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The modification of glassy carbon (GC) electrode with electrodeposited nickel oxide nanoparticles (NiOXNPs)
and deoxyribonucleic acid (DNA) is utilized as a new efficient platform for entrapment of osmium (III) complex.
Surface morphology and electrochemical properties of the prepared nanocomposite modified electrode
(GC/DNA/NiOXNPs/Os(III)-complex) were investigated by FESEM, cyclic voltammetry and electrochemical
impedance spectroscopy techniques. Cyclic voltammetric results indicated the excellent electrocatalytic activity
Keywords: of the resulting electrode toward oxidation of I-cysteine (CySH) at reduced overpotential (0.1V vs. Ag/AgCl).
DNA Using chronoamperometry to CySH detection, the sensitivity and detection limit of the biosensor are obtained
as 44pAmM~! and 0.07 uM with a concentration range up to 1000 uM. The electrocatalytic activity of the
modified electrode not only for oxidation of low molecular-mass biothiols derivatives such as, glutathione,
L-cystine, L-methionine and electroactive biological species ( dopamine, uric acid, glucose) is negligible but
also for very similar biothiol compound (homocysteine) no recognizable response is observed at the applied
potential window. Furthermore, the simultaneous voltammetric determination of L-cysteine and homocysteine
compounds without any separation or pretreatment process was reported for the first time in this work. Finally,
the applicability of sensor for the analysis of CySH concentration in complex serum samples was successfully
demonstrated. Highly selectivity, excellent electrocatalytic activity and stability, remarkable antifouling property
toward thiols and their oxidation products, as well as the ability for simultaneous detection of L-cysteine and
homocysteine are remarkably advantageous of the proposed DNA based biosensor.

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

Sulfur-containing amino acids, such as homocysteine (HCySH)
and L-cysteine (CySH) play crucial roles in biological systems for the
diagnosis of disease states [1,2]. CySH is known as an active site in
the catalytic function of certain enzymes called cysteine proteases
[3] and its deficiency is involved in slowed growth, hair depigmenta-
tion, edema, lethargy, liver damage, muscle and fat loss, skin lesions,
and weakness [4]. It is also widely used in the food industry as an an-
tioxidant and in the pharmaceutical industry in drug formulation [5].
An elevation in the concentration of total plasma HCySH is known as
an independent risk factor for the development of cardiovascular and
Alzheimer's disease [6]. Furthermore, alterations in HCySH metabo-
lism have also been observed clinically in diabetic patients [7-9].
Therefore, the rapid, sensitive and selective detection of HCySH and
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CysH are very important for investigating their functions in cells
and disease diagnosis [6,10-14].

Numerous methods for the determination of thiols have been
reported so far. Most of them are based on the chromatographic sep-
aration [15,16], electrophoretic methods [17,18], spectrometric
methods [19,20], colorimetric and fluorimetric detection [11,12,14].
Separation methods present basic limitations in terms of equipment
cost, complexity, sample processing and run times. Furthermore,
simultaneous detection of CySH and HCySH with colorimetric and
fluorimetric methods without a separation technique is impossible.
Among different methodologies used, electrochemical measurements
of thiols have attracted considerable interest because of their high
sensitivity, simplicity, low cost and feasibility to the development in
vivo sensors and chromatographic detectors [21-26]. Although signif-
icant advancement has been made on the electrochemical methods,
sensors capable of selective detection of CySH are rather few. In addi-
tion, some reported electrodes suffer from certain drawbacks, such as
instability [22,24], large overpotential [27,28] and low sensitivity [26]
which reduces detection selectivity, especially in the case of biological
and real samples. Thus, the development of an electrochemical
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method for sensitive and selective determination of CySH is now
much in demand. On the other hand, few papers offer procedures
for simultaneous quantification of CySH and HCySH [29,30] and the
electrochemical methods that have been designed to detect these
biothiols are used in conjunction with chromatographic methods
[31-33]. To the best of our knowledge, there is only one report on
simultaneous direct electrochemical detection of CySH and HCySH
[34]. However, low sensitivity and overlapping of CySH and HCySH
signals are mainly disadvantageous of the sensor. Therefore, the
design of suitable modified electrode that can be able to simultaneously
detect these important biothiol compounds, without the assistance of
separation techniques, is highly demanding, particularly for the analysis
of biological samples.

Today, with the development of nanoscience and nanotechnology,
there have been various trials to employ new nanomaterials in fabri-
cating chemically modified electrodes. Among different nanomater-
ials, nickel oxide (NiOx) nanoparticles have received considerable
attention in recent years due to their catalytic, optical, electronic
and magnetic properties [35,36]. Because of their easy preparation
process, electroinactivity in physiological pH solutions and high
porosity, NiOx nanoparticles have been widely investigated and
applied to immobilize different biomolecules and enzymes as well
as fabrication of sensors and biosensors [37-39].

Deoxyribonucleic acid (DNA) as an important biological macro-
molecule has been paid much attention in the recent years. It is not
only due to the intriguing genetic information of the molecule, but
also DNA is conductive polymer which conducts electrons well due
to its double helical structure. The base pairs stacked within double
helical DNA can provide an effective medium for electron transfer
[40-42], so it could be used as an ideal platform for fabrication of elec-
trochemical sensors. Because of the biological importance of DNA,
metal oxide nanoparticles/DNA conjugates have been developed to
provide unique functions for various studies such as designing DNA
hybridization sensors and evaluating photoinduced DNA damage
[43,44]. In addition, hybrid materials formed by the combination of
nanoparticles and DNA have been demonstrated as an efficient way
to produce nanostructured materials that can respond to a specific
stimulus with a particular signal [45,46]. The application of thionine/
DNA/nano-TiO, modified electrode has been reported for detection
of H,0, [47]. DNA molecules also have been used as a template for fab-
ricating and assembling the different hybrid nanomaterials [48]. Zu
and coworkers have reported a method for the growth of oxidized
nickel nanoparticles on a DNA template in aqueous solution [49)].

