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ABSTRACT

In this study, gold nanoparticles (AuNDPs) were deposited onto graphene oxide (GO) mod-

ified pencil graphite electrode (PGE) in order to construct a disposable sensor platform  Correspondence to: Serdar Abaci,
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for the electrochemical detection of ceftizoxime (CFX). Initially, electrode surface was
covered with GO by physical adsorption and then AuNPs were deposited on the surface by
electro-deposition method. Morphological feature of the developed sensor was investigated
by scanning electron microscope. The parameters effecting the experimental conditions
such as adsorption time of graphene oxide, deposition time of gold nanoparticles, support-
ing electrolyte pH, pre-concentrating potential/time were optimized. Under optimum ex-
perimental conditions, good linearity was obtained for CFX response in the range between
0.02-2.0 pM of CFX concentrations with a low detection limit (0.442 nM) by stripping
voltammetry. The AuNPs/GO modified PGE was implemented to pharmaceutical samples

with good recovery values. This study results proved that developed disposable sensor is a

good alternative for the practical application of CFX analysis.
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INTRODUCTION

Cephalosporins are P-lactam antibiotics which
their main core is formed by cephem derivati-
ve of 7-amino-cephalosporanic acid [1]. Due to the-
ir similar antimicrobial indications with penicillin’s,
this group of antibiotics are widely used in treatment
for penicillin resistive bacteria. Further, they have
been prescribed safely for penicillin allergic patients.
Cephalosporins show bactericide effect against va-
rious microbial organisms-bacteria and they have
been classified into generations depending on their
spectrum of activity. Specifically, ceftizoxime so-
dium (CFX), belonging to third generation of semi-
synthetic cephalosporins, has broad-spectrum resis-
tance against f-lactamases [2] (Fig. 1). The most im-
portant features of third-generation cephalosporins
(except Cefoperazone) includes the increased effici-
ency to gram-negative bacteria, high stability against
hydrolysis by B-lactamases and in particular, being
free of serious side effects in patients. Furthermore,
some of them are known to overcome the blood-bra-
in barrier [3]. CFX shows high antibacterial effect
against a broad range of gram positive and negative
bacteria such as Staphylococcus pneumoniae, Hae-

mophilusinfluenzae, Escherichia coli, and Neisseria
gonorrhoeae by penetrating into bacterial cell wall
and consequently leading to effective destruction of
bacteria [4]. CFX, with a relatively long elimination
half-life (3-4 h), is administered through the oral ro-
ute for the treatment of moderate bacterial infections
[5]. It is active against putrefaction and clinically ef-
fective in eradicating bacteria causing urinary tract
infections, acute pharyngitis, otitis media, tonsillitis,
gonorrhea and pneumonia [3]. Given it’s pharmaco-
logical significance and extended use, quantitative
analysis of CFX in biological fluids has great clinical
value in order to reveal biochemical processes that
occur in the drug metabolism and also in pharmace-
utical formulations to assure drug quality.

Up to now, analysis of CFX in various matrixes,
such as human and animals, biological materials, food,
waters and pharmaceuticals have been studied by seve-
ral chromatographic and spectrometric methods [6—10].
Although they provide very efficient analyses for the
sensitive detection of CFX, these methods have some
handicaps such as high cost instrumentation, long
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Figure 1. Chemical structure of Ceftizoxime.

