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ABSTRACT: A native graphene oxide (NGO) prepared by Hummers modified method was used as the template
materials for the fabrication of electrochemically oxidative graphene oxide (OGO) onto a glassy carbon electrode
(GCE). The fabrication of OGO-GCE proceeded via reversible anodic cycles of previously coated NGO base surface
materials. The development of a new aldehyde/alcoholic functional group on OGO-GCE characterized by X-ray
photoelectron spectroscopy (XPS) analysis is a marked signal for surface oxygen richness that provokes the cost of (C-
C/C-H) hybridized states. The measurements obtained by an electrochemical impedance spectroscopy (EIS) method
demonstrated that the conductivity and the rate of electron transfer process at the OGO-GCE have improved
substantially. Quantitatively, the estimated rate constant of OGO was 9 times greater than that of that of NGO. Further
evidence on the superiority of OGO over NGO was demonstrated by the outstanding analytical performance on the
simultaneous determination of ascorbic acid (AA), dopamine (DA) and uric acid (UA) using the differential pulse
voltammetry (DPV) technique. The selectivity of the as-prepared OGO sensor for DA quantification in the presence of
high concentrations of both AA and UA was achieved successfully with a detection limit (DL3s) lowered to 12 nM in
comparison to many electrochemical modified surfaces. The proposed method for the construction of OGO sensors
could provide a robust sensing platform for the reliable detection of DA in real biological samples. The OGO-GCE
sensor showed excellent stability and performance in serum blood analysis with an acceptable recovery percentage of
trace DA quantification ranging between 96% and 102%.
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1. Introduction

opamine (DA) is an important catecholamine species that exerts significant influence on the central nerves,

memory, hormonal and cardiovascular system [1]. It is composed of an amino group attached to the catechol
molecular structure and considered as an electrochemically active constituent. Higher or lower concentrations are
associated with neurological disorders such as Schizophrenia and Parkinson’s diseases [2,3]. Therefore, accurate and
rapid quantification of DA in biological samples is a crucial test that requires a highly sensitive and selective analytical
method [4-6].

Recently, several analytical approaches and techniques have been used for the DA detection including
spectrophotometric methods such spectrophotometry, chemiluminescence, electro-chemiluminescence, surface-
enhanced Raman spectroscopy and colorimetry [7,8]. These approaches were successfully applied for accurate and
sensitive DA quantification but require advanced technical expertise and extreme experimental conditions, are
expensive and time-consuming, and suffer from sensitivity and selectivity issues [9]. Electrochemical methods
integrate microfluidic systems and are used extensively for DA determination in biological samples with the aim of
improving selectivity, sensitivity, feasibility and continuous monitoring ability, fast response times and lower detection
limits [10,11]. The coexistence of interfering biomolecules such as ascorbic acid (AA) and uric acid (UA) in biological
blood and urine samples gives rise to some challenges due to their close oxidation potential to DA [12,13].
Accordingly, substantial efforts were implemented for construction of modified electrodes with active surface materials
capable of overcoming possible overlapping electrochemical signals of the above three biological molecules.
Therefore, electrochemical sensors have received considerable interest for biological analysis because of their rapid
response, high sensitivity and selectivity [14].

Carbon-based materials including graphene derivatives such as graphene oxide (GO) and reduced graphene oxide
(RGO) are the constituents of interest for electrode surface modification for their high reactivity, surface area, stability
and simple fabrication [15-17]. They are considered as polymeric-like compounds consisting of various oxygenated
functionalities [18]. The structure of GO sheet is characterized by the presence of edge and basal planes defined by the
nature of existing oxygen functional groups [19]. The edge plane consists mainly of carbonyl and carboxyl groups,
which marks its hydrophilicity along with reaction kinetics facility [20]. The basal plane comprises a combination of
both hydrophilic (epoxy and hydroxyl groups) and hydrophobic aromatic domains [21]. Moreover, the oxygenated
groups are responsible for ease of solvation and surface functionalization [22]. The above unique structure is
acknowledged to strongly influence surface communication and hence the observed electrochemical signal [23,24].
Application of graphene-based materials for construction of active sensors is dominated by combining them with other
supportive compounds such as organo-metallic complexes and polymers, metal and metal oxide nanoparticles and
other hybrid constituents [25-30]. Application of pristine graphene independently as an active sensing materials is not
widely applied because of certain disadvantages attributed to surface passivation and slow electrode kinetics [31,32].

