Open Access Article. Published on 06 February 2018. Downloaded on 12/1/2025 4:10:18 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

ROYAL SOCIETY
OF CHEMISTRY

View Article Online

View Journal | View Issue,

i ") Check for updates ‘

Cite this: RSC Adv., 2018, 8, 5960

Received 29th August 2017
Accepted 8th January 2018

DOI: 10.1039/c7ra09603h

Carbon ceramic microelectrodes modified with
buckyballs for simultaneous determination of
redox-active biomolecules

. . . i)
Z. Omara Shastan,® Hashwin V. S. Ganesh,? Meissam Noroozifar (2 *@
=

and Kagan Kerman

In this report, simultaneous electrochemical determination of ascorbic acid (AA), dopamine (DA), uric acid
(UA) and tryptophan (Trp) was achieved using buckyball-modified carbon ceramic microelectrodes
(CCMEs). A concentration-dependent increase in anodic peak current signals was observed in
comparison with those obtained at bare CCMEs. The optimal pH for simultaneous determination of
a quaternary mixture of AA-DA-UA-Trp was determined to be pH 4. The peak separations for the
mixture containing AA—-DA—UA-Trp were well-defined at the scan rate of 50 mV s~%. The catalytic peak
current obtained was linearly dependent on the AA, DA, UA and Trp concentrations in the range of 6.0—
600, 6.0-600, 6.0-600 and 4.0-440 uM, respectively. The detection limits for AA, DA, UA and Trp were
also determined to be 1.64, 0.82, 0.36 and 1.22 uM, respectively. The analytical performance of this
sensor has also been challenged for simultaneous electrochemical detection of AA, DA, UA and Trp in

rsc.li/rsc-advances real samples.

1. Introduction

Development of electrochemical sensors for simultaneous
determination of multiple analytes is a rapidly growing area of
research. Simultaneous analytical detection of physiologically
important analytes such as dopamine (DA), ascorbic acid (AA),
uric acid (UA) and tryptophan (Trp) has profound implications
for disease diagnostics and characterization of disease
pathology. For instance, DA, a catecholamine, is an important
neurotransmitter that plays a vital role in the brain's reward and
pleasure pathways." DA is also implicated in diseases such as
Parkinson's disease (PD), a neurodegenerative disorder char-
acterized by the degradation of dopaminergic neurons in the
substantia nigra (SNR) region of the brain.> Similarly, detection
of UA, a primary end product of purine metabolism, is highly
relevant for conditions such as gout, wherein, excess UA in gout
patients results in the formation of crystals in bone joints.> On
the other hand, analytes such as AA and Trp are implicated in
functions that are fundamental to the human metabolism.**
For instance, maintaining adequate levels of AA, commonly
referred to as vitamin C, is important for preventing diseases
such as scurvy and neurodegenerative diseases such as Alz-
heimer's disease (AD).*” Therefore, detecting and tracking
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levels of AA has diagnostic relevance for the aforementioned
diseases.

Simultaneous determination of DA, AA, UA and Trp using
non-modified electrodes (such as metal, carbon paste) is not
viable because the anodic peak potentials of analytes overlap
and the adsorption of oxidized analytes on the electrode
surface, result in surface fouling.®™° It is, therefore, important
to develop specially modified electrodes for the simple, effective
and simultaneous determination of analytes. Various groups
have reported interesting electrode modifications using nano-
composites,”* nanoparticles,"*® polymer films,"”* carbon
nanotubes (CNTs),**** metal oxide*®** and self-assembled
monolayers®® for the simultaneous determination of AA, DA,
UA and Trp. Recently, only a few modified electrodes have been
reported for the simultaneous determination of AA, DA, UA and
Trp. For example, Wang et al.*® have used multi-walled carbon
nanotube and reduced graphene oxide hybrid functionalized by
poly(amido-amine) and Au nanoparticles for simultaneous
determination of AA, DA and UA. Yan et al.*® have reported
a glassy carbon electrode modified with the [Ni(phen),]**
complex and single-walled carbon nanotubes for the simulta-
neous determination of AA, DA and UA. Zhao et al?' have
synthesized a hierarchical structure of Pt-Cu alloy and used it
for the simultaneous determination of AA, DA and UA. Yang and
Li**> have developed a modified glassy carbon electrode (MGCE)
hexadecyltrimethylammoniumbromide functionalized gra-
phene oxide/multi-walled CNTs for simultaneous determina-
tion of AA, DA and UA. Prathap and Srivastava® have developed
a MGCE with transition metal ion-exchanged mesoporous
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polyaniline for simultaneous determination of AA, DA, UA and
Trp. Kaur et al®** used a MGCE with silver nanoparticle-
decorated reduced graphene oxide composite for simulta-
neous determination of AA, DA, UA and Trp. Yang et al.*>* have
reported a MGCE with carbon-supported NiCoO, nanoparticles
for the simultaneous determination of AA, UA, Trp and adenine.