In the present study, an electrochemical method is used for the
fabrication of a NiOx nanoparticle/DNA nanobiocomposite on the sur-
face of glassy carbon electrode. This modified electrode is applied as
an ideal platform for entrapment of osmium complex as an excellent
electron transfer mediator. The electrocatalytic activity of the GC/
DNA/NiOxNPs/Os(Ill)-complex modified electrode has been investi-
gated toward oxidation of CySH. Due to the excellent electrocatalytic
ability of Os (IV)/Os (III) redox couple and the unique physiochemical
properties of DNA/NiOx nanobiocomposite, the overpotential for
CySH oxidation significantly reduced and thus, the mentioned biosen-
sor can be used for highly selective and sensitive detection of CySH.
Moreover, based on the interaction of CySH and HCySH with DNA/
NiOx/Os(Ill)-complex nanobiocomposite, well-separated voltam-
metric signals were observed for these biomolecules. Simultaneous
determination of CySH and HCySH without further pretreatment or
separation process has been realized.

2. Experimental
2.1. Materials

Double stranded DNA (from calf thymus) produced by Sigma, and
it is used as received without further purification. Osmium(IIl)-

complex;1,4,8,12 tetraazacyclotetradecane osmium(Ill) chloride,
(Os(IINLCl,) ClO4 is synthesized and purified based on the reported
procedure [50]. CySH, HCySH and Cystine are obtained from Sigma.
L-Methionine, thiocytosine, glutathione, oxalic acid, dopamine , uric
acid and other chemicals are obtained from Fluka. The Ni(Cl), and
all other chemicals were of analytical grade from Merck and used
without further purification. The buffer solutions (0.1 M) at pH
range 2-12 were prepared from H3PO4, CH3COOH, NaH,PO, and
Na2HPO4, and HCI and NaOH solutions were used for pH adjustment.
All solutions are prepared in double distilled water and are deaerated
with high purity nitrogen prior to the experiments.

2.2. Apparatus and procedures

All electrochemical measurements are carried out with a three-
electrode system comprising modified and unmodified glassy carbon
as working electrode, an Ag/AgCl (3 M KCl) as reference and a plati-
num wire as auxiliary electrode. Surface morphology is examined
using Vega-Tesacn electron microscope (SEM). Amperograms are car-
ried out with a Metrohm multi-purpose instrument model 693VA
Processor, equipped with a 694VA Stand. Cyclic voltammograms are
performed with a computer controlled p-Autolab modular electro-
chemical system (Eco Chemie Ultrecht, The Netherlands), driven
with GPES software (Eco Chemie). All measurements are done at
room temperature (25 °C). The Zview impedance software (version
2.3f) is used for data fitting.

2.3. Preparation of GC/DNA/NiOx/Os(Ill)-complex modified electrode

The GC electrode (2 mm diameter) is carefully polished with
alumina, and then ultrasonicated in ethanol and double distilled
water, respectively to remove adsorbed particles. Electrodeposition
of DNA on the surface of GC electrode is processed according to the
procedure reported by Lin and his coworkers [51]. In summary, the
GC electrode is immersed in 0.1 mg/ml DNA solution (PBS). The elec-
trodeposition of DNA molecules onto the GC electrode is performed
by keeping the electrode potential at 1.7 V (vs. Ag/AgCl) for 30 min.
Then, the GC electrode is rinsed with double distilled water to remove
any physically absorbed DNA. Afterwards, DNA modified GC electrode
is immersed in acetate buffer solution (pH 6) containing 1 mM nickel
chloride in order to have electrostatic adsorption of Ni?* onto DNA
networks. Then, the electrode is immersed in PBS (pH 11) and the
potential is repetitively cycled (20 scans) between 0.0 and 0.6 V at a
scan rate of 0.05 Vs~ ! for electrodissolution and passivation of NiOx
nanoparticles on the surface of GC electrode modified with immobi-
lized DNA layer [52]. Finally, 20 pL of 0.1 mM Os (III)-complex solu-
tion in acetonitrile is dropped on the surface of GC/DNA/NiOx
electrode and dried in air. The modified electrode is washed with
double distilled water and stored in PBS (pH 7) at refrigerator (4 °C)
before using in experiments. The same procedure was used for the
construction of GC/DNA/Os(III)-complex and GC/NiOx/Os(IIl)-complex
electrodes in the absence of nickel ions and DNA, respectively. The GC/
NiOx electrode is manufactured as reported previously by our group
[38].

2.4. Real sample preparation

For the determination of total CySH, 200 L of a freshly prepared
2.5M NaBH, solution was added to the 200 pL of serum sample.
After being mixed, the solution was incubated in a 50 °C water bath
for 30 min under gentle stirring to reduce the disulfide bonds. After
cooling to room temperature, an aliquot of 3 M HCIO4 was added in
order to decompose excess NaBH,. The mixture then centrifuged at
3000 rpm for 10 min and the supernatant was collected. The reduced
mixture was centrifuged at 3000 rpm for 20 min and the supernatant
was collected.
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3. Results and discussions
3.1. Electrode characterization

The NiOx nanoparticles deposited on the GC and GC/DNA elec-
trodes are characterized using scanning electron microscopy (SEM)
and cyclic voltammetry techniques. As shown in (Fig. 1A), the NiOx
nanoparticles were uniformly distributed on all locations of the GC/
DNA electrode surface and the size of NiOx nanoparticles varies from
50 to less than 100 nm. While the morphology of GC electrode modi-
fied with NiOx nanoparticles is different ( Fig. 1B), it confirms that
the DNA plays an important role in distributing of nanoparticles even-
ly on the surface of electrode. The particle size for electrodeposited
NiOx nanoparticles onto bare GC electrode varied between 20 and
50 nm. The entrapment of nickel oxide layer on the DNA networks
was also investigated by recording cyclic voltammograms of modified
electrode in alkaline solution (Fig. 1 supplement). As illustrated, the
anodic peak at 0.47V is observed due to the oxidation of the
Ni(OH), phase to NiO(OH). The corresponding cathodic peak at
0.405 V represents the reduction of NiO(OH) to Ni(OH), [52]. Increase
of the anodic peak current during consequent potential cycling in the
solution free of Ni2* indicates electrodissolution and passivation of
nickel oxide nanoparticles on the surface of GC/DNA electrode.