The aim of the present work is to fabricate an active surface materials based on oxidative graphene oxide (OGO)
via anodic potential excursion of a previously coated NGO film onto a GCE dipped in the buffer background
electrolyte. Herein, we present a full study on the electrochemical properties, elemental structure, surface morphology
of the proposed sensor (OGO-GCE) along with its catalytic activity on DA analysis.

2. Experimental

2.1 Chemicals and electrodes

Analytical grade DA, AA, UA, potassium ferrohexacyanate (KiFe(CN)g]), potassium ferrihexacyanate
(Ks[Fe(CN)g]), graphite powder, sodium nitrate (NaNOs), sulfuric acid (H.SO.), potassium permanganate (KMnQ,)
and hydrogen peroxide (H20.) were purchased from Sigma-Aldrich Chemie, Germany. Potassium orthophosphate
(KH2PQy4) and dipotassium phosphate (K:HPQO,4) were obtained from BDH, UK. A 0.10 M phosphate buffer solution
(PBS) with pH 7.28 was made by mixing certain portions of (KH2PO4) and (K;HPO,) in distilled water and used for all
the present electrochemical measurements unless stated otherwise.

All electrochemical measurements were conducted using BAS 50W workstation (Bioanalytical System, West
Lafayette, IN, USA) in a three-electrode cell comprised of glassy carbon working electrode (GCE), a platinum coil and
AQ/AgCI/KClsaty as counter and reference electrodes, respectively. Prior to each experiment, the GCE was polished
sensibly and evenly with alumina slurry (5.0 and 1.0 um) at a polishing cloth, rinsed thoroughly with distilled water
and sonicated for 5 min using (JAC Ultra Sonic, 1505, LABKOREA INC, Korea) to remove possible adsorbed debris
and finally rinsed with distilled water.

2.2 Preparation of graphene oxide

The native blended GO material was synthesized from graphite powder according to the modified Hummers
method [31]. Briefly, a mixture of 1.2 g graphite, 1.0 g NaNO3z and 46 mL of H,SO, (98%) were placed in an ice bath
and carefully stirred. Then 6.0 g potassium permanganate (KMnO.) was added steadily with continuous stirring. The
reaction mixture was then placed in a water bath at 35 °C for 1 h to complete the oxidation reaction.
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The developed reaction mixture was diluted with 100 mL of distilled water and its temperature raised to 95°C for
2 h with gentle stirring when the suspended solution turned brown. The brownish suspension was then treated with 30
mL of 30% H,0, to remove the remaining excess amount of KMnQ4. Finally, the residual material produced in the
solution mixture was centrifuged at 6000 rpm for 15 min, separated out and washed with distilled water for several
times. The obtained black GO paste was dried under vacuum and a suspended blend of (1 mg GO/1 mL distilled water)
was prepared for further surface modification.

2.3 Construction of modified electrodes

A modified GCE was prepared by drop casting of 20 pL GO dispersed solution onto a polished and clean GCE.
The modified electrode (NGO-GCE) was placed underneath a warm light projector to dryness. The proposed oxidative
OGO-GCE was fabricated by electrochemical pretreatment of (NGO-GCE) in PBS (pH = 7.28) induced by 15
reversible voltammetric cycles between 0.0 mV and 1000 mV at 50 mV/s and terminated in the more anodic potential.

2.4 Equipment and techniques

X-ray Photoelectron Spectroscopy (XPS) was performed to study the relative amounts of elemental groups
present in the studied samples (Omicron, Germany). The spectra of individual constituents were estimated by fitting
the C 1s curve spectra using Gaussian Lorentzian peak shape after background correction with Shirley function in Casa
XPS software (Casa Software Ltd, UK). The binding energies were calibrated with respect to adventitious C 1s feature
at284.6 eV.

