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Abstract: Here we report on a selective and sensitive graphene-oxide-based electrochemical sensor
for the detection of naproxen. The effects of doping and oxygen content of various graphene
oxide (GO)-based nanomaterials on their respective electrochemical behaviors were investigated
and rationalized. The synthesized GO and GO-based nanomaterials were characterized using a
field-emission scanning electron microscope, while the associated amounts of the dopant heteroatoms
and oxygen were quantified using x-ray photoelectron spectroscopy. The electrochemical behaviors
of the GO, fluorine-doped graphene oxide (F-GO), boron-doped partially reduced graphene oxide
(B-rGO), nitrogen-doped partially reduced graphene oxide (N-rGO), and thermally reduced graphene
oxide (TrGO) were studied and compared via cyclic voltammetry (CV) and differential pulse
voltammetry (DPV). It was found that GO exhibited the highest signal for the electrochemical
detection of naproxen when compared with the other GO-based nanomaterials explored in the present
study. This was primarily due to the presence of the additional oxygen content in the GO, which
facilitated the catalytic oxidation of naproxen. The GO-based electrochemical sensor exhibited a
wide linear range (10 µM–1 mM), a high sensitivity (0.60 µAµM−1cm−2), high selectivity and a strong
anti-interference capacity over potential interfering species that may exist in a biological system for
the detection of naproxen. In addition, the proposed GO-based electrochemical sensor was tested
using actual pharmaceutical naproxen tablets without pretreatments, further demonstrating excellent
sensitivity and selectivity. Moreover, this study provided insights into the participatory catalytic roles
of the oxygen functional groups of the GO-based nanomaterials toward the electrochemical oxidation
and sensing of naproxen.

Keywords: naproxen; pharmaceutical drug; differential pulse voltammetry; electrochemical sensor;
graphene oxide; doping

1. Introduction

Naproxen (2-(6-methoxynaphthalen-2-yl) propanoic acid (S/R)) is a nonsteroidal anti-inflammatory
drug (NSAID) that is used to treat inflammation, fever, rheumatoid arthritis, and stiffness. Naproxen
inhibits COX-1 and COX-2 enzymes, which results in the inhibition of the synthesis of certain
prostaglandins [1,2]. However, there are two major concerns associated with the use of naproxen.
First, overuse can cause adverse side effects such as stomach pain, ulcers, and stomach bleeding [2].
Naproxen overdose may be initiated when an individual takes more than the recommended daily
dosage. For instance, the recommended daily dosage of naproxen for temporary pain management
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using an oral immediate release tablet is 550 mg, followed by 275 mg orally every 6 to 8 hours, or 550
mg every 12 hours as needed, which should not exceed 1375 mg/day [3–5]. Cases of naproxen overdose
include serious toxicity with seizures, altered cognitive status, and metabolic acidosis. Secondly,
naproxen has recently been classified as an emerging pollutant in wastewater, in that significant
concentrations have been found in the plasma and bile of fish exposed to treated effluent discharged
by wastewater treatment plants [6]. Therefore, an economically viable, accurate, and rapid response
sensor is urgently required for the protection of human/animal health and ecosystems.