3.2. Electrochemical behavior of GC/DNA/NiOxNPs/Os(Ill)-complex
electrode

The electrochemical properties of Os(Ill)-complex in acetonitrile
solution and Os(III)-complex/CNTs modified GC electrodes at various
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Fig. 1. (A) SEM image of the NiOx nanoparticles deposited onto GC/DNA modified
electrode. (B) SEM image of the electrodeposited NiOx nanoparticles on bare glassy
carbon electrode.

pHs have been studied previously [53]. In the current work, the elec-
trochemical behavior of Os(Ill)-complex is investigated on the surface
of GC/DNA/NiOx nanocomposite modified electrode. Fig. 2 shows the
cyclic voltammograms of the Os(Ill)-complex immobilized onto GC/
NiOx (a), GC/DNA (b) and GC/DNA-NiOxNPs (c) modified electrodes
in 0.1 M PBS (pH 7). The cyclic voltammograms clearly illustrate a
redox couple attributed to the Os(IV)/Os (IlI) redox center
(E°=0.1V). It is obvious that the GC/DNA/NiOx/Os(Ill)-complex
modified electrode exhibits a well-shaped peak with higher current
density compared to both electrodes of GC/DNA/Os(III)-complex
and GC/NiOx/Os(IIl)-complex. These results clearly indicate the high
loading ability of DNA/NiOx nanocomposite for Os (III)-complex and
thus, the DNA/NiOx nanocomposite modified electrode is quite suit-
able for adsorption of Os(Ill)-complex. The magnitude of peak current
for Os(Ill)-complex immobilized onto DNA/NiOx nanocomposite
(c) is five and four times higher than on a GC/DNA (a) and GC/NiOx
(b) modified electrodes, respectively; which further confirms the
efficiency of DNA/NiOx modified electrode. The same voltammetric
behavior has been observed for redox compounds adsorbed onto
DNA/nano-TiO, bilayer [47]. Also for GC electrode modified with
Os(Ill)-complex, no recognizable redox response was observed at
the same experimental condition.

Fig. 3 shows the Nyquist plots of GC electrode (a), GC/DNA (b),
GC/DNA/NiOx (c) and GC/DNA/NiOxNPs/Os(Ill)-complex (d) modi-
fied electrodes in 0.1 M KCl solution containing 2.5 mM [Fe(CN)g] >4
at frequency range of 0.1 Hz to 100 kHz. The straight line at low fre-
quency is related to the diffusion process known as Warburg element,
while the high frequency semicircle is related to the electron transfer
resistance. As can be seen for bare GC electrode, a very small semicircle
(Ret=250 Q) is found due to very low electron transfer resistance to the
redox probe. After immobilization of DNA, the value of R is significantly
increased to about 9500 Q. It indicates hindrance to the electron trans-
fer, confirming the successful immobilization of DNA onto GC electrode
surface. After modification of GC electrode with DNA and NiOx, the elec-
tron transfer resistance (R.;) decreased to 5800 Q, which proved that the
assembly of NiOx makes the electron transfer easier. With further im-
mobilization of GC/DNA/NiOx with Os(IIl)-complex, the R. decreased
to 4000 Q, due to the decrease in the surface negative charge. Therefore,
adsorption of Os(III)-complex onto the DNA/NiOx nanocomposite facil-
itates the electron transfer of the redox probe on the modified electrode.
These data show that DNA/NiOXNPs/Os(Ill)-complex are successfully
attached to the GC surface.

The stability of the modified electrode is checked by recording
successive sweeps of cyclic voltammograms in 0.1 M PBS (pH 7)
(not shown). The GC electrode modified with DNA/NiOxNPs/Os(III)-
complex displayed stable and reproducible electrochemical behavior
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Fig. 2. Cyclic voltammograms of GC/NiOxNPs/Os(IlI)-complex (a), GC/DNA/Os(III)-
complex (b) and GC/DNA/NiOxNPs/Os(III)-complex (c) modified electrodes in 0.1 M
PBS (pH 7), scan rate 100 mV s~ 1.
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Fig. 3. (A) Nyquist plots for different modified electrodes in 0.1 M KCI solutions
containing 2.5 mM of K3Fe (CN)g + K4Fe(CN)g and at applied potential of 0.15V and
frequency range from 0.1 to 10° Hz.

and no appreciable changes (less than 3%) observed either in the peak
current or the peak potential values after 220 consequent cycles. Fur-
thermore, the current response of the modified electrode is decreased
by only 3% when the electrode is immersed in PBS (pH 7) for 24 h. In
contrast to GC/DNA/NiOxNPs/Os(Ill)-complex modified electrode,
redox peak currents of GC/DNA/Os(IIl)-complex and GC/NiOxNPs/
Os(Il)-complex are continuously decreased and completely disap-
peared after 30 cycles or when immersing in PBS (pH 7) for 2 h.
These results further represent the excellent stability of nanobiocom-
posite bilayer for immobilization of Os(IIl)-complex. The reproduc-
ibility of the fabrication method is also evaluated by preparing five
electrodes and recording their cyclic voltammograms. The relative
standard deviation of 4% is observed for anodic peaks measurement
of prepared modified electrodes.