Electrochemical Impedance Spectroscopy (EIS) was performed with an open circuit potential using Gamry
potentiostat (Interface 1000E, USA) with a frequency range between 100 kHz and 1 Hz at amplitude of 5 mV. The EIS
experiments were achieved in electrolytic solution composed of 5 mM of [Fe(CN)e]>** to study the surface
modification influence on the electron transfer kinetics. Fitting of the EIS experimental data were accomplished by
selecting the Randle’s equivalent simple circuit.

Cyclic voltammetry (CV) was employed for surface modification via reversible potentiodynamic cycles. The
differential pulse voltammetry (DPV) was utilized as an active electrochemical method for analytical performance
examination of modified electrodes.

2.5 Preparation of the real sample

A serum blood sample collected from Sultan Qaboos University Hospital (SQUH, Muscat, Oman) was diluted
three times with the PBS (0.1 M of pH = 7.28) and used directly with no further treatment. An aliquot of 5.0 MM DA
was diluted 5 times with the serum buffer solution for the standard addition procedure. The electrochemical
measurements of DA were achieved using DPV technique. The regression data obtained from the selective
determination of DA in the presence of AA and UA in the prepared artificial sample were used to convert the anodic
current response of DA real sample into its equivalent DA concentration. Accordingly, the recovery percentage of DA
was estimated to evaluate the performance of the proposed sensor.

3. Results and Discussion

3.1 Characterization methods for identification of surface materials
3.1.1 Surface elemental composition using XPS method

The C 1s XPS experimental data are shown in Figure 1, which identifies the chemical structure of NGO (A) and
OGO (B) samples, respectively. The binding energy profiles of carbon functional groups with their different atomic
percentage in both samples are evidences of composition alteration. The C 1s core level XPS spectrum of NGO
illustrated in Figure 1(A) displays five different chemically shifted components of carbon-carbon and carbon-oxygen
functionalities. The characteristic bands at 284.0 and 284.6 eV are attributed to the sp? and sp® hybridized carbon,
respectively, with a total concentration of 47.6%. These are followed by a three smaller peaks centered at 287.0 eV
(22.7%), 288.5 eV (21.0%) and 290.4 eV (11.4%) emitted from the carbon-oxygen bonding atoms corresponding to
epoxy (C-0-C), carbonyl (C=0), and carboxylate (O-C=0) groups, respectively.

On the other hand, the C 1s spectra for the OGO sample presented in Figure 1(B) is fitted with five peaks
obtained at 284.6 eV (26.5%), 285.4 eV (22.4%), 286.4 eV (14.6%), 288.7 eV (28.3%) and 290.1 eV (8.2%)
corresponding to (C-C/C-H), (C-O/C-OH), (C-O-C), (C=0) and (O-C=0), respectively.

Variation of the full-width half-maximum (FWHM) values corresponding to the functional groups in both surface
materials are quite evident. For instance, the (C-H) hybridized peak in the OGO dropped by 40% while the (C-O-C)
and (O-C=0) functionalities are larger by two times as all compared to the NGO.

A close inspection of the data demonstrates the appearance of a new oxygenated peak obtained at 285.4 eV
belonging to the aldehyde/alcoholic functional group [34]. The generated peak of (C-O/C-OH) in the OGO
configuration with 22.4% is a noticeable evidence for a progressive surface modification achieved by anodic
pretreatment of NGO. Increasing the surface concentration of oxygenated groups at the cost of sp? and sp® hybridized
components is another evidence of successful fabrication of OGO.
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Figure 1. High resolution and curve fitting of C 1s XPS spectra for NGO-GCE (A) and OGO-GCE (B).

3.1.2 Surface interfacial analysis by EIS method

The EIS data for the present two surface modified electrodes were gained under open circuit potential (Voc) in
the presence of 5 mM [Fe(CN)g]*/* solution. A Nyquist plot is a fundamental electrochemical instructive method used
to inspect kinetic limitations due to surface modification. As shown in Figure 2, the plot consists of a semicircle curve
at high frequency corresponding to the charge transport resistance (Rc) at the electrode/electrolyte interface. The data
line at low frequency aligned with the semicircle curve indicates the diffusion-limited process at the active surface
materials. Moreover, the non-faradaic process due to uncompensated solution resistance (Rs) is induced by charging of
the double layer capacitance (Cqi) via the electrostatic attraction of ions at the electrode/electrolyte interface.
Apparently, the gained Ry fitting data for NGO (3250 Q) is relatively high indicating a surface material of low
conductivity that hinders the electron transfer kinetics. At the same time, the Nyquist curve of OGO (inset of Figure 2)
is incomparable where the obtained R value has dropped markedly to (375 Q).