Methods such as high-performance liquid chromatography (HPLC), UV-spectrophotometry,
spectrofluorimetry, and mass spectrometry have been commonly employed to analyze pharmaceutical
drugs; however, these techniques are generally time-consuming and costly. The electrochemical
approach provides an accurate, fast, and cost-effective alternative to those detection methods [7]. For
instance, Rossi et al. reported a cytochrome P450-based biosensor for the continuous monitoring
of naproxen in real-time delivery system [8]. Afkhami et al. reported an enantioselective naproxen
biosensor based on a chiral modified gold electrode decorated with gold nanoparticles [9]. Hendawy
et al. reported nanomaterial-based carbon paste electrodes for the detection of naproxen and its
degradation product [10]. Over the last decade, the exploration of graphene and graphene-based
nanomaterials has garnered tremendous attention due to their unique electronic, structural, and physical
attributes [11–14]. The structure of graphene includes a single layer of sp2-hybridized hexagonal
lattices that form honeycomb structures with a high surface area, which are both electronically and
thermally conductive [9]. Graphene oxide (GO) synthesized from graphite contains abundant oxygen
functional groups, including hydroxyl, carboxylic acids, and epoxy groups, which demonstrate good
catalytic activities, particularly for the oxidation of organic molecules [12–15]. However, the presence
of oxygen groups disrupts the sp2 bonds of carbon rings, thereby lowering conductivity. This issue
may be resolved by reducing graphene electrochemically, thermally, or chemically to generate reduced
graphene oxide (rGO). This form of graphene exhibits a strong pi-electronic structure and higher
conductivity, due to the cleavage of hydroxyl and epoxy functional groups, while retaining most of the
carbonyl or carboxylic acid groups at its edges [16–19].

The reduction of GO can cause significant structural defects, which may play important roles in
catalysis [19,20]. However, to the best of our knowledge, very few studies on how the oxygen functional
groups and the defects affect the catalytic activity of GO and rGO have been reported. Therefore, it is
vital to understand the catalytic attributes and kinetics that may be achieved by the oxygen groups
of GO and rGO. These data can be then applied to design and tune the specific catalytic activity of
GO-based nanomaterials for sensing and environmental applications [21–23]. In addition, over the
last decade, heteroatom-doped GO materials have been extensively studied to tune the structural and
electronic properties of GO for applications in energy storage and catalytic sensing [24–27].

The purpose of this study was three-fold: (i) to develop an advanced electrochemical sensor
for the detection of naproxen; (ii) to compare the performance of various GO-based sensors and
rationalize the effects of oxygenated functional groups; and (iii) to investigate the effects of dopants on
the performance of the GO-based electrochemical sensors.

2. Materials and Methods

2.1. Reagents and Synthesis

Naproxen, glutamic acid, potassium nitrate, D-glucose, citric acid, sulfate ions, ascorbic acid
and other reagents were purchased from Sigma-Aldrich. All experiments were conducted in a
phosphate buffer solution (PBS) electrolyte. The PBS buffer was a mixture of pure water, Na2HPO4 and
NaH2PO4, and NaOH was employed to adjust its pH to 7.2. GO was synthesized from high-purity
graphite provided by ZEN Graphene Solutions Ltd., Thunder Bay, Canada, using a modified Hummers
method [28]. GO was treated at 200 ◦C for 15 min in an oil bath to prepare thermally-reduced graphene
oxide (TrGO). Fluorine-doped partially reduced graphene oxide (F-GO) was synthesized using a
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one-pot method reported by our group [29]. Boron-doped partially reduced graphene oxide (B-rGO)
was synthesized from GO using a facile microwave method. Briefly, GO and boric acid were mixed at a
1:1 weight ratio first; the mixture was then subjected to microwave irradiation (1200W and NNST775S)
for 2 min. The obtained B-rGO was washed with water and ethanol and dried at 50 ◦C overnight.
Nitrogen-doped partially reduced graphene oxide (N-rGO) was synthesized using a hydrothermal
method from GO and urea [30]. Briefly, GO was dispersed in water at 4.0 mg/ml by ultrasonication.
Urea was added slowly while the GO dispersion was stirred. After being stirred for 1 h, the mixture
was transferred to autoclave and subjected to hydrothermal treatment at 160 ◦C for 5 h. The obtained
N-rGO was then washed with pure water and ethanol and finally dried at 50 ◦C overnight.