Cyclic voltammograms of the modified electrode at different scan
rates in potential range of —0.3 to 0.45V in 0.1 M PBS (pH 7) were
recorded (Fig. 2 supplement). By measuring the variation of peak
potential versus log of scan rate and based on Laviron theory [54],
the electron transfer coefficient («) and electron transfer rate constant
(ks) for GC/DNA/NiOxNPs/Os(Ill)-complex modified electrode were
calculated as 0.45 and 2.3 s~ ! respectively. The effect of the pH on
the electrochemical behavior of Os(Ill)-complex immobilized onto
GC/DNA/NiOx modified electrode is studied in different buffer solu-
tions (pH 2-12). The pH dependence of the formal electrode poten-
tials from pH 2 to 12 is obtained as follows:

E® /mV = —62.1(+3)pH + 487(=18) (R2 = 0.9988) (1)

This slope is close to the theoretical value of —59.1 mV pH™ ! at
25 °C. So the electrode kinetics involves a rate determining electron-
transfer step preceded by a reversible deprotonation step and it
well agrees with the results observed for Os(Ill)-complex immobi-
lized on the surface of SWCNTs modified GC electrode [53].

3.3. Electrocatalytic oxidation of L-cysteine at GC/DNA/NiOxNPs/Os(1II)-
complex modified electrode

Due to high reversibility and excellent electrochemical stability of
GC/DNA/NiOxNPs/Os(Ill)-complex modified electrode, its electroca-
talytic activity toward CySH oxidation is investigated. The oxidation

of CySH at GC/DNA/NiOxNPs and GC/DNA/NiOxNPs/Os(III)-complex
electrodes is investigated in PBS (pH 7). Fig. 4 shows recorded cyclic
voltammograms in the absence and presence of 2 mM of CySH at
GC/DNA/NiOxNPs and GC/DNA/NiOxNPs/Os(IIl)-complex electrodes
at scan rate of 20 mV s~ '. As can be seen, no electrochemical
response at GC/DNA/NiOxNPs electrode is observed in the absence
of CySH (voltammogram “a”), but in the presence of CySH a small
redox response can be seen (voltammogram “b”). However, in the
same conditions at GC/DNA/NiOxNPs/Os(Ill)-complex electrode, the
oxidation current of CySH starts at —0.15 V and an obvious catalytic
oxidation peak appears at the potential of 0.1 V( voltammogram
“d”). It can be seen that peak potential for oxidation of CySH is signif-
icantly shifted to a more negative potential (0.1V vs. Ag/AgCl)
compared to the GC/DNA/NiOxNPs modified electrode (0.6 V vs. Ag/
AgCl). Furthermore, the anodic peak current is greatly enhanced in
the presence of CySH and the reduction peak current totally disap-
peared, suggesting a typical electrocatalytic oxidation process. The
substantially decreasing overvoltage and increasing oxidation peak
current of CySH confirm that Os(Ill)-complex immobilized onto GC/
DNA/NiOx electrode can act as an efficient mediator to shuttle
electrons between CySH and working electrode and facilitate electro-
chemical regeneration following electron exchange with CySH.

To understand the undergoing electrochemical reactions at the
different modified electrodes, the EIS experiments are performed in
the presence of 0.1 mM of CySH. The complex plane plots and equiv-
alent circuit are shown in Fig. 5 As can be seen for GC electrode, a
semicircle curve is observed over the whole frequency region, indi-
cating that the reaction is kinetically controlled. Equivalent circuit
analysis shows charge transfer resistance (Ry) of 3.2 MQ,
Ca1=0.366 pF and n=10.926. In the equivalent circuit, R, Rs and Cg
represent the faradic charge transfer resistance, bulk resistance of
solution and double layer capacitance, respectively. The n indicates
the deviation of Cy4 from pure capacitance. For GC/DNA, GC/DNA/
NiOxNPs and GC/DNA/NiOxNPs/Os(Ill)-complex, the calculated
charge transfer resistance is dropped to 0.38, 0.232 and 0.100 MQ,
respectively. The results indicate that the immobilized DNA increases
the charge transfer kinetics to about one-ninth of that at the bare GC
electrode. The anionic phosphate backbone of DNA adsorbs the
proton of thiols group in CySH molecule, which accelerates the elec-
trooxidation processes. The same results were observed for oxidation
of other protonated molecules such as tripropylamine (TPA) in the
presence of DNA molecules [55]. The C4 and n for GC/DNA, GC/
DNA/NiOxNPs and GC/DNA/NiOxNPs/Os(1ll)-complex were 0.326 pF
and 0.898, 0.745 pF and 0.925 and 0.463 pF and 0.912, respectively.
For GC electrode modified with DNA/NiOx nanocomposite, the charge
transfer resistance is decreased up to 150 k2 compared to electrode

1/pA
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E/V (vs. Ag/AgCl)

Fig. 4. Recorded cyclic voltammograms of GC/DNA/NiOxNPs electrode in the absence
(a) and presence of 2 mM CySH(b); (c) and (d) as (a) and (b) for GC/DNA/NiOXNPs/
Os(1I1)-complex modified electrode at scan rate of 20 mV s~ ! and in 0.1 M PBS (pH 7).
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EIS conditions: initial potential, 0.15 V; amplitude voltage, 5 mV; frequency range, 100 kHz to 0.1 Hz. Inset: Equivalent circuit used to model impedance data in the presence of

redox couples.

modified with DNA, which proves that the assembly of NiOx nanopar-
ticles and DNA makes the electron transfer easier. After immobiliza-
tion of Os(Ill)-complex onto GC/DNA/NiOxNPs modified electrode,
the charge transfer resistance is decreased to 100 kQ. Thus, the
Os(IlI)-complex film clearly plays an essential role in increasing the
electron transfer kinetics of CySH oxidation at the surface of modified
electrode. The adsorption of Os(IIl)-complex on DNA/NiOx nanocom-
posite facilitated the electron transfer of the electrochemical probe on
the modified electrode.