analysis time, including the need for specialized staff.
Since CFX is an electroactive molecule, electrochemistry
is a promising approach for the analysis of CFX due to
its benefits such as being simple, sensitive, fast and re-
quiring portable and low-cost systems as well as being
suitable for on-site detection. Up to now, only a few
studies on the oxidation behavior and detection of CFX
have been reported based on different electrochemical
methodologies using solid electrodes. Jain et al., offered
a fullerene based glassy carbon electrode (GCE) for the
reduction of CFX in solubilized system and applied for
the pharmaceutical tablet samples [11]. In another study,
silver nanoparticle with nano graphite-diamond modifi-
ed GCE was developed to determine the CFX in blood
serum and commercial pharmaceutical tablet [12]. Nic-
kel particle decorated on Poly(o-anisidine) sensor plat-
form was constructed to detect CFX by Ojani et al. [13].
On the other hand, single-use sensor technologies offer
some considerable advantages to design sensor platforms.
Specifically, pencil graphite electrode (PGE), as a carbon
based electrode, have extensively been applied in elect-
roanalysis due to its benefits such as commercial availa-
bility, good electrochemical reactivity and mechanical
resistance, feasibility for modification, as well as enabling
disposable manipulation which eliminates the need for
electrode surface cleaning steps [14]. Functionalization
of the electrode surfaces with nanomaterials is crucial in
order to significantly improve the electrochemical res-
ponse. Standing out as an advanced material, graphene is
a suitable nanomaterial for the electrochemical analysis
due to its high electrical conductivity, high surface area,
low cost and biocompatibility [15]. Graphene oxide (GO)
is a valuable derivative of graphene which contains oxy-
gen functional groups as distinct from the graphene [16].
Due to the outstanding features of GO, it has been exten-
sively employed for the electrochemical determination of
different analytes such as heavy metals [17], pathogens
[18], pollutants [19] and drugs [20] etc. Metal nanopar-
ticles have been used as a functional nanomaterial for the
modification of electrochemical sensor surfaces. Especi-
ally, gold nanoparticle (AuNP) modified sensors are

90

remarkably important surfaces owing to their excellent
conductivity, high surface area and biocompatible pro-
perties [21]. To obtain highly electro-catalytic surfaces,
AuNP’s combined with other nanomaterials have widely
been used in various analyses and catalysis [22—25] app-
lications.

Hence, in the present study, AuNPs combined with GO
modified PGE was constructed for the stripping analysis of
CFX. AuNP/GO modified PGE was considered as an att-
ractive platform from the stand point of easy use, cheapness
and simple modification. Owing to considerable synergy
between the AuNP and GO, anodic oxidation signal of
CFEX increased remarkably. The electrode surfaces were
examined microscopically to prove the success of the mo-
dification. The experimental parameters such as adsorption
time of graphene oxide, deposition time of gold nanopartic-
les, supporting electrolyte pH, pre-concentrating potential
and time were optimized. Anodic stripping voltammetry
(SWASV) measurements of CFX demonstrated good linear
response with a low limit of detection (LOD) as 0.442 nM.
The practical use of the sensor system was tested for com-
mercial pharmaceutical tablets by standard addition met-
hod. The proposed sensor system has offered a low detecti-
on limit with respect to other studies in literature and also
other parameters were comparable with the literature data.

MATERIAL AND METHODS
Reagents and Materials

Ceftizoxime sodium, gold (III) chloride trihydrate and
graphene oxide (GO) were provided from Sigma Aldrich
and Nanograf, respectively. 0.5 M of HAuClO, was pre-
pared in 0.5 M of H_SO,. Britton-Robinson (B-R) buffer
solution (0.04 M) was prepared by mixture of boric acid,
acetic acid and phosphoric acid which was applied as a
supporting electrolyte. Stock solution of CFX (102 M)
was prepared in double distilled water and stored at +4
°C. More diluted solutions were prepared daily.

Instruments

CV, EIS and SWASV were recorded by Gamry interface
1000 model potentiostat/galvanostat. AuNP/GO modifi-
ed PGE served as a working electrode. Pencil leads were
purchased from local store in Turkey (0.5 mm diameter,
Tombow). An Ag/AgCl (3M KCI) electrode was used as
the reference and a platinum wire as the counter elect-
rode. The surface morphology of the developed sensor
was characterized by Zeiss Evo 60 EP-SEM. Besides, the
AuNP/GO modified graphite surfaces were characteri-
zed by Energy-dispersive X-ray spectroscopy (EDX, Tes-
can/Czech Republic).



Fabrication of AuNP/GO/PGE sensor

Firstly, 1 cm of pencil leads were immersed in graphene
oxide (GO) solution for 30 minutes. Afterwards, the le-
ads were soaked in double distilled water for 5 seconds
to remove the excess of GO attached on the surface. The
GO modified electrodes were allowed to dry for 5 min at
room temperature. Potential controlled electrolysis was
used at - 0.3 V (vs. Ag/AgCl) for the electro-deposition of
AuNPs on GO/PGE in 0.5 M HAuCIO, solution (in 0.5 M
H,SO,). The optimum electro-deposition time was found
as 100 seconds.