2.2. Electrode Preparation and Modification

The glassy carbon electrode (GCE) used in the experiments was polished using an alumina
powder/water slurry, sonicated in acetone for one minute, and then in deionized water for three
minutes, followed by water exchange and further sonication in deionized water for one minute.
Subsequent to polishing and sonication, the electrode was characterized using potassium ferrocyanide
(conc. 5 mM) in 0.2 M KNO3 using cyclic voltammetry (CV) in the potential range from −0.1 to 0.6 V to
ensure that all electrodes were in pristine condition. Each of the GCE was tested and confirmed to
be of a similar quality prior to modification. A 2.5-mg mass of GO, TrGO, B-rGO, F-GO, and N-rGO
powders was dissolved in 1.0 ml pure water; 5.0 µL of the mixture was drop-cast onto the surface of
the GCE and air dried for 3 h to obtain the modified electrodes. The GCE had a diameter of ~3.0 mm,
with a surface area of 0.07 cm2.

2.3. Instrumentation and Methodology

The morphology and compositions of the fabricated GO, TrGO, F-GO, B-rGO, and N-rGO were
characterized using a Hitachi SU-70 Schottky field emission scanning electron microscope (FE-SEM)
and X-ray photoelectron spectroscopy (XPS) (Scienta Omicron Inc., Edmonton, Canada), respectively.
CV and differential pulse voltammetry (DPV) were performed using a potentiostat (CHI-660D, CHI,
USA). All electrochemical experiments were conducted using a three-electrode cell, where the GCE and
the modified GCEs were employed as the working electrode. The auxiliary electrode was a platinum
wire, whereas the reference electrode was a standard Ag/AgCl electrode (3 M KCl saturated with AgCl).
A stock naproxen solution (conc. 20 mM) was prepared in 0.1 M NaOH to ensure complete dissolution
of naproxen. All analytical quantifications were performed in a phosphate buffer solution (pH 7.2) at
room temperature (22 ± 2 ◦C). All of the solutions were purged with pure argon gas (99.999%) for 20
minutes prior to the electrochemical measurements to remove any dissolved oxygen.

3. Results and Discussion

3.1. Surface Characterization

Scanning electron microscopy (SEM)was employed to characterize the surface morphologies
and roughness. Figure 1A,B display the representative SEM images of the GO and F-GO recorded
at a high magnification (50,000X). Both images showed the typical two-dimensional (2D) graphene
oxide morphologies, which consist of crumbled and folded textures, showing irregular edges and
rough surfaces. The synthesized TrGO, B-rGO and N-rGO exhibited a similar morphology to the GO
and F-GO.
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Figure 1. Scanning electron microscopy (SEM) images of (A) graphene oxide; (B) fluorinated graphene
oxide (F-GO).

X-ray photoelectron spectroscopic analysis was performed on the GO and all the modified
GO-samples to determine their composition and functional group species toward rationalizing their
catalytic performance on the electrochemical oxidation of naproxen. Subsequently, the obtained XPS
spectra were deconvoluted using Lorentzian and Gaussian functions [14,31]. Figure 2A displays the
survey spectra of the GO, TrGO, F-GO, B-rGO and N-rGO, where strong O1s and C1s peaks appeared.
The binding energy of C1s was increased in the following order: B-rGO (279.1 eV) < TrGO (284.3 eV)
< N-rGO (285.1 eV) < GO (286.2 eV) < F-GO (293.7 eV). The binding energy of O1s was changed
in the following order: B-rGO (527.1 eV) < GO (532.2 eV) < TrGO (532.3 eV) < N-rGO (533.1 eV) <