Previously, we developed a MGCE with iron ion-doped
natrolite zeolite multi-walled CNTs as a very stable, sensitive,
selective and stable inorganic modifier for simultaneous
determination of AA, DA, UA and Trp.* In this work, we have
developed a sol-gel (SG) carbon ceramic electrode (CCE) fabri-
cated using a facile method involving microwave irradiation
(MW) as first reported by Abbaspour et al,” for the simulta-
neous detection of AA, DA, UA and Trp. The use of MW radiation
for driving chemical reactions has been reported for synthesis
of various organic® and inorganic materials* and polymers.*’
MW has many advantages over conventional heating process
such as offering increased efficiency, improved production
speed and decreased production costs. Moreover, the use of
MW offers better control over the heating process, as MW can
be turned on and off instantly. In this study, MW irradiation
was successfully used to produce a SGCCE, with a fabrication
time of 10 min compared to conventional methods that typically
take 48 h.*** Using this modified CCE, we were able to
successfully detect AA, DA, UA and Trp in the pM concentration
range and achieved a detection limit of 1.64 uM, 0.82 pM, 0.36
uM and 1.22 pM, respectively. Finally, the modified electrode
was used for simultaneous determination of AA, DA, UA and Trp
in real samples.

2. Experimental

2.1 Reagents and materials and preparation of practical
solutions

Methyltrimethoxysilane (MTMOS) was purchased from Fluka
(Oakville, ON) and used without further purification. Buckyball
(with purity 98%) (BB), high purity graphite powder, AA, DA, UA
and Trp were obtained from Sigma-Aldrich (Oakville, ON). All
other reagents were purchased from Merck Company (Kenil-
worth, NJ). Phosphate buffer solutions (PBS) were prepared
from H3PO, (0.1 M), and pH range was adjusted to 2.0-7.0 with
0.1 M H3;PO, and NaOH. All solutions were prepared with
deionized distilled water (DDW). All experiments were per-
formed in compliance with the relevant laws and institutional
guidelines. In addition, we include a statement that informed
consent was obtained for any experimentation with human
subjects. Human urine and blood serum samples were obtained
from the Sina Clinical Laboratory, Zahedan, Iran. The samples
were acquired from human volunteers by a medical examiner.
The samples were frozen at —20 °C immediately after collection
and were shipped after retrieval at the earliest by the medical
examiner's office to prevent loss of analytes by degradation
processes. The blood serum and urine samples were diluted 10
and 5 times with PBS (pH 4.0) to produce a solution of AA, DA,
UA and Trp with a concentration of 100 uM. DPV, in conjunc-
tion with standard addition technique, was used for the deter-
mination of the AA, DA, UA and Trp contents of the samples.
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2.2 Instrumentation

Electrochemical measurements were performed with a SAMA-
500 electroanalyzer (SAMA Research Center, Iran) and an
Autolab electrochemical analyzer (Metrohm Autolab B. V.,
Utrecht, The Netherlands). All electrochemical experiments
were carried out in a conventional three-electrode cell at room
temperature. A platinum electrode and a silver/silver chloride
electrode (Ag/AgCl) were used as the counter and reference
electrodes, respectively. A modified CCE with BB was used as
working electrode. A Metrohm pH meter, model 744 was used
for pH measurements. TEM images were taken using a Philips
CM120 transmission electron microscopy with 2.50 A
resolution.