Preparation of Drug Samples

Five tablets of Cefizox® (400 mg CFX per tablet) were we-
ighed and pulverized in a mortar. Then, an average of 1
tablet weight was taken from this powder and dissolved
in 100 mL double distilled water by ultrasonication for
1 hour. Upon centrifugation at 5000 rpm for 5 min, the
supernatant was diluted in double distilled water.

Analytical Procedure

Electrochemical characterizations were performed by
CV (between -0.2 Vand 0.6 V (vs. Ag/AgCl)) and EIS (in
the frequency range of 0.01-100,000 Hz) in redox pro-
be solution (0.5 mM Fe(CN)** prepared in 0.1 M KClI).
The electrochemical determination of CFX was carried
out in 10.0 mL cell and BR buffer (pH 2.5 as optimum pH)
was used as the supporting electrolyte by CV at potential
from 0.7 V to 1.1 V (vs. Ag/AgCl). Square wave anodic
stripping voltammetry (SWASV) was recorded from 0.6
Vto 1.0V (vs. Ag/AgCl) after a pre-concentrating step of
300 seconds at 0.6 V (vs. Ag/AgCl) accumulation and de-
position time, respectively. After this pre-concentration
step, stirring was stopped and 15s was waited as a release
time. The pulse amplitude 4 mV, pulse size 50 mV and
frequency 50 Hz were used as parameters of SWASV. Be-
fore the all electrochemical measurements, supporting
electrolyte was purged with the nitrogen gas for 5 minu-
tes.

RESULTS AND DISCUSSION

Morphology and Electrochemical
Characterization of AuNP/GO modified PGE

In order to reveal the gradual changes on the electrode
after the modifications, surface morphology of bare and
modified pencil graphite electrodes (PGEs) were investi-
gated with scanning electron microscopy (SEM). Fig. 2.a
showed that bare PGE surface displayed irregular graphi-
te layers with highly rough structure, as expected. When

graphene oxide (GO) was deposited onto PGE surface, it
was observed that single or few-layers of GO nano-sheets
with high amount of wrinkles due to GO sheets were en-
tangled with each other (Fig. 2.b). The nanosized AuNPs
which were deposited by potential control electrolysis,
were in a form of spherical structure uniformly distri-
buted over the bare electrode surface and over the GO
layers, respectively (Fig. 2.c,d). The morphology of the
AuNP/GO modified PGE showed more even structure.

As it was shown in Fig. 2.g-h, the main elements of GO
including carbon, and oxygen were all observed in EDX
spectrum as expected [26]. Also, the presence of gold which
resulted from the AuNPs on the surface of GO/PGE was
confirmed with EDX analysis (Fig. 2.h). The carbon and
oxygen peaks were observed on the bare graphite surface
in Fig. 2.e-f. These results clearly suggested that AuNP/GO
were successfully coated on the graphite surface.

Figure 2. The scanning electron micrographs of a) Bare PGE, b) GO
modified PGE, ¢) AuNP modified PGE, d) AuNP/GO modified PGE
(Scale bar: 1 pm). EDX mapping of e) PGE (The colors: Blue:C; Yellow:O)
and g) AuNP/GO/PGE (scale bar: 100 pm. The colors: Red:O; Blue:C;
Yellow: Au) and corresponding elementel compositions of f) PGE and
h) AuNP/GO/PGE.
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Table 1. Anodic/cathodic peak currents (Ipa/Ipc) and peak potentials
(Epa/Epc) at bare, GO modified and AuNP/GO modified PGEs.

Electrode Ipa Ipc Epa Epc (V) AEp

(nA) (nA) (V) (V)
PGE 336.0 323.0 0.306 0.173 0.133
GO/PGE 288.2 268.8 0.343 0.166 0.177
AuNP/GO/ 461.7 468.6 0.292 0.175 0.117
PGE