F-GO (539.7 eV). Investigations had shown that the incorporation of boron into carbon materials was
responsible for the lower binding energy peak for C 1s region, which could appear as broadening of
the main peak or appear as a separate feature from the survey scan [32]. In contrast, doping with more
electronegative atoms (e.g., N, F) into graphene oxide would decrease the electron density around
carbon atoms, shifting the binding energy peak positively [32,33]. The observed order can be further
explained by the amount of oxygen functional groups present. It has been reported that sp2 carbon
and sp3 carbon binding energy of graphene oxide from the deconvoluted C1s peak appear in the range
of 284.6 eV ± 0.3 eV, whereas carbon-bound oxygen functional groups appear at higher energy due to
oxygen’s electronegativity [14,15]. In addition, the B1s peak of B-rGO was observed at 193.3 eV; the
N1s peak of the N-rGO was seen at 400.1 eV, while a small F1s peak of the F-GO appeared at 692.7 eV.
The presence of the F, N and B in the modified GO-based nanomaterials was further confirmed by the
high-resolution XPS spectra of F1s, N1s and B1s as displayed in the supplementary material (Figure S1).
The compositions of the GO and the modified-GO nanomaterials were calculated based on the survey
spectra and listed in Table 1. The oxygen atomic percentage was decreased in the following order: GO
(30.89%) > F-GO (29.97%) > B-rGO (21.63%) > TrGO (15.39%) > N-rGO (10.12%). The carbon atomic
percentage was also changed due to the reduction and doping. The high-resolution C1s spectra of
GO and TrGO are displayed in Figure 2B,C, respectively. The deconvoluted C1s peaks of GO and
TrGO for each functional group contribution were C=C (284.3 eV), C–C (284.8 eV), C–O (286.4 eV),
C=O (287.7 eV), O–C=O (288.8 eV) (Figure 2B) and C=C (284.5 eV), C–C (285.3 eV), C–O (286.4 eV),
C=O (287.9 eV), and O–C=O (288.9 eV). The aforementioned XPS results were consistent with the
deconvoluted values of GO reported in literature [14,32]. The high-resolution C1s spectra and the
associated deconvoluted peaks of N-rGO, B-rGO and F-GO are presented in Figures S2–S4, respectively.
As expected, the reduction of GO removed most epoxy and hydroxyl groups, while retaining most of the
carboxyl and carbonyl groups [16]. As a consequence, numerous sp2 carbons were regenerated upon
the cleavage of epoxy and hydroxyl functional groups, which was strongly evident when compared to
the deconvoluted C1s peaks of GO (Figure 2B) and rGO (Figure 2C). The area under the sp2 carbon
functional group curves occupied a much a larger percentage, whereas the epoxy/hydroxyl groups
were significantly decreased. In contrast, the other functional groups were reduced by a much lower
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degree. The XPS spectra for the other modified graphene electrodes demonstrated the same trend
based on the remaining quantity of functional oxygen groups following reduction.
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Figure 2. X-ray photoelectron spectroscopy (XPS) analysis of: (A) Survey spectra of graphene oxide
(GO), fluorine-doped graphene oxide (F-GO), nitrogen-doped partially reduced graphene oxide
(N-rGO), thermally reduced graphene oxide (TrGO), and boron-doped partially reduced graphene
oxide (B-rGO). High-resolution C1s spectra with the deconvoluted peaks for (B) GO and (C) TrGO.

Table 1. Summary of atomic percentages of the synthesized graphene oxide based nanomaterials.

GO-Based Nanomaterials Carbon Atomic % Oxygen Atomic % Heteroatom Atomic %

GO 69.11 30.89
TrGO 84.61 15.39
B-rGO 64.92 23.15 11.93
F-GO 69.36 29.97 0.67

N-rGO 86.91 10.12 2.97

Graphene Oxide (GO), Thermally Reduced Graphene Oxide (TrGO), Boron-doped partially Reduced Graphene
Oxide (B-rGO), Fluorine-doped partially Reduced Graphene Oxide (F-rGO), Nitrogen-doped partially Reduced
Graphene Oxide (N-rGO).