For further investigating the electrocatalytic properties of differ-
ent modified electrodes containing DNA, NiOx, Os(III)-complex and
their various combinations, cyclic voltammograms of these electrodes
in the presence of CySH at a wide potential range were recorded.
Cyclic voltammograms of GC (a), GC/NiOXNPs (b), GC/DNA (c), GC/

DNA/NiOxNPS (d) and GC/DNA/NiOxNPs/Os(IIl)-complex (e) modified
electrodes in the presence of CySH were shown (Fig. 3 supplement). As
can be seen, the electrocatalytic current response of GC/NiOxNPs (b),
GC/DNA (c) and GC/DNA/NiOxNPs (d) modified electrodes at 0.57 V is
1.2, 1.7 and 2.1 pA, respectively, which is in agreement with EIS data
for charge transfer kinetics on the different modified electrodes. Com-
pared to the GC/NiOxNPs, GC/DNA and GC/DNA/NiOxNPs modified
electrodes, the GC/DNA/NiOxNPs/Os(IIl)-complex electrode exhibits a
well-shaped peak and largest catalytic current for the oxidation of
CySH in less positive potential (0.10V vs. Ag/AgCl). It has also been
found that the oxidation of CySH is started from —0.15V and well-
defined peak is observed at 0.1 V (peak I). Moreover, the second peak
for oxidation of CySH appeared at 0.570 V (peak II). This means the
oxidation of CySH at GC/DNA/NiOxNPs/Os(Ill)-complex electrode

Table 1
Analytical characteristics of different cysteine electrochemical sensors.
Electrode E,/V LOD Sensitivity Linear
(vs. Ag/AgCl) (uMm) - range
HA/mM (M)
Electrospun carbon nanofibers modified CPE [28] 0.7 (pH 7) 0.1 0.0159 0.15-63.8
Poly N,N-dimethylaniline /ferrocyanide film/CPE [67] 0.15 (pH 6) 6.38 - 7.40 -138
Ordered mesoporous carbon [68] 0.47 (pH 7) 0.1 18 3-130
Boron-doped carbon nanotube /GCE [69] 0.50 (pH 7) 0.26 0.0253 0.78-200
3-MnO2 Nanowires/ chitosan/GCE [61] 0.5 (pH 7.8) 0.07 - 0.5-630
Oxo-guanine/ZnO nanoparticle/GCE [70] 0.5 (pH 7) 0.05 0.0285 0.3-20
Copper-cobalt hexacyanoferrate/CPE [71] 0.74 (pH 7) 5 - 6-1000
Poly-3,4-hylenedioxythiophene/screen-printed electrode [72] 0.586(pH 6) 0.03 52.7 0.05-200
Carbon ionic liquid electrode [60] 0.49 (pH 7) 1 - 2-210
Fl Fluorosurfactant-modified gold electrode [41] 0.25 (pH 7) 0.5 2.57 Up to 200
Poly(diallyldimethylammonium chloride/MWCNTs)/GCE [73] 0.7 (pH 7) 03 13.8 nA/M 20-1300
MWCNTs-modified GCE [74] 0.27 (pH 4) 54 3.0 10-500
Platinum /CNTs electrode [75] 0.48(pH 7.4) 0.3 - 0.5-1000
Ru[(tpy)(bpy)CI]PF6/sol-gel CCE [76] 0.8 (pH 2) 1 5.0 5-685
Cobalt(II) salophen-modified CPE [27] 0.6 (pH 7) 2 - 2-10000
Lead ruthenate pyrochlore modified electrode [77] 0.5 (pH 7.4) 291 32 Up to 560
GC/DNA-NiOxNPs/Os(IIl)-complex electrode ( present study) 0.10 (pH 7) 0.07 44 1-1000
0.0 (pH7) 0.27 23 3-400

CPE: Carbon paste Electrode; G CE: Glassy carbon electrode; CCE:Carbon ceramic electrode; CNTs: Carbon nanotubes; MWCNTs: Multi walled carbon nanotubes.
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undergoes two processes, and the Os(IIl)-complex film clearly plays an
essential role in the observed electrocatalytic oxidation of CySH in low
overvoltage ( peakI), illustrating that peak I is attributed to the electro-
catalytic oxidation of CySH by Os(1II)-complex. The high conductivity of
DNA/NiOxNPs/Os(1Il)-complex nanocomposite film increases the elec-
trical properties of the redox processes as well as available surface
area. While peak II at the modified electrode is at the same potential
as that at the GC/NiOx electrode, which means peak Il could be logically
corresponded to the oxidation of CySH at uncovered sites of modified
electrode with Os (II)-complex. No cathodic peak is observed on the re-
verse scan within the investigated potential range (0 to +0.65 V) be-
cause CySH oxidation is an electrochemically irreversible process. The
electrochemical oxidation of CySH for peak I occurred by the possible
mechanisms at the modified electrode proposed as follows:

2 CyS’ — CySSCy (5)

This is similar to the mechanism reported previously for CySH
oxidation on solid electrodes [56]. For peak II, the following mechanism
describes the electrooxidation of CySH [57].

CySH = CyS~ +H" (6)
CyS — CyS +e (7)
2 CyS" — CySSCy (8)

Considering selectivity of the modified electrode for determina-
tion of CySH and also antifouling properties of the modified electrode
in low overpotential, the first peak of CySH oxidation at +0.10 V vs.
Ag/Ag(l, is chosen for analytical determination of CySH. Compared

- - +
CSH=CyS +H ) to many of the substrates reported previously, GC/DNA/NiOXNPs/
Os(Ill)-complex electrode exhibits significantly low overpotential
Os(I1) — complex = Os(IV)" — complex + ¢ (3) for the oxidation of CySH (Table 1), indicating significant catalytic
ability of GC/DNA-NiOxNPs/Os(Ill)-complex electrode for CySH oxi-
- N . dation. Fig. 6 [A] illustrates cyclic voltammograms of the modified elec-
CyS™ + Os(IV)" — complex — CyS' + O(II) — complex (4)  trode in 0.1 M PBS (pH 7), containing various concentrations of CySH
A 10.0
8.0
6.0
<
2 4.0+
2.0
0.0
2.0 . . . . . . .
-0.3 0.2 -0.1 0 0.1 0.2 0.3 0.4
E/V (vs. Ag/AgCl)
B
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5_
4_
k1
- 34
k3
2
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0 0.5 1 1.5 2