2.3 Preparation of CCE modified with BB

MTMOS (33 pL), CH;OH (50 pL), and 10 uL HCI (4 mol L™ ') were
mixed and stirred for 2 min until a homogeneous gel solution
appeared. Then, 125 mg graphite powder and 40 mg BB were
added, and the resulting mixture was sonicated for an addi-
tional 10 min, then the mixture was heated in a microwave at
720 watts at 150 °C for 10 min, and was powdered in a vibrator
for 20 min. The mixture was packed in a micro-hematocrit tube
and a copper wire was inserted into the CCE as an electrical
contact. This modified electrode was denoted as CCE-BB. The
bare carbon ceramic electrode was prepared using the same
procedure without the addition of BB. The electrode was then
placed in 0.1 mol L™ " NaOH and electrode potential was cycled
between 0.0 and 1.0 V (vs. Ag/AgCl) at a scan rate of 50 mV s '
for 15 cycles in a cyclic voltammetry regime until a stable vol-
tammogram was obtained. This modified electrode was deno-
ted as CCE. When not in use, the modified electrode was stored
in DDW.

3. Result and discussion

3.1 Characterization

Particle morphology for the CCME and MCCME-BB samples are
shown by TEM micrographs in Fig. 1. The MCCME sol-gel

Fig. 1 TEM images of (a) CCME and (b) MCCME-BB. The scale bar
indicates 200 nm.
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derived BB powder possessed a more equi-axed morphology
than the CCME; sizes were mostly 40-80 nm with a maximum of
~150 nm.

3.2 Voltammetric characterization of CCME and MCCME-BB

The electrochemical characterization of CCME and MCCME-BB
in potential range 0.0-1 V vs. Ag/AgCl is shown in Fig. 2A. No
detectable redox peaks were noticed (see Fig. 2A, curves a and
b), but the charge transfer current of MCCME-BB was measured
to be five times more than CCME. Electrochemical measure-
ments of the CCME and MCCME-BB were analyzed for the
anodic peak current (I,) of the respective cyclic voltammo-
grams obtained in the presence of 1.0 mM of [Fe(CN)s]>"*~ in
0.1 M KCl supporting electrolyte (Fig. 2B and C). All assays were
performed using cyclic voltammetry between potentials of —0.2
to 0.6 V as a probe at different scan rates. For a reversible
process, the Randles-Sevcik equation can be used.*

Lo = 2.69 x 10°n*?4CoDg"*v'? (1)
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Fig.2 (A) Electrochemical behavior of (a) CCME and (b) MCCME-BB in
PBS (pH 4.0) at a scan rate of 50 mV s~*and CVs of (B) MCCME-BB and
(C) CCME of 10 mM [Fe(CN)el* 4~ prepared in 0.1 M KCl at different
scan rates, (insets; plots of / vs. v/2 of B and C, respectively).
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where I,, refers to the anodic peak current, n is the electron
transfer number, A is the surface area of the electrode, Dy, is the
diffusion coefficient, C, is the concentration of [Fe(CN)s]>~*~
and v is the scan rate. For 1 mM [Fe(CN)]* *~ in the 0.1 M KCl
electrolyte, n = 1 and Dg = 7.6 x 10 ® cm s~ ; the microscopic
areas were calculated from the slope of the Ipa—vl/ % relation. For
CCME and MCCME-BB, the electrode surface was found to be
0.25 and 0.46 cm®, respectively.

Electrochemical behaviour of the analyte mixture containing
AA, DA, UA and Trp in 0.1 M PBS at pH 4 was carefully inves-
tigated at the surfaces of CCME and MCCME-BB using differ-
ential pulse voltammetry (DPV). CCME electrode showed two
weak and broad oxidation peaks for UA and Trp at 0.53 and
0.83 V, suggesting slow electron transfer kinetics and without
any oxidation peaks for AA and DA (see Fig. 3A). In contrast, the
MCCME-BB showed four well-defined and sharp peaks for AA,
DA, UA and Trp at 0.21, 0.38, 0.55 and 0.85 V, respectively.