The plot suggests a substantial improvement on the surface conductivity and hence the electron transfer kinetics. The
electrochemical behavior of NGO before and after anodic treatment shows a major change in the physical properties of
doped surface materials, which is influenced by the interlayer distance between graphene layers. The above
experimental data demonstrates strong stacking attractions among NGO layers. Nevertheless, the interlayer spacing in
OGO were increased by increasing the surface oxygen functionalities during anodic treatment that improves its
intrinsic conductivity.

The apparent electron transfer rate constant (kapp) evaluated theoretically using equation (1) [35], correspond to OGO
and NGO results with values of (2.1 x 10 cm/s) and (2.3 x 10 cm/s), respectively.

RT
RC'[ = 2 *
F2Ak,, C

Obviously, the estimated (kapp) value for the OGO-GCE is close to nine times greater than that of NGO indicating
remarkable electrode kinetics, surface adsorption capacity and electron shuttling processes.

3.1.3 Surface reactivity using DPV method

@

Figure 3 shows the reactivity of both surface modified electrodes for the simultaneous determination of AA (500
uM), DA (2 uM) and UA (25 uM) in PBS (pH = 7.28). The characteristic and well-defined three peaks corresponding
to the all oxidation species determine the reactivity of both surface materials. The recorded current responses of the
three biological molecules with the OGO-GCE are much pronounced and greater than those obtained with NGO-GCE.
The remarkable reactivity exhibited by OGO-GCE is apparently associated with the large adsorption capacity offered
by the presence of surface-active components that enhance the bonding process [36]. The NGO with large passive
surface limits the number of binding sites available for adsorption processes, which results in lower electrochemical
responses. The presented data describe the powerful properties of OGO surface materials that facilitates the
electrochemical measurements.

In addition, there is evidence relating the reactivity of OGO to the anodic exfoliation of NGO at which the
abundance surface oxygen functionalities play a role on enhancement of electrode kinetics. The anodic exfoliation is
believed to extend to the interlayer spacing among the NGO sheets, which makes electron shuttling more efficient.
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3.2 The analytical performance of OGO-GCE

Selective determination of DA in biological samples is vital for diagnosis of a number of diseases. In addition,
DA is biologically present at very low concentration compared to the interfering electroactive species such as AA and
UA. Therefore, the analytical performance of the proposed sensor (OGO-GCE) was tested for the quantification of DA
in the presence of certain amounts of AA or/and UA in PBS (pH = 7.28) using DPV technique.
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Figure 2. EIS experimental data presented by the Nyquist plot for NGO-GCE. The inset is the data for OGO-GCE.
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Figure 3. DPV curves of NGO-GCE (blue, solid) and OGO-GCE (red, dashed) towards the simultaneous
determination of AA (500 uM), DA (2 uM) and UA (25 puM).

3.2.1 Selectivity test in a binary solution

Figure 4(A) shows the DPV curves for the determination of DA in the presence of 500 uM AA. The dotted line is
the current response in the absence of DA where a single anodic peak obtained at 10 mV is characteristic of AA
oxidation. With subsequent addition of DA, a new anodic peak arises at 196 mV corresponding to DA oxidation, which
increases linearly with each increment of DA concentration. The potential gap (186 mV) between both peak responses
is quite reasonable to avoid possible overlap occurring in bare electrodes.
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Apparently, the high concentration of AA has no major effect on DA adsorption or electron transfer processes
accounted for the electrochemical measurements of DA oxidation. The correlation of peak current (1,) of DA oxidation
to the DA concentration ([DA]) taken from the experimental data given in Figure 4(A) was set up and presented in
Figure 4(B).

The regression data of the linear relationship were; I,(nA) = 0.5099 (uM) [DA] + 0.9134 (uA), which produces a

detection limit (DL3s) of 10 nM (DA), where o is the standard deviation of the background response (n = 3) divided by
the slope of the linear regression data.
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Figure 4. (A) Selective determination of DA in the presence of 500 uM of AA at OGO-GCE in 0.10 M PBS (pH 7.28)
using DPV method for a range of [DA] between 0.0 (dotted line, a) and 3.7 uM (solid black, p). (B) The calibration
curve plotted as I, vs [DA] for the data presented in (A) with corresponding error bars.