[CySH]/ mM

Fig. 6. (A): Cyclic voltammograms of GC/DNA/NiOxNPs/Os(I1I)-complex modified electrode in 0.1 M PBS (pH 7) at scan rate of 20 mV s~ ' (a) in the absence of CySH and (b to m) in
the presence of different concentration of CySH (from inner to outer 0.2-2.4 mM). (B): Plot of catalytic peak current I,/uA vs. concentration of cysteine [CySH/mM].
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(0.5-3.5mM). The calibration plots of catalytic current vs. CySH
concentration are shown in Fig. 6 [B]. As is obvious, the catalytic peak
current of the modified electrode increases linearly with increasing
CySH concentration in two concentration ranges, one from 0 to
0.6 mM with the regression equation of I/uA =4.15 (&£ 0.08) [CySH]/
mM+0.037 (+ 0.002)/ pA (R*=0.9942) and another from 0.6 to
24 mM with the regression equation of I/pA =2.0958 (£ 0.15)
[CySH)/mM+1.2158 (4 0.09)/uA (R*=0.9956), demonstrating a
wide linear response for the modified electrode. Due to saturation of
electroactive sites, at higher concentration of CySH the sensitivity of
the modified electrode is decreased.

Cyclic voltammograms of PBS containing CySH at different scan
rates are recorded (not shown). The peak current for the anodic
oxidation of CySH is proportional to the square root of the scan rate,
suggesting that the process is controlled by diffusion of analyte as
expected for a catalytic system. The relationship between the scan
rate-normalized current (Ip/v”z) and the scan rate (v) for CySH
oxidation is investigated at GC/DNA/NiOx/Os(IIl)-complex modified
electrode( Supplementary Fig. 4). The characteristic shape of a
typical EC' catalytic process is obtained [58], suggesting that the
reaction of CySH oxidation is controlled by an EC' mechanism. The
Andriex and Saveant theoretical model [59] has been used to calcu-
late the catalytic rate constant for an EC' mechanism. Based on this
theory, the relationship between the peak current and the concentra-
tion of substrate for slow scan rates and large catalytic rate constant is
as follows:

I, = 0.446nFAD' " (vF/RT)'/*C, (9)

Where D and C; are the diffusion coefficient (cm?s~') and the
bulk concentration (molcm™3) of substrate (CySH), respectively
and other symbols have their usual meanings. Low values of kca
result in values of the coefficient (a) lower than 0.496. For low scan
rates (5-20 mV s~ 1), the average value of this coefficient was found
to be 0.059. According to the Saveant approach and using Fig. 1 in
Ref. [59] for a modified electrode with surface coverage of 3.2(+ 0.1) x
10~ mol cm~2 for Os(lll)-complex and a geometric area (A) of
0.085 cm?, the average value of the calculated ke, is 3.0 (£0.2)x103
M~1! s~ . High catalytic rate constant obtained for the Os(III)-complex
further confirms its essential role as an efficient electron transfer
mediator toward electrocatalytic oxidation of CySH.

3.4. Antifouling properties of the modified electrode

One of the major difficulties in the electrochemical methods for
analysis of CySH is its high oxidation overpotentials at the conven-
tional electrodes. So fouling of the electrode surface with the CySH
oxidation products may be the major problem for determination of
CySH [56,60]. In the present study, stability and antifouling properties
of the modified electrode toward CySH oxidation are tested by
measuring the decrease in the electrocatalytic oxidation current of
CySH during successive potential cycling of the modified electrode.
After 11 successive cyclic voltammograms of the modified electrode
in 0.1 M PBS (pH 7) containing 1 mM CySH, no recognizable changes
in peak current or peak potential of CysH have been observed (Fig. 5
of supplement), representing antifouling property of the nanocompo-
site modified electrode toward CySH and its oxidation products. The
antifouling properties of GC/DNA/NiOx/Os(Ill)-complex electrode is
one of the remarkable advantages of the proposed electrode toward
CySH detection. In another test, the proposed nanocomposite
modified electrode is stored in air in ambient condition and its
response toward CySH oxidation is checked every day. After
30 days, the sensitivity of the modified electrode is measured as 94%
of its initial value.

3.5. Amperometric detection of CySH

In order to investigate the effect of DNA/NiOx nanocomposite on
the electrocatalytic oxidation of CySH, the typical amperometric
responses of the different modified electrodes are examined. Fig. 7[A]
exhibits the amperometric response of rotating GC/NiOxNPs/Os(III)-
complex (a), GC/DNA/Os(Ill)-complex (b) and GC/DNA/NiOxNPs/
Os(IT)-complex (c) modified electrodes (rotation speed 600 rpm) for
CySH oxidation at an applied potential of 0.1V vs. Ag/AgCl in 0.1 M
PBS (pH 7). It is clear that the GC/NiOx/Os(Ill)-complex electrode
(amperogram “a”) displays a very low current response after CySH
addition. For GC/DNA/Os(III)-complex electrode (amperogram “b”), an
unstable and weak current response is observed which was saturated
after few additions, illustrating slight Os(Ill)-complex loading on the
surface of GC/DNA modified electrode. However, for GC/DNA/
NiOXNPs/Os(Ill)-complex electrode( amperogram”c”), a well-defined
response is obtained after each addition of CySH, confirming high
capacity of DNA/NiOx nanocomposite for Os(Ill)-complex loading. The
calibration plots of catalytic currents vs. CySH concentration are shown
in Fig. 7[B].