As shown in Fig. 3A, the oxidation peaks of AA, DA, UA and
Trp were separated with a considerable enhancement in the
anodic peak current of AA, DA, UA and Trp by using the
MCCME-BB. These results indicated that the sensitivity of well-
separated voltammetric signals (four anodic peak current
signals) corresponded to their oxidation and were found to be

(b)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
E/V
Fig. 3 (A) Differential pulse voltammograms of (a) CCME and (b)

MCCME-BB in PBS (pH 4.0) containing AA (400 uM), DA (200 uM), UA
(200 uM) and Trp (200 pM) and (B) differential pulse voltammograms of
MCCME-BB for individual solutions of (a) AA, (b) DA, (c) UA, (d) Trp and
(f) a mixture of AA, DA, UA, Trp.

This journal is © The Royal Society of Chemistry 2018
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significant enough to apply for sensitive and simultaneous
determination of AA, DA, UA and Trp in mixtures. The potential
peak separation for AA-DA, DA-UA and UA-Trp are 0.2V, 0.07 V
and 0.3 V, respectively, which was suitable for the simultaneous
determination of four compounds. Fig. 3B display the DPVs of
individual solutions of AA, DA, UA and Trp and a mixture of AA,
DA, UA and Trp in the potential range 0.0-1.0 V. As shown in
Fig. 3B, the peak potentials of AA, DA, UA and Trp were constant
in both experimental conditions.

3.3 Effect of pH on the oxidation of AA, DA, UA and Trp

Acidity of the electrolyte has a significant influence on the AA,
DA, UA and Trp electrooxidation, because protons take part in
the electrode reaction. The effect of pH at MCCME-BB signal
was carefully investigated using DPV in PBS at pH levels ranging
from 3 to 6. The results are shown in Fig. 4A.

Based on the results, the peak current of AA, DA, UA and Trp
increased slightly with an increase in the solution pH until it
reached 4 and then decreased. Fig. 4B displays that the highest
peak current and best peak shape was obtained at pH 4 for the AA,
DA, UA and Trp. It was observed that as pH of the medium was
gradually increased, anodic peak potentials (E;,) for AA, DA, UA
and Trp shifted towards less positive values, showing that protons
have taken part in their electrode processes. Out of these, based
on Fig. 4B, PBS at pH 4 gave the best response in terms of peak
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Fig. 4 (A) Differential pulse voltammograms of MCCME-BB in a solu-

tion containing AA (400 uM), DA (200 uM), UA (200 puM) and Trp (200
uM) in 0.1 M PBS with ranging pH from 3.0 to 6.0; (B) plots of peak
potential versus pH for four analytes; (C) plots of peak current versus
pH for four analytes.
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current, peak shape and negative shift; hence it was selected as
the optimal pH for further studies. Plot of E,, vs. pH for AA, DA, UA
and Trp in the working pH range is shown in Fig. 4C. As shown,
the Ej, of all compounds have a linear relationship with buffer pH.
The observed slopes of 0.068, 0.049 and 0.047 mV pH " for AA, DA
and UA, was close to the anticipated Nernstian value for a two-
electron, two-proton transfer in the electrochemical reaction but
for Trp (with pK,; = 2.46 and pK,, = 9.41) the slope is 0.027,
which was close to the anticipated Nernstian value for a two-
electron, one-proton transfer in electrochemical reaction.**

3.4 Interference studies

As AA, DA, UA and Trp usually coexist in real samples, it is of
great interest to study the interferences between them for the
selective detection of each species. In all control experiments,
the concentration of one species was changed, while the
concentrations of the other species were kept constant. The
results are shown in Fig. 5A-D.

As shown in Fig. 5A, peak current of AA increases with an
increase in the concentration of AA, while the peak current for

01 0.2 0.3 0.4 0.5 0.6 07 0.8 0.3 1

0.1 0.2 03 04 0.5 0.6 0.7 0.8 0.9 1
E/V

Fig. 5 (A) Differential pulse voltammograms of MCCME-BB in 0.1 M
PBS (pH 4.0) (A) containing DA (200 uM), UA (100 uM), and Trp (100 pM)
and various concentrations of AA (120-450 uM), (B) containing AA
(200 pM mM), UA (100 puM), and Trp (100 uM) and various concen-
trations of DA (8—320 uM), (C) containing AA (200 uM), DA (100 uM),
and Trp (100 uM) and various concentrations of UA (4-140 uM), (D)
containing AA (200 pM), DA (100 uM), UA (100 pM) and various
concentrations of Trp (0-320 uM).

