of both compounds. Figure 2 depicts DPV recordings in
a 0.050 M phosphate buffer solution pH 7.40 obtained
after accumulation of 1.00x10°M AA (blue), 5.0x
10° M UA (red) and 1.00x107° M AA +5.0x10° M UA
(green) at GCE/MWCNT-PEI for 5 seconds at —0.300 V
and medium exchange. Even when the concentration of
AA during the accumulation step was 20 times higher
than that for UA, no response is observed for AA, indi-
cating a poor adsorption at the electrode surface. The
DPV obtained after the adsorption of UA shows a clear
signal at 0.224 V (peak current=31+2) pA, due to the
strong adsorption of UA. The DPV obtained after the
preconcentration step in a mixture of 1.00x10°> M AA +
5.0x107° M UA shows a peak at 0.224 V with an associat-
ed current of (34+3) pA, clearly demonstrating that the
presence of a large excess of AA does not affect the oxi-
dation of UA. These results are a clear evidence that it is
possible to perform the determination of UA even in the
presence of a large excess of AA due to the different ad-
sorption behavior of both analytes at GCE/MWCNT-PEI.
We studied the influence of the potential and time
during the preconcentration step. Figure 3A shows the
optimization of DPV-AdS with medium exchange for
5.0x107° M UA oxidation as a function of the preconcen-
tration potential between —0.300 and 0.000 V. The highest
signal was obtained at —0.300 V and this potential was se-
lected for further work. The influence of the preconcen-
tration time at —0.300 V for 5.0x 107> M UA is displayed
in Figure 3B. The oxidation current increases up to 5s
and then it trends to level off. Thus, the selected condi-
tions for the determination of UA by anodic adsorptive
stripping were: 5 s preconcentration at —0.300 V at GCE
modified with 1.0 mgmL ' MWCNT-PEI dispersion.
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Fig. 3. Variation of the oxidation peak current of 5.0x107°> M UA at GCE/MWCNT-PEI, obtained by DPV-AdS with medium ex-
change, as a function of: A) Accumulation potential for 5 sec and B) Accumulation time at a potential of —0.300 V. Supporting elec-

trolyte 0.050 M phosphate buffer solution pH 7.40.
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Fig.4. A) DPVs obtained in a 0.050 M phosphate buffer solu-
tion pH 7.40 at GCE/MWCNT-PEI after accumulation of UA:
0.5x107° M (a), 1.0x107° M (b), 2.0x 107> M (c), 3.0x 10~ M (d),
40x10°M (e) and 5.0x10°M (f) in the presence of 1.00x
10 M AA. B) Calibration plots for UA obtained in the absence
(empty circles) and presence (full circles) of 1.0x10° M AA by
DPV-AdS and medium exchange. Other conditions as in
Figure 2.

Figure 4A shows DPV recordings obtained in
a 0.050 M phosphate buffer solution pH 7.40 at GCE/
MWCNT-PEI for different concentrations of UA from
0.5x10°M to 50x107°M in the presence of 1.00x
10 M AA after 5s accumulation at —0.300 V. A clear
definition of the oxidation process is observed for the
whole range of concentrations, even the more diluted
ones. Figure 4B shows the calibration plot for UA ob-
tained in the absence (empty circles) and presence (full
circles) of 1.0x10>M AA obtained by DPV-AdS after
medium exchange under the optimal conditions. There is
a linear relationship between peak current and UA con-
centration from 0.5x107¢ to 5.0x 107> M. The sensitivity
for UA in the absence and presence of AA are (7.2+
0.2)x10° p)AM ™" (' =0.9994) and (7.2+0.3)x10° p)AM ™
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(r=0.997), respectively. The detection limit is 1x10~" M
(taken as 3.3x /S, where o is the standard deviation of
the blank signal and S the sensitivity), and the quantifica-
tion limit is 3x10~" M (taken as 10x 0/S). These results
clearly demonstrate that, based on the different adsorp-
tive behavior of UA and AA at GCE/MWCNT-PE], it is
possible the highly sensitive and selective quantification
of UA in mixtures of UA and AA.

The RSD for the determination of 4.0x10°M UA
using five different electrodes modified with the same
MWCNT-PEI dispersion was 3.0%. Analogous experi-
ments using five electrodes prepared with five different
dispersions gave a RSD of 2.0 %.

The GCE/MWCNT-PEI was used for the quantification
of UA in urine without pretreatment, just with a previous
dilution with 0.050 M phosphate buffer pH 7.40 (50
times). The concentration of UA in the urine sample ob-
tained with the proposed sensor was (17.040.2) mgmL™"
(average of five determinations), which is in excellent
agreement with the value reported by the clinical labora-
tory that supplied the sample, 16.8 mgmL ' (using the en-
zymatic method with spectrophotometric quantification).
We also evaluated the percentage of recovery after the
addition of 2.0x10° M UA to the diluted urine sample
and the values obtained ranged between 98 and 105 %,
demonstrating an excellent performance.