3.2. Electrochemical Characterization of the Fabricated Various GO-Based Electrodes

The modified electrodes (F-GO/GCE, B-rGO/GCE, N-rGO/GCE, GO/GCE, and TrGO/GCE) and
pristine GCE were examined in a KNO3-ferricyanide medium (5 mM K3[Fe(CN)6] in 0.2 M KNO3)
to compare their electrochemical performance. As seen in Figure 3A, the redox peak separation of
the F-GO/GCE, GO/GCE, B-rGO/GCE, N-rGO/GCE, TrGO/GCE, and GCE was measured from the
CV curves to be 129, 121, 104, 86, 100, and 99 mV, respectively. Figure 3B presents a comparison
of the anodic peak current of these electrodes. The largest peak separations were demonstrated by
the F-GO/GCE and GO/GCE, indicating a poor electron transfer efficiency. It is recognized that the
doping of GO with fluorine is quite different from the doping with other heteroatoms, as boron as
fluorine cannot substitute carbon atoms. Consequently, the incorporation of fluorine atoms generally
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disrupted additional sp2 carbon pi systems [34,35]. Similarly, graphene oxide typically demonstrates
poor electron transfer efficiencies due to excess oxygen groups on graphene sheets, as they tend to
disrupt sp2 carbon pi systems. This caused the low conductivities of F-GO and GO, which resulted in
a low current density for both electrodes as shown in Figure 3B. Based on the XPS results listed in
Table 1, the observed trend may be reiterated as follows: as fewer oxygen atoms are present due to
reduction on the graphene sheet, the electron transfer efficiencies and current densities increases, in
that more sp2 carbon structures are regenerated. It is therefore logical to verify whether this trend
might apply to the catalytic oxidation of naproxen through the use of these electrodes.

Sensors 2020, 20, 1252  6 of 13 

 

F‐GO/GCE, GO/GCE, B‐rGO/GCE, N‐rGO/GCE, TrGO/GCE, and GCE was measured from the CV 

curves to be 129, 121, 104, 86, 100, and 99 mV, respectively. Figure 3B presents a comparison of the 

anodic peak current of these electrodes. The largest peak separations were demonstrated by the F‐

GO/GCE and GO/GCE, indicating a poor electron transfer efficiency. It is recognized that the doping 

of GO with fluorine is quite different from the doping with other heteroatoms, as boron as fluorine 

cannot  substitute  carbon  atoms.  Consequently,  the  incorporation  of  fluorine  atoms  generally 

disrupted additional sp2 carbon pi systems [34,35]. Similarly, graphene oxide typically demonstrates 

poor electron transfer efficiencies due to excess oxygen groups on graphene sheets, as they tend to 

disrupt sp2 carbon pi systems. This caused the low conductivities of F‐GO and GO, which resulted 

in a low current density for both electrodes as shown in Figure 3B. Based on the XPS results listed in 

Table 1, the observed trend may be reiterated as follows: as fewer oxygen atoms are present due to 

reduction on the graphene sheet, the electron transfer efficiencies and current densities increases, in 

that more sp2 carbon structures are regenerated. It is therefore logical to verify whether this trend 

might apply to the catalytic oxidation of naproxen through the use of these electrodes. 

   

 

Figure 3. (A) Cyclic voltammograms for different electrodes recorded in a KNO3‐ferricyanide media 

(5 mM K3[Fe(CN)6] in 0.2 M KNO3 at a scan rate of 50 mV/s;(B) Bar graph of the peak current densities 

of the different electrodes. 

3.3. Electrochemical Behaviors of Naproxen at the Modified Electrodes 

The CV curves recorded in a 0.1M PBS buffer (pH 7.2) in the absence (dashed line) and in the 

presence of 300 mM naproxen are presented  in  the  supplementary materials  (Figure S5). The  first 

shoulder peak at ~0.86 V could be attributed to the electrochemical oxidation of naproxen, where one‐

electron  oxidation  process  proceeds with  the  formation  of  naproxen  cation  radicals. The  second 

shoulder peak at ~1.17 V might be due  to  the  further oxidation of  the cation radicals  to  form  the 

ketone  (2‐acetyl‐6‐methoxynaphthalene)  [10]. However,  the observed CV peaks were not so clear. 