RSC Adv., 2018, 8, 5960-5966 | 5963
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the oxidation of DA, UA and Trp remained constant. Fig. 5B-D
demonstrate that the voltammetric peaks corresponding to the
oxidation of DA, UA and Trp were found to increase linearly in
agreement with the increase in their concentration of DA, UA
and Trp, whereas the peak current for the oxidation of other
three compounds remained constant. The results showed that
the peak currents were linearly proportional to the concentra-
tions of AA (or, DA, UA and Trp), while those of the other three
analytes did not change; indicating that the oxidation of AA, DA,
UA and Trp at MCCME-BB took place independently.

3.5 Simultaneous determination of AA, DA, UA and Trp

DPV was performed to investigate the relationship between the
peak current and concentration of AA, DA, UA and Trp.

As shown in Fig. 6, the DPV curves showed four well-
distinguished oxidation peaks. Voltammograms clearly show
that the plot of the peak current versus AA, DA and Trp
concentration is composed of one linear segment but Trp with
two segments with different slopes (see insets of Fig. 6). Anodic
peak currents of AA, DA, UA and Trp at the surface of ME were
linearly dependent on the AA, DA and Trp concentrations with
one segment over the range of 6-600, 4-440, 4-440 uM and two

AL/ pA
L ]

UA

AL, / HA

AL,/ pA

AL/ nA
L ]

200 400 600

C/uM
Fig. 6 Differential pulse voltammograms of MCCME-BB in 0.1 M PBS
(pH 4.0) for the simultaneous detection of four analytes at varying
concentrations. Insets display the plots for the concentration depen-

dence of anodic peak current signals with the linear range marked in
blue.
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segments for UA over the ranges 4-170 and 170-400 uM. The
detection limits were determined as 1.65, 0.83, 0.36 and 1.26 uM
for AA, DA, UA and Trp, respectively.

3.6 Stability and reproducibility

The stability and reproducibility of the MCCME-BB were
investigated for ten successive determinations (n = 10). Differ-
ential pulse voltammograms of a mixture of AA (300 uM), DA
(200 uM), UA (200 uM), and Trp (200 uM) in 0.1 M PBS (pH 4.0.)
at MCCME-BB are shown in Fig. 7. The relative standard devi-
ation of results were calculated as 0.32%, 0.34%, 0.25% and
0.35% for AA, DA, UA and Trp, respectively. So, the electro-
chemical signals of analytes on the MCCME-BB electrode had
an excellent stability and reproducibility.

3.7 Real sample analysis

To evaluate the practical applicability of the proposed modified
electrode, the MCCME-BB was examined for the simultaneous

AAA eDA
- UA @Trp
ssssss88

AAAAAAAAAD

UA

3 6 9 12
number of determination

S pA
Trp

Fig. 7 The stability of repetitive measurements (n = 10) of DPV
response of MCCME-BB using AA (300 pM), DA (200 pM), UA (200 uM),
and Trp (200 uM) in 0.1 M PBS (pH 4).

Table 1 Simultaneous determination of AA, DA, UA and Trp in human
urine and blood serum samples (n = 3)

Detected Added Found  Recovery
Sample  Analyte (uM) (M) (nM) (%)
Serum1 AA — 60 59.1 98.62
DA — 60 61.7 107.83
UA 48.3 60 106.4 98.24
Trp — 60 58.7 97.8
Serum2 AA — 60 60.8 101.3
DA — 60 62.3 103.8
UA 34.2 60 96.7 102.65
Trp — 60 66.1 102.66
Urine1 AA — 60 58.5 97.5
DA — 60 58.9 98.16
UA 135.7 60 198.4 101.37
Trp — 60 57.9 96.5
Urine 2 AA — 60 59.3 98.8
DA — 60 62.6 104.3
UA 94.3 60 157.8 102.26
Trp — 60 59.6 99.33