Figure 5(A) shows the selective determination of DA in the presence of 50 uM UA where the DPV curve in the
absence of DA (dotted line) demonstrates the rise of a single anodic peak obtained at 325 mV corresponding to UA
oxidation. A new anodic peak current arises by successive addition of small amount of DA obtained at 195 mV due to
DA oxidation and increases steadily regardless of the presence of large [UA]. The peak potential separation is 130 mV
which is adequate for good identification and assures accurate quantification. The experimental data given in Figure
5(A) were utilized to construct the calibration curve by plotting on the (lI,) of DA versus [DA] as shown in Figure 5(B).
The regression data of the linear relationship were; 1,(nA) = 0.5045 (uM) [DA] + 1.0054 (nA), at which the calculated
detection limit of DA (DL3s) was 14 nM.
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Figure 5. (A) Selective determination of DA in the presence of 50 uM of UA at OGO-GCE in 0.10 M PBS (pH 7.28)

using DPV method for a range of [DA] between 0.0 (dotted line, a) and 3.7 uM (solid black, r). (B) The calibration
curve plotted as I, vs [DA] for the data presented in (A) with corresponding error bars.
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3.2.2 Selectivity test in a ternary solution

The analytical performance of the proposed sensor for DA detection was examined in an aliquot composed of
500 uM AA and 100 uM UA as shown in Figure 6(A). The dotted line represents the electrode activity in the absence
of DA, which results with the appearance of a couple anodic peaks obtained at 15 mV and 335 mV corresponding to
AA and UA oxidation, respectively. The addition of DA in small increments produces a well-defined third anodic peak
obtained at 195 mV corresponding to DA oxidation, which increases linearly and constantly regardless of the presence
of large concentration of the couple interference species. The potential peak-to-peak separation among above studied
species exceeds 140 mV, which demonstrates features of merits, robustness and steadiness of the surface materials for
sensitive analysis. Figure 6(B) demonstrates the linear (l,) versus [DA] relationship for the experimental data collected
from Figure 6(A). The regression data of the linear relationship were: 1,(nA) = 0.5056 (uM) [DA] + 0.8224 (uA), and
the calculated detection limit of DA (DL3s) is 12 nM.
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Figure 6. (A) Selective determination of DA in the presence of a binary mixture composed of 500 uM AA and 100 uM
UA determined at OGO-GCE in PBS (pH 7.28) using DPV method for a range of [DA] between 0.0 (dotted line, a)
and 8.0 uM (solid black, s). (B) The calibration curve plotted as I, vs [DA] for the data presented in (A) with
corresponding error bars.

It is important to note that the standard deviation illustrated by error bars for all data sets presented in the
construction of calibration curves shown above were less than 5%. In addition, the slopes of these curves on average
have the same value indicating excellent stability and selectivity. Therefore, the overall performance of the present
sensor was compared with other applied modified electrodes to summarize its catalytic efficiency as listed in Table 1.
The reported detection limit and the sensitivity of the proposed sensor is comparable to or better than the results
reported by other relevant surface modified electrodes [37-44]. The above reported results show the importance of the
new intended approach on the fabrication of a highly active electrochemical surface characterized by a large surface
area and adsorption capacity.

Table 1. The analytical performance of the proposed sensor for DA detection compared to other modified electrodes.

Modified DL Sensitivity Reference
Electrode (uLM) (LA/uM)

PImox-GO-GCE 0.630 0.211 [37]
ERGO-GCE 0.500 0.482 [38]
PdNPs/GR/CS/GCE 0.100 0.223 [39]
ERGO-P(lysine)-GCE 0.100 0.560 [40]
CNH-P(glycine)-GCE 0.030 0.160 [41]
Ag(hcf)-GR-GCE 0.030 0.133 [42]
Cdots-rGONS-CF 0.020 0.006 [43]
P(glycine)-GO-GCE 0.015 0.534 [44]
OGO-GCE 0.012 0.506 This work
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3.3. The stability of the OGO sensor

The reactivity and hence the stability of the proposed sensor was tested by 10 repetitive DPV scans in the
presence of 500 uM (AA), 8 uM (DA) and 100 uM (UA). Figure 7 exhibits a negligible drop in the anodic current
magnitude of all species. Moreover, the obtained anodic peak potential of the three biological species were consistent
and maintained the same peak potential separation. The percent drop of peak current (I,)% was calculated using
equation (2), where (lp)n is the peak current at run (n) and (l); is the initial peak current value at run 1.