Table 1 presents a comparison of the analytical perfor-
mance of the proposed sensor with other electrochemical
sensing methodologies for the quantification of UA using
nanostructures. The analysis of the results summarized in
the table indicates that our sensor is highly competitive,
with detection limits and sensitivities even better than the
most relevant sensors [9,13,18,19,25,27,32,40]. Other au-
thors [14,15,41] have reported better detection limits, al-
though they used more complicated protocols.

4 Conclusions

In summary, the combination of the electrocatalytic activ-
ity of MWCNTs and the positive charge of the polymer
used as efficient dispersing agent of MWCNTs have al-
lowed the highly sensitive and selective quantification of
UA even in the presence of large excess of AA in
a simple and fast way. The electrode was successfully
used for the determination of UA in urine samples dem-
onstrating an excellent agreement with the value in-
formed using conventional methods. These characteristics
make GCE/MWCNT-PEI an interesting analytical tool
for the quantification of UA in the presence of AA, and
open the doors to new challenges in the electroanalytical
determination of other bioanalytes and further practical
applications.
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Table 1. Comparison of the analytical performance of the proposed sensor with other electrochemical sensing methodologies for the
quantification of uric acid using nanostructures.

Modified electrode

Detection

Analyte

Sample

Analytical perfor-
mance

Ref.

CCE/MWCNT

Au/MWCNT

SPCE/PAA-MWCNT

Au/MWCNT-Chit/
PAMAM/DNA
GCE/MWCNT-Plys

GCE/MWCNT/SDS

CPE/MWCNT/a-CD

AU/MWCNT/AuNP/uri-
case

GCE/fMWCNT/Q

GCE/La-MWCNT

GCE/

MWCNT@PDOP@PtNP

GCE/MWCNT-FeNAZ-
chit

GCE/MWCNT-PEI

CV, DPV and
amperometry
+030V

Amperometry
+040V

DPV

DPV
DPV-AdS with

medium exchange

DPV

DPV

Ccv

CA

CV, DPV

DPV

DPV-AdS with
medium exchange

UA. No Interference AA, DA

UA. No Interference of creatinine,

urea, ammonia, AA

AA,NE, UA

DA and UA

Interferent evaluated: AA

UA

No Interference of AA

AA, UA, DA

UA and DA

UA

UA, LD, Tyra

AA, DA, UA, NO;

UA and DA

AA, DA, UA, Trp

UA

Urine

Urine

AA+NE+UA

pure solution

AA+DA+UA

Urine

AA+DA+UA

DA +UA

Serum

Urine

Urine serum

AA+DA+UA

Urine, serum

Urine

LOD: 1.4 M,
LR:0.5-10.0 yM
Sensitivity:

1.5 pApML
LOD: 0.1 pM;

LR:up to 1.8 mM

Sensitivity:

92 pAmM™!
LOD: 0.458 yM
LR: 0-30 uM
Sensitivity:
8.295 A uM™!
LOD: 0.07 uM
LR: 0.5-100 uM
LOD:22uM
LR: 10-80 uM
Sensitivity:

0.5 pApM™!
LOD: 04 uM
LR: 4-30upM
Sensitivity:
1.17458 pA pM ™!
LOD:5.0uM
LR:5.0-40.0pM
Sensitivity:
0.325 pApM™
LOD: 0.01 mM;

LR: 0.01-0.08 mM.

Sensitivity:

0.44 mAmM™".
LOD 0.575 uM
LR:1-125 yM
Sensitivity:
0.078 pA M ™!
LOD: 0.015 uyM
LR: 0.04-810 uM
LOD: 0.12 yM
LR:0.3-13 uM
Sensitivity:

1.03 pAUM ™
LOD: 0.033 uyM
LR:0.23 nM-
83.3 uM
Sensitivity:

4.0 pAuM™!
LOD: 0.1 uM
LR:5-50 uM
Sensitivity:
7.5%10° pAmM ™!

9]

[19]

[13]

[15]

[25]

(18]

[32]

(27]

[40]

[41]

[16]

[14]

This
work

Analytes: UA: uric acid; AA: ascorbic acid; DA: dopamine; NE: norepinephrine; LD: levodopa, Tyra: tyramine; Trp: tryptophan.
Electrodes: CCE: carbon-ceramic electrode, SPCE: screen printed carbon electrode, Au: gold; GCE: Glassy carbon electrode; CPE:
carbon paste electrode. Polymers: Plys: polylysine; PAA: polyacrylic acid; PAMAM: poly(amidoamine ; Chit: chitosan; a-CD:
a-cyclodextrine; Q: quercetin. Others: MWCNT: multiwalled carbon nanotubes; SDS: sodium dodecyl sulfate; AuNP: gold nanoparti-
cles; IMWCNT: functionalized MWCNT; FeNAZ: iron ion-doped natrolite zeolite; PDOP: polydopamine; PtNPs: Pt nanoparticles;
La-MWCNT: Lanthanum-MWCNT nanocomposite. Techniques: CV: Cyclic Voltammetry; DPV: Differential Pulse Voltammetry;
CA: chronoamperometry; DPV-AdS: Differential Pulse Voltammetry-Adsorptive Stripping; LOD: Limit of detection; LR: linear
range.
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