This journal is © The Royal Society of Chemistry 2018
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Table 2 Comparison of the proposed modified electrode MCCME-BB with other modified electrodes in literature for the simultaneous

determination of AA, DA, UA and Trp

Linear response range (uM)

Limit of detection (uM)

Electrode Method AA DA UA Trp AA DA UA Trp Ref.
RGO-PAMAN-MWCNTs-AuNPs/GCE DPV 20-1800 10-320 1.0-114 — 6.77 3.33 0.33 — 24
[Ni(phen),]**/SWCNTs/GCE cv 30-1546  1-780 1-1407 — 12 1 076 — 25
an-PtCuO/GCE DPV 200-1000 0.1-1000 5-1000 — 25.01 0.1 2.3 — 26
CTAB-GO/MWCNTSs/GCE DPV 5.0-300 5.0-500 3.060 — 1 1.5 1 — 27
Fe-Meso-PAN LSV 10-300 10-300 10-300 10-300 6.5 9.8 5.3 5.2 28
AgNPs-tGO/GCE LSV 10-800 10-800 10-800 10-800 9.6 5.4 8.2 7.5 29
NiCoO,/GCE DPV 0.5-485.4 — 0.5-485.4 0.5-485.4 3.3 5.3 5.7 30
MCCME-BB DPV 6-600 6-600 6-600 4-440 1.6 0.8 0.36 1.22  This work

determination of AA, DA, UA and Trp in the human urine and
blood serum samples.

As shown in Table 1, the samples were diluted with PBS and
DPVs were used for the simultaneous determination of AA, DA,
UA and Trp using standard addition method. Statistically
acceptable recovery values were obtained that indicated the
applicability of this modified electrode for highly sensitive
detection of these biomolecules in real samples.

4. Conclusions

In this report, we are reporting the simultaneous electrochemical
determination of AA, DA, UA and Trp for the first time using
a MCCME-BB. Compared with the bare electrode, a significant
increase of anodic peak current was observed at the MCCME-BB,
which clearly demonstrated that the BB could be used as an
efficient modifier to enhance the kinetics of the electrochemical
process of AA, DA, UA and Trp. Optimization of the experimental
conditions yielded a detection limit for AA, DA, UA and Trp of
1.64, 0.82, 0.36 and 1.22 pM, respectively. In addition, the elec-
trochemical sensor was successfully applied for the simulta-
neous determination of AA, DA, UA and Trp in real samples with
promising results for future development of a diagnostic device.
The figures of merit such as linear range, limit of detection of the
MCCME-BB are compared with other modified electrodes in
literature (Table 2). Based on the data in Table 2, the MCCME-BB
seems to provide a favourable alternative for the simultaneous
determination of AA, DA, UA and Trp in real samples with
satisfactory results. A fast and simple fabrication procedure,
a wide linear range, high stability and good reproducibility for
repeated determinations, suggest that the proposed modified
electrode is a potential candidate for simultaneous determina-
tion of redox-active biomolecules in real samples.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

Authors gratefully acknowledge the financial support from
University of Sistan and Baluchestan and University of Toronto

This journal is © The Royal Society of Chemistry 2018

at Scarborough. K. K. acknowledges financial support from the
Canada Research Chair Tier-2 award for “Bioelectrochemistry of
Proteins” (Project no. 950-231116), Ontario Ministry of Research
and Innovation (Project no. 35272), Discovery Grant (Project no:
RGPIN-2015-3655) from Natural Sciences and Engineering
Research Council of Canada (NSERC), and Canada Foundation
for Innovation (Project no. 35272).

References

1 R. A. Wise, Nat. Rev. Neurosci., 2004, 5, 483-484.

2 J. Lotharius and P. Brundin, Nat. Rev. Neurosci., 2002, 3, 932-
942.

3 F. Perez-Ruiz, N. Dalbeth and T. Bardin, Adv. Ther., 2015, 32,
31-41.

4 K. Igbal, A. Khan and M. Muzaffar, Pak. J. Nutr., 2004, 3, 5-
13.

5 N. Le Floc'h and B. Seve, Livest. Sci., 2007, 112, 23-32.

6 L. Pimentel, Am. J. Emerg. Med., 2003, 21, 328-332.

7 P. P. Zandji, J. C. Anthony, A. S. Khachaturian, S. V. Stone,
D. Gustafson, J. T. Tschanz, M. C. Norton, K. A. Welsh-
Bohmer and J. C. S. Breitner, Neurobiol. Aging, 2004, 61,
82-88.