Thus, differential pulse voltammetry (DPV) was carried out in order to achieve a higher detection 

level. The DPV technique is based on the premise that the decay rate of capacitive current is much 

faster than Faradaic current, thus limiting the background current [36,37]. Figure 4A illustrates the 

detection of naproxen at 300 mM  in 0.1M PBS  (pH 7.2) using DPV. Two well‐defined peaks were 

observed with the first peak being the major product following its decarboxylation [10,38], which is 

illustrated in Scheme 1. 

-0.2 0.0 0.2 0.4 0.6

-600

-400

-200

0

200

400

600
 

A
/c

m
2

E (V vs Ag/AgCl)

 N-rGO
 GO
 GCE
 F-GO
 B-rGO
 TrGO

GCE GO B-rGO F-GO N-rGO T-rGO
0

100

200

300

400

500

 

 

A
/c

m
2

Electrodes

A B 

Figure 3. (A) Cyclic voltammograms for different electrodes recorded in a KNO3-ferricyanide media (5
mM K3[Fe(CN)6] in 0.2 M KNO3 at a scan rate of 50 mV/s; (B) Bar graph of the peak current densities
of the different electrodes.

3.3. Electrochemical Behaviors of Naproxen at the Modified Electrodes

The CV curves recorded in a 0.1M PBS buffer (pH 7.2) in the absence (dashed line) and in the
presence of 300 µM naproxen are presented in the supplementary materials (Figure S5). The first
shoulder peak at ~0.86 V could be attributed to the electrochemical oxidation of naproxen, where
one-electron oxidation process proceeds with the formation of naproxen cation radicals. The second
shoulder peak at ~1.17 V might be due to the further oxidation of the cation radicals to form the ketone
(2-acetyl-6-methoxynaphthalene) [10]. However, the observed CV peaks were not so clear. Thus,
differential pulse voltammetry (DPV) was carried out in order to achieve a higher detection level. The
DPV technique is based on the premise that the decay rate of capacitive current is much faster than
Faradaic current, thus limiting the background current [36,37]. Figure 4A illustrates the detection of
naproxen at 300 µM in 0.1M PBS (pH 7.2) using DPV. Two well-defined peaks were observed with
the first peak being the major product following its decarboxylation [10,38], which is illustrated in
Scheme 1.
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Figure 4B compares the electrochemical performance of the different electrodes towards the
oxidation of 300 µM naproxen. The GO/GCE electrode exhibited the highest performance, with
a peak current density of 216.41 µA/cm2 at 1.13 V. In contrast, the GO/GCE generated the second
lowest current density (188.00 µA/cm2) and the second largest peak separation (121.0 mV) during the
ferricyanide test (Figure 3a). Similarly, F-GO/GCE demonstrated the lowest performance with a peak
current density of 108.39 µA/cm2 and the largest peak separation of 129.00 mV in the ferricyanide test;
however, the electrode exhibited a better performance over GCE for the detection of naproxen. The
GCE generated the lowest signal at 55.52 µA/cm2 for the detection of naproxen although it showed the
highest peak current density of 502.43 µA/cm2 in the ferricyanide test. The aforementioned results
revealed that the oxygen content and dopants played critical roles in their electrochemical performance,
showing that the percentage of oxygen (the epoxy and hydroxyl groups, in particular) was the main
contributor to the significant differences in the catalytic oxidation performance of the modified GO
electrodes. For instance, the GO/GCE possessed 30.89% of the oxygen content compared to 15.39% for
the TrGO. The rationale behind the performance of these electrodes may be that as the oxygen content
of graphene becomes higher, the catalytic oxidation of naproxen becomes stronger. The only outlier
was the F-GO/GCE, as it accounted for only 28.33% of the GO detection signal. However, it is known
that fluorine doping completely disrupts the sp2 carbon ring structure, thus further decreasing the
conductivity of GO [13]. In comparison, nitrogen or boron-doped graphene oxide typically possessed
heteroatoms that replaced the carbon atoms, and became incorporated within the ring structures [39].
According to the frontier molecular orbital theory, the lowest unoccupied molecular orbital (LUMO) of a
fluorine-carbon bond would be higher than carbon-carbon or carbon-oxygen molecular orbitals, which
would cause a decrease in the oxidation tendencies of organic molecules for the fluorinated graphene
oxide. Furthermore, Park et al. reported that due to the significant differences in electronegativity
between carbon and fluorine, the electrons from the valence band are transferred to the LUMO due to
the high electronegativity of fluorine [29]. Due to this occupation by additional electrons polarizing
LUMO, the oxidizing ability of the F-GO would decrease, which further explains its low electrochemical
performance [40]. This characteristic is also supported by the electrochemical sensing of heavy metal
ions using F-GO, in that the metal ions were first reduced at the F-GO surface and then stripped off