Fig. 8[A] displays the typical steady-state catalytic current-time
response of the rotating modified electrode (2600 rpm) in PBS with
successive injection of 1uM of CySH at an applied potential of
0.10 V vs. Ag/AgCl. As can be seen, the modified electrode shows a
rapid response, approaching 95% of the steady-state current within
3's. The linear least square calibration graph over the range 1.0-
11 puM (11 points) is I/uA=0.044 (4 0.009)[CySH]/uM + 0.0098 (4
0.002)/uA with a correlation coefficient of 0.9993( Fig. 8B),
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Fig. 7. (A) Amperometric response at the rotating GC/NiOxNPs/Os(IIl)-complex (a) GC/
DNA/Os(I11)-complex (b) and GC/DNA/NiOXNPs/Os(11I)-complex (c) modified electrodes
(rotation speed 600 rpm) in 0.1 M PBS (pH 7), applied potential 0.1 V vs. Ag/AgCl, for
successive additions of 20 uM. (B) Plot of current response I/uA vs. concentration of
cysteine [ CySH/mM] for different modified electrodes.
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Fig. 8. (A) Amperometric response at the rotating GC/DNA/NiOxNPs/Os(I1I)-complex modified electrode (rotation speed 2600 rpm) in 0.1 M PBS (pH 7), applied potential 0.1 V vs.
Ag/AgCl, for successive additions of 1 pM of CySH. (B) Plot of current response I/uA vs. concentration of cysteine [ CySH/uM].
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Fig. 9. Recorded chronoamperometric response at the rotating GC/DNA/NiOXNPs/Os(IIl)-complex modified electrode in 0.1 M PBS (pH 7) containing 20 uM CySH during 500 s.
(rotation speed 2600 rpm and applied potential 0.1 V vs. Ag/AgCl).
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indicating that the regression line is fitted very well with the exper-
imental data and the regression equation can be applied in the un-
known sample determination. The detection limit (based on signal
to noise ratio of 3), sensitivity and linear concentration range of
the sensor are obtained as 70 nM, 0.044 uA M~ and 1-1000 pM,
respectively.

To improve the selectivity of CySH determination, the ampero-
metric analysis of CySH is performed at an applied potential of 0.0 V
vs. Ag/AgCl which showed a determination range of 3-400 uM and
detection limit of 0.27 pM. Table 1 lists the response characteristics
of the proposed CySH sensor in comparison to other reported CySH
sensors in the literature. As it is obvious, the detection limit, sensitivity,
linear concentration range and applied potential for the proposed
sensor are comparable or better than the reported values for other
electrochemical cysteine sensors.

The GC/DNA/NiOxNPs/Os(Ill)-complex electrode exhibits high
stability onto amperometric measurements of CySH. Fig. 9 shows
the amperometric response of 20 UM CySH recorded over a 500 s
period. The result showed that the remaining percentage of initial
response after 500 s is 95%, which demonstrates high stability of the
modified electrode as well as absence of any inhibition effect of
analyte or its oxidation products.

The operational stability of GC/DNA/NiOxNPs/Os(III)-complex
electrode is assessed using 10 replicate amperometric measurements
of 20 uM of CySH in PBS at an applied potential of 0.1 V and the rela-
tive standard deviation is calculated as 3.5%. Also, for 8 successive
prepared electrodes, a relative standard deviation of 4% is obtained
for measuring 20 uM of CySH. Furthermore, when the modified elec-
trode is stored in the refrigerator at 4 °C, no significant change in
the amperometric response for 20 uM of CySH is observed after
1 month. These results indicate good reproducibility, repeatability
and stability of the modified electrode.

3.6. Selectivity of CySH detection

Selective detection of CySH in the presence of several interfering
compounds potentially existing in biological liquids is a very advanta-
geous feature for modified electrodes [34,61,62]. To demonstrate the
selectivity of the proposed biosensor, the interferences of different
compounds are examined during amperometric response for CySH.
Fig. 10 shows the amperometric responses of GC/DNA/NiOxNPs/
Os(Ill)-complex modified electrode toward CySH in the presence of

1.24

1/pA

-0.2 T

Table 2
Cysteine detection in serum samples.

Cysteine added Cysteine founded (uM), Recovery(%)
(uM) (n=3)
Blood serum - 210.5(+4.0) -
Blood serum 20.0 228.0 (+5.0) 98.9 (£2.0)
Blood serum 50.0 258.0 (£5.0) 99. 0(£2.0)
Blood serum - 195.50 -
Blood serum 30 223.70(+5.0) 99.0 (£2.0)
Blood serum 60 257.50(+4.0) 100.7(+2.0)
Blood serum 90 282.60(+£5.0) 98.9(41.5)

some common oxidizable species found in biological fluids, such as
homocysteine (HCySH), cystine, I-methionine, thiocytosine, glutathi-
one, oxalic acid, dopamine, glucose and uric acid (applied potential =
0.0 V) in a 100 fold concentration of CySH. As can be found, no interfering
effect is observed in the presence of 1 mM of each oxidizable compound.
Thus, not only for low molecular-mass biothiols derivatives such as
glutathione, L-cystine, .-methionine and electroactive biological species
e.g. dopamine, uric acid and glucose, the electrocatalytic response is neg-
ligible but also for a very similar biothiol compound e.g. homocysteine
(HCySH, which only difference between their molecular structures is
one methylene-CH,-), no recognizable response is observed on the
modified electrode at the applied potential. The obtained results show
the satisfactory selectivity of the proposed nanocomposite modified
electrode toward electrooxidation of CySH at remarkable reduced over-
potential. The results suggested that the coexistence of different interfer-
ing agents in the system does not affect the detection of CySH on GC/
DNA/NiOxNPs/Os(Ill)-complex modified electrode. Therefore, the
proposed electrode could be a practical sensor for determination of
CySH in the mixture of various common oxidizable species without
separation.

The selective interaction between DNA and CySH improves the
sensor selectivity. The DNA/gold nanoparticles/Hg? ™ and DNA/thia-
zole orange/Hg?* systems were used for selective detection of CySH
using fluorometric technique [63,64]. However, the interference ef-
fect of ascorbic acid is a major limitation of proposed GC/DNA/
NiOxNPs/Os(IlI)-complex modified electrode. The AA signal can be
suppressed by covering the modified electrode surface with a thin
layer of nafion film. However, for GC/DNA/NiOxNPs/Os(IIl)-com-
plex/nafion modified electrode the electrochemical response toward
CySH oxidation slightly decreased (8%).