8 H. R. Zare, N. Nasirizadeh and M. Mazloum-Ardakani, J.
Electroanal. Chem., 2005, 577, 25-33.

9 S. S. Kumar, J. Mathiyarasu and K. L. Phani, J. Electroanal.
Chem., 2005, 578, 95-103.

10 J. Premkumar and S. B. Khoo, J. Electroanal. Chem., 2005,
576, 105-112.

11 X. Huang, Y. X. Li, P. Wang and L. Wang, Anal. Sci., 2008, 24,
1563-1568.

12 H. Rajabi, M. Noroozifar and M. Khorasani-Motlagh, Anal.
Methods, 2016, 8, 1924-1934.

13 M. Safavieh, V. Kaul, S. Khetani, A. Singh, K. Dhingra,
M. K. Kanakasabapathy, M. S. Draz, A. Memic,
D. R. Kuritzkes and H. Shafiee, Nanoscale, 2017, 9, 1852—
1861.

14 G. F. Wang, J. G. Sun, W. Zhang, S. F. Jiao and B. Fang,
Microchim. Acta, 2009, 164, 357-362.

15 L. Zhang and X. Jiang, J. Electroanal. Chem., 2005, 583, 292
299.

RSC Adv., 2018, 8, 5960-5966 | 5965


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra09603h

Open Access Article. Published on 06 February 2018. Downloaded on 12/1/2025 4:10:18 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

16 Y. Yu, M. Guo, M. Yuan, W. Liu and ]J. Hu, Biosens.
Bioelectron., 2016, 77, 215-219.

17 A. Balamurugan and S. M. Chen, Anal. Chim. Acta, 2007, 596,
92-98.

18 Y. X. Li and X. Q. Lin, Sens. Actuators, B, 2006, 115, 134-139.

19 L. Q. Lin, J. H. Chen, H. Yao, Y. Z. Chen, Y. J. Zheng and
X. H. Lin, Bioelectrochemistry, 2008, 73, 11-17.

20 Y. F. Zhao, Y. Q. Gao, D. P. Zhan, H. Liu, Q. Zhao, Y. Kou,
Y. H. Shao, M. X. Li, Q. K. Zhuang and Z. W. Zhu, Talanta,
2005, 66, 51-57.

21 H. Yao, Y. Y. Sun, X. H. Lin, Y. H. Tang and L. Y. Huang,
Electrochim. Acta, 2007, 52, 6165-6171.

22 X.H.Lin, Q. Zhuang, J. H. Chen, S. B. Zhang and Y. J. Zheng,
Sens. Actuators, B, 2007, 125, 240-245.

23 X. Wei, X. Xu, W. Qi, Y. Wu and L. Wang, Prog. Nat. Sci.:
Mater. Int., 2017, 27, 374-379.

24 M. Noroozifar, M. Khorasani-Motlagh and A. Taheri,
Talanta, 2010, 80, 1657-1664.

25 F. Kurniawan, N. Shofwah, A. Kiswiyah, K. A. Madurani and
M. Tominaga, ECS J. Solid State Sci. Technol., 2017, 6, 3109-
3112.

26 S. S. J. Aravind and S. Ramaprabhu, Nanosci. Methods, 2012,
1, 102-114.

27 A. R. Rajamani, R. Kannan, S. Krishnan, S. Ramakrishnan,
S. M. Raj, D. Kumaresan, N. Kothurkar and M. Rangarajan,
J. Nanosci. Nanotechnol., 2015, 15, 5042-5047.