from the surface [41].
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Figure 4. (A) Differential pulse voltammetry (DPV) curve for the detection of naproxen at 300 µM using
GO/GCE. The dashed line is the blank measurement in the absence of naproxen. The solid line is the
detection signal in the presence of 300 µM naproxen. (B) Bar graph for the electrochemical performance
of the examined electrodes.

3.4. Electrode Fouling

The robust adsorbing behavior of naproxen is primarily facilitated by the binding interactions
between the graphene sp2 carbon rings and carboxylic acid groups of naproxen [37]. Previous naproxen
studies have not revealed a workable strategy toward a regenerable electrode for multiple detection
events without a significant decrease in the signal current [33,37,38]. Certainly, the size of the naproxen
molecule, and the fact that it contains hydrophobic (non-polar) benzene rings and multiple polar
functional groups, predispose it to very easily foul electrodes [37]. Figure 5 illustrates this strong
fouling effect following multiple scans with DPV, as the oxidized products adsorbed onto the electrode,
resulting in the dramatic decrease of the current density of the electrochemical oxidation of naproxen
during the 2nd, 3rd and 4th cycle. Most antifouling strategies involve a protective layer that may
prevent fouling agents from reaching the electrode surface [42]. However, in our case, where the fouling
agent is the analyte itself, this strategy is not viable. Electrochemical activation and surface modification
are two strategies that may resolve this issue. Here, we designed an electrochemical activation strategy,
which employed short pulses with high anodic potential for the removal of adsorbed species, while
preventing oxygen evolution which might peel off the electrode coating. Specifically, this activation
method adopted a multi-potential step approach with the following parameters: (i) initial potential at
0.0 V for 5 s; (ii) stepped to 2.8 V for 50 ms; (iii) stepped down to 0.0 V for 5 s; and (iv) repeated over 12
cycles. As shown in Figure 5, after the regeneration process, the 5th DPV curve was almost identical to
the first scan, showing that the activation strategy effectively overcame the fouling issues during the
electrochemical detection of naproxen.
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Figure 5. Differential Pulse Voltammetry (DPV) responses of the GO on Glassy Carbon Electrode(GCE)
recorded in 0.1M PBS (pH 7.2) containing 300 µM naproxen.

3.5. Electrochemical Sensing of Naproxen

Figure 6A displays a series of DPV curves of the GO/GCE in a 10.0 ml of 0.1M PBS buffer (pH 7.2)
with different naproxen concentrations, showing the current density was increased with the increase
of the concentration. The associated calibration plot from the concentrations, ranging from 10 µM
to 1 mM, is presented in Figure 6B, with the R2 value of 0.9963, which signified a very strong linear
relationship. The sensitivity of the sensor was obtained from the slope of the regression line to be
0.60 µAµM−1cm−2. The limit of detection (LOD) was calculated to be 1.94 µM, which was acquired
using the formula LOD = 3 σ/s. The limit of quantification (LOQ) was calculated to be 6.47 µM, which
was obtained using the formula LOQ = 10 σ/s, where σ represents the standard deviation of the five
blank measurements, and s denotes the slope from the calibration curve.
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Figure 6. (A) DPV responses at different naproxen concentrations for the GO/GCE using DPV. (B)
Calibration curve exhibits a linear response in current density as the concentration increased from
10 µM to 1 mM.