(1),
(1,)% = —2=x100% )
Ip i

The percent drop in the last run approaches a value of 6%, 4% and 12% of its maxima for AA, DA and UA,
respectively, indicating robustness of the solid-state sensor that maintains its reactivity and surface structure
environment. The experimental results confirm that the sensor resists poisoning or passivation due to adsorption
process of original electroactive molecules and their oxidation byproducts. These unwanted activities are known to
deactivate the electrode kinetics associated with weak electrochemical responses.

3.4 Quantification of DA in serum blood

The developed (OGO-GCE) sensor was tested for the determination of DA in serum sample (prepared as described
above in the experimental section) using the standard addition method. Figure 8(A) shows a nil current response of
serum blood sample as indicated by the dashed line. With subsequent addition of serum-DA aliquot, a well-defined
anodic peak was obtained at 192 mV corresponding to DA oxidation, which noticeably increased with each increment.
A calibration curve correlates the anodic peak current as a function of [DA] in the range of 0.10 to 2.5 uM as shown in
Figure 8(B).
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Figure 7. The stability test of the OGO-GCE by repeating the DPV runs from 1 (dotted) to 10 (solid black) in the
presence of 500 uM (AA), 8 uM (DA) and 100 uM (UA).
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Figure 8. (A) The analytical performance OGO-GCE in the determination of DA in serum blood using standard
addition method in PBS (pH 7.28) using DPV method. The [DA] ranged between 0.0 uM (dash black, a) to 2.5 uM
(solid black, m). (B) The calibration curve plotted as I, vs [DA] for the data presented in (A) with corresponding error
bars.
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3.5 Progress in Neuro-Psychopharmacology and Biological Psychiatry

The regression data are interestingly matching those evaluated above in the sections of selectivity tests. The
estimated peak current response in (uA) obtained at 192 mV corresponding to each DA increment was converted into
its equivalent concentration in (uM) using the regression data of the calibration curve. Accordingly, the recovery
percentages for DA concentrations were calculated (n = 3) and summarized in Table 2 along with the relative standard
deviation (RSD). The reported recovery values are analytically acceptable which attests to the reliability, stability and
robustness of the proposed sensor for accurate DA analysis.

Table 2. The recovery percentage of DA in serum blood sample using standard addition method.

[Add] [Found] + RSD @ Recovery
Samples (M) (M) (%)
(1) 0.00 Not Detected NA
2 0.10 0.097 +£0.028 96.5
3 0.30 0.296 + 0.027 98.8
(@) 0.60 0.594 +0.025 99.0
(5) 0.90 0.915+0.032 101.7
(6) 1.30 1.330 £ 0.027 102.3
@) 2.50 2.495 + 0.038 99.8

(a) Relative Standard Deviation (n = 3).
7. Conclusion

A steady and simple fabrication approach based on electrochemical oxidative pretreatment of NGO was used to
prepare the developed OGO sensor. The exfoliation process of NGO via the anodic activation is expected to increase
the interlayer spacing distance between the resultant OGO materials. The conductivity and the rate of electron transfer
were substantially increased improving the electrochemical activity of the prepared sensor and hence extending its
sensing potential applications. The structure and the catalytic activity of the prepared surface materials were
characterized employing various analytical techniques such as XPS, EIS and DPV, all of which have proven the
supremacy of OGO over NGO modified electrode. The OGO-GCE sensor showed an outstanding reactivity and
stability to the simultaneous and selective determination of DA while lowering the detection limit to 12 nM. The
proposed sensor was applied successfully for DA detection in real blood sample with satisfactory results at which the
minimum recovery percentage was close to 96.5%.
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