0 50 100 150

200 250 300 350 400

Time/s

Fig. 10. Current responses obtained at the GC/DNA/NiOxNPs/Os(11I)-complex modified electrode in 0.1 M PBS (pH 7) for the additions (indicated by arrows) of 10 pM of CySH (a)
and 0.1 mM of L.-methionine (b), glutathione (c), oxalic acid (d), dopamine (e), uric acid (f), HCySH (g), thiocytosine (h),cystine (i) and 20 uM CySH( j, k). ( Applied potential: 0.0 V

vs. Ag/AgCl , rotation speed 2600 rpm).
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Fig. 11. (A) Cyclic voltammograms of GC/DNA/NiOxNPs/Os(I1I)-complex modified electrode (a) in 0.1 M PBS (pH 7) (b to f) as (a) in the presence of various concentration of CySH
(0.1,0.2,0.3, 0.4, 0.5/mM) and (g to f) as (b to f), with increasing different concentrations of HCySH (0.1, 0.2, 0.3, 0.4, 0.5/mM) at scan rate 20 mV s~ '.(B) Plot of catalytic peak
current I,/uA vs. concentration of cysteine [CySH/mM], (a) first peak oxidation current and (b) second peak oxidation current. (C) Plot of catalytic peak current I,/uA vs. concentra-
tion of homocysteine [ HCySH/mM].
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3.7. Determination of cysteine in real samples

The applicability of the proposed biosensor for CySH determina-
tion in serum samples is investigated and results are presented in
Table 2. Due to interference of AA, the modified electrode covered
with a thin film of nafion is used for CySH detection in real samples.
The standard addition method is adopted for CySH detection in real
sample and a calibration curve was obtained for each sample. The
concentration of CySH in serum sample is found to be 195.5-
210.5 uM, which is a normal dosage for CySH in serum samples
[65,66]. To confirm the validity of the results, the serum samples are
spiked with defined amount of CySH at levels similar to those found
in the samples. The obtained results in Table 2 demonstrate satisfac-
tory recoveries, varying between 95% and 102% for spiked CySH.
Therefore, the modified proposed sensor can be used for CySH detec-
tion in real samples.

3.8. Simultaneous detection of cysteine and homocysteine

The possibility of simultaneous determination of CySH and
HCySH was investigated on different modified electrodes of GC/
NiOxNPs, GC/DNA, GC/DNA/NiOxNPs and GC/DNA/NiOxNPs/Os(III)-
complex. The voltammetric peaks of HCySH and CySH for first three
modified electrodes are completely overlapped (data not shown).
However, because of the different oxidation potentials of these two
compounds on the GC/DNA/NiOxNPs/Os(Ill)-complex modified
electrode, the simultaneous voltammetric detection of CySH and
HCySH without requiring separation process is possible. The electro-
catalytic oxidation of both CySH and HCySH occurred at GC/DNA/
NiOxNPs/Os(Ill)-complex modified electrode. Selective interaction
between DNA and CySH improves the sensor selectivity, and oxida-
tion peak potential for proposed analytes observed at different po-
tentials. Fig. 11 [A] shows typical cyclic voltammograms obtained
for mixture solutions containing various concentrations of CySH
and HCySH. As can be seen, with increasing CySH concentration,
the observed anodic peaks current at +0.10V and +0.65V in-
creased (curves b-f). Interestingly, with injection of HCySH to buffer
solution containing CySH, no recognizable change is observed for the
anodic peak current of CySH at 0.1 V( inset of Fig. 11), while the an-
odic response of HCySH at 0.6 V increased proportionally with in-
creasing HCySH concentration (curves g-k). Fig. 11 [B] shows the
calibration curves for CySH using the anodic peak currents of CySH
at (a) 0.1 Vand (b) 0.6 V. The regression equations over the applied
potentials are I (uA)=1.93 (£ 0.05) [CySH]/(mM)+0.093 (&
0.003)/ pA (R?*=0.9928) and I (uA) =7.315 (£0.11) [CySH]/(mM)
+0.085(+ 0.004)/uA (R*>=0.9979), respectively. Concentration of
CySH is determined using its first calibration curve. According to
the second calibration curve of CySH, the current's portion of
HCySH in the second peak is estimated. The cyclic voltammograms
of the modified electrode in 0.1 M PBS, in the presence of constant
value (0.4 mM) of CySH and various amounts of HCySH are investi-
gated (voltammograms g-k). The plotted calibration curve for
HCySH in concentration range of 0.1 mM-1.2 mM is obtained with
a regression equation of: I (pA)=>5.72(4+ 0.08) [HCySH]/(mM)
+0.012 (4 0.001)/pA (R>=0.9997) (Fig. 11 [C]). The cyclic voltam-
mograms of modified electrode in the presence fixed concentration
of HCySH (0.1 mM) and various concentrations of CySH are recorded
(Fig. 6 Supplement). The plotted calibration curve for CySH in con-
centration range of 0.1 mM-0.5 mM is obtained with a regression
equations of: I (pA)=2.29 (& 0.06) [CySH]/(mM)-0.021 (=+
0.006)/uA (R>=0.9972) for the first pea and I (pA)=15.62
(+£0.16) [CySH]/(mM)+0.23 (+ 0.01)/uA (R*=0.9979 for the
second peak respectively. The hydrodynamic amperometry
technique is promised for HCySH detection at micromolar or lower
concentration range.

4. Conclusions

The development of a new CySH sensor was reported based on
GC/DNA/NiOx/ Os(IlI)-complex modified electrode with some desir-
able characteristics, such as wide linear range, low detection limit
and a long-term stability. The results indicated that the DNA/NiOx/
Os(III)-complex film provided a well-defined peak-shaped response
for the CysH oxidation at lower oxidation potential compared to the
previously reported electrodes. High selectivity, excellent electrocata-
lytic activity, remarkable antifouling property toward thiols and their
oxidation products as well as the ability for simultaneous detection of
L-cysteine and homocysteine are other remarkable advantages of the
proposed biosensor. Due to its excellent resistance to surface fouling
and its renewable surface, the electrode was successfully applied for
direct analysis of CySH in real samples containing various oxidizable
species.
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