28 S. Shahrokhian, A. Mahdavi-Shakib, M. Ghalkani and
R. Saberi, Electroanalysis, 2012, 24, 425-432.

29 S. Wang, W. Zhang, X. Zhong, Y. Chai and R. Yuan, Anal.
Methods, 2015, 7, 1471-1477.

5966 | RSC Adv., 2018, 8, 5960-5966

View Article Online

Paper

30 S. Yan, X. Li, Y. Xiong, M. Wang, L. Yang, X. Liu, X. Li,
L. A. M. Alshahrani, P. Liu and C. Zhang, Microchim. Acta,
2016, 183, 1401-1408.

31 D. Zhao, D. Fan, J. Wang and C. Xu, Microchim. Acta, 2015,
182, 1345-1352.

32 Y.]. Yang and W. K. Li, Biosens. Bioelectron., 2014, 56, 300-
306.

33 M. U. A. Prathap and R. Srivastava, Sens. Actuators, B, 2014,
56, 300-306.

34 B. Kaur, T. Pandiyan, B. Satpati and R. Srivastava, Colloids
Surf, B, 2013, 111, 97-106.

35 F. Yang, Q. Xie, H. Zhang, S. Yu, X. Zhang and Y. Shen, Sens.
Actuators, B, 2015, 210, 232-240.

36 M. Noroozifar, M. Khorasani-Motlagh, R. Akbari and
M. Bemanadi Parizi, Biosens. Bioelectron., 2011, 28, 56-63.

37 A. Abbaspour and A. Ghaffarinejad, Anal. Chem., 2009, 81,
3660-3664.

38 A. Bruckmann, A. Krebs and C. Bolm, Green Chem., 2008, 10,
1131-1141.

39 W. W. Wang and Y. J. Zhu, Curr. Nanosci., 2007, 3, 171-176.

40 R. Hoogenboom and U. S. Schubert, Macromol. Rapid
Commun., 2007, 28, 368-386.

41 G. Shul, W. Nogala, 1. Zakorchemna, ]. Niedziolka and
M. J. Opallo, J. Solid State Electrochem., 2008, 12, 1077-1084.

42 Q. L. Sheng and ]. B. Zheng, Electrochim. Acta, 2007, 52,
4506-4512.

43 C. Flox, J. Rubio-Garcia, R. Nafria, R. Zamani, M. Skoumal,
T. Andreu, J. Arbiol, A. Cabot and ]J. R. Morante, Carbon,
2012, 50, 2372-2374.

44 A. ]J. Bard and L. R. Faulkner, Electrochemical Methods:
Fundamentals and Applications, Wiley, New york, 2nd edn,
2001.

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra09603h

	Carbon ceramic microelectrodes modified with buckyballs for simultaneous determination of redox-active biomolecules
	Carbon ceramic microelectrodes modified with buckyballs for simultaneous determination of redox-active biomolecules
	Carbon ceramic microelectrodes modified with buckyballs for simultaneous determination of redox-active biomolecules
	Carbon ceramic microelectrodes modified with buckyballs for simultaneous determination of redox-active biomolecules
	Carbon ceramic microelectrodes modified with buckyballs for simultaneous determination of redox-active biomolecules
	Carbon ceramic microelectrodes modified with buckyballs for simultaneous determination of redox-active biomolecules

	Carbon ceramic microelectrodes modified with buckyballs for simultaneous determination of redox-active biomolecules
	Carbon ceramic microelectrodes modified with buckyballs for simultaneous determination of redox-active biomolecules
	Carbon ceramic microelectrodes modified with buckyballs for simultaneous determination of redox-active biomolecules
	Carbon ceramic microelectrodes modified with buckyballs for simultaneous determination of redox-active biomolecules
	Carbon ceramic microelectrodes modified with buckyballs for simultaneous determination of redox-active biomolecules
	Carbon ceramic microelectrodes modified with buckyballs for simultaneous determination of redox-active biomolecules
	Carbon ceramic microelectrodes modified with buckyballs for simultaneous determination of redox-active biomolecules
	Carbon ceramic microelectrodes modified with buckyballs for simultaneous determination of redox-active biomolecules

	Carbon ceramic microelectrodes modified with buckyballs for simultaneous determination of redox-active biomolecules
	Carbon ceramic microelectrodes modified with buckyballs for simultaneous determination of redox-active biomolecules
	Carbon ceramic microelectrodes modified with buckyballs for simultaneous determination of redox-active biomolecules