3.6. Interference Studies and Real Sample Analysis

The selectivity of the developed GO/GCE sensor was also investigated; Figure 7 presents the DPV
response to 200 µM naproxen in the presence of chloride ions, nitrate ions, glutamic acid, glycin, citric
acid, sulfate ions, ascorbic acid, and D-glucose (500 µM each). No notable response to the interference
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species was observed. The GO/GCE exhibited 91% of the oxidation signal compared to pure naproxen,
showing that the sensor had excellent selectivity towards the detection of naproxen.
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Figure 7. DPV responses showing the responses of 200 M naproxen in the presence and absence of
500 µM chloride ions, nitrate ions, glutamic acid, glycin, citric acid, sulfate ions, ascorbic acid, and
D-glucose interference species.

The performance of the GO/GCE sensor was further tested using a Life Brand Naproxen tablet
(220 mg) as shown in Figure 8. The tablet was dissolved in 0.1 M NaOH as the preparation of the
naproxen stock solution. There were no apparent interference species from the excipients in the tablets.
The peak current density measured from the DPV curves (Figure 8) was fitted to the calibration plot
(Figure 6B) for comparison. Multiple measurements at the same concentration were conducted, and a
mean recovery of 96.9% with a relative standard deviation of 2.5% was obtained. These results verified
a precise and accurate electrochemical quantification of the sensor.
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4. Conclusions

In summary, five different GO-based nanomaterials including GO, TrGO, B-rGO, N-rGO and
F-GO were synthesized and systemically studied. GO/GCE exhibited the strongest activity toward
the electrochemical oxidation of naproxen compared to GCE and other modified GO electrodes. This
was primarily due to an enhanced catalytic activity facilitated by the oxygen functional groups of
GO, particularly the epoxy and hydroxyl groups, which was confirmed by the XPS analysis. The
sensitive quantification of naproxen was successfully achieved over a wide linear concentration range
from 10 µM to 1 mM by DPV. Naproxen had very strong propensity for fouling electrode surfaces,
resulting in a substantial decrease of the current. A facile electrochemical activation strategy based
on potential pulses was developed, which successfully overcame the critical fouling problem. The
GO/GCE sensor developed in this study exhibited high sensitivity and selectivity over a wide range
of concentrations of naproxen. Off-the-shelf naproxen tablets were successfully detected using the
developed sensor, which demonstrated strong anti-interference capabilities. Future studies should be
conducted to elucidate the specific naproxen catalytic kinetics with oxygenated functional groups, as
well as heteroatom dopant levels, catalytic oxidation and antifouling properties toward naproxen.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8220/20/5/1252/s1.
Figure S1. High-resolution XPS spectra of: (A) F1s peak of fluorinated graphene oxide at 692.675; (B) N1s peak of
nitrogen doped reduced graphene oxide at 400.137 eV; and (C) B1s peak of boron doped reduced graphene oxide at
197.455 eV. Figure S2: High-resolution C1s spectra with deconvoluted peaks for N-rGO. Figure S3: High-resolution
C1s spectra with deconvoluted peaks for B-rGO. Figure S4: High-resolution C1s spectra with deconvoluted peaks
for F-GO. Figure S5: CV curves of GO/GCE recorded at a scan rate of 50 mV/s in 0.1M PBS (pH 7.2) buffer in
the absence of (dashed line) and in the presence of 300 µM Naproxen (solid line). Figure S6. DPV curves of the
various electrodes recorded in a solution 0.1M PBS (pH 7.2) containing 300 µM of Naproxen.
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