To investigate the electrochemical behaviour of deve-
loped disposable nanosensor platform, cyclic voltammetry
and impedance spectroscopy were employed in redox probe
solution. Fig. 3.A depicts the decrease in anodic/cathodic
peak currents of redox pairs at GO/PGE compared to bare
PGE (Fig. 3.A.b and 2.A.a, respectively). Besides, peak-to-
peak separation increased due to the negatively charged car-
boxyl groups of GO. When the medium pH is high enough,
carboxyl groups in the GO structure are negatively charged
and repel the negatively charged Fe(CN) *** redox pair from
the surface with electrostatic effects. Hence, the presence
of GO on PGE impeded the electron transfer and reduced
the peak currents [27]. When AuNP electrodeposition was
performed onto GO film, AuNP/GO/PGE showed a well-
defined CV, with approximately equal and reversible peaks
(Fig. 3.A.c). The highest peak current values indicated a
faster electron-transfer than the GO modified PGE. This
was realized by the catalytic effect of AuNPs and increased
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Figure 3. a) CVs showing a) bare, b) GO/PGE and ¢) AuNP/GO/PGE in

5mM Fe(CN) /0.1 M KCl at 50 mVs™. B) Nyquist diagrams of a) bare,

b) GO/PGE and c¢) AuNP/GO/PGE in 5 mM Fe(CN) "+ /0.1 M KCL. (E:
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Figure 4. CVs for 50 uM of CFX in pH 3.0 B-R buffer solution at a)
bare, b) GO modified, ¢) AuNP modified, d) AuNP/GO modified PGE.
e) CV for AuNP/GO/PGE in the absence of CFX. (Scan rate: 100 mVs™
vs. Ag/AgCl).

electrode surface area, accordingly. The corresponding re-
sults were summarized in Table 1.

To support this behavior of AuNP/GO/PGE, EIS met-
hod was utilized and obtained Nyquist diagrams were pre-
sented in Fig. 3.B. The charge transfer resistance (Rct) values
were calculated from the obtained spectrum using Rand-
les circuit at the electrode/solution interface (Fig. 3.B inset).
The Rct values of bare and GO/PGE were calculated as 260
Q) and 440 O, respectively. The increased Rct can be expla-
ined by the restriction of electron transfer due to GO modi-
fication. The resistance of AuNP/GO modified electrode at
the electrode/solution interface decreased, due to increased
charge transfer, so, AUNP/GO/PGE had the lowest Rct (43
Q) as expected. These results proved that modification of
PGE surface was performed successfully.

The influence of modification of PGE on the
electrochemical behavior CFX

The voltammetric response of CEX was examined at bare
and modified surfaces (Fig. 4). All the CVs revealed an
oxidation peak at about 0.9 V (vs. Ag/AgCl) and no re-
duction signal was recorded in the reverse scan due to
irreversible nature of the electrode process for cephalos-
porins [28].

As previously reported, the oxidation of amino group at
aminothiazole substituent to imino radical was responsible
for the electrode process of this group of antibiotics [12] (Fig.
5).
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Figure 5. Electrochemical oxidation reactions of CFX.




As previously reported, the oxidation of amino group at
aminothiazole substituent to imino radical was responsible
for the electrode process of this group of antibiotics [12] (Fig.
5).

The recorded CVs for 50 uM of CFX in pH 3.0 B-R buf-
fer showed that maximum peak current intensity was provi-
ded by GO/AuNP/PGE surface. The oxidation peak current
was 3.5 times higher and the peak potential appeared
at more negative potentials with respect to bare PGE.
This can be ascribed to larger effective surface area and
improved catalytic activity of the modified sensor surfa-
ce. Thus, it was concluded that AuNP/GO modified PGE
sensor system was suitable for sensitive CFX detection.
In order to understand the effect of several experimen-
tal parameters, optimization studies were performed as
below.

Effect of Scan Rate

The effect of scan rate was examined in the range of
10-400 mVs™ at AuNP/GO/PGE (Fig. 6). The plot of oxi-
dation peak current vs square root of scan rate showed
excellent linearity. This linearity was given as follows
(Eql)

I(uA)=5.0859" +12.28 R’ =0.990 o)

This behavior demonstrated that the electro-oxidation
reaction of CFX was a typical diffusion controlled electro-
catalytic process at AuUNP/GO/PGE [11].

Effect of Electrolyte pH

The voltammetric behavior of CFX on the sensor was
studied in BR buffer solutions of different pH values since
the electrochemical characteristics is strongly dependent
on the pH of the medium. Highest peak current was ob-
served with the pH value of 2.5 and decreased up to pH
value of 5.0 (Fig. 7). Thus, optimum pH value was deter-
mined as 2.5.

160

WA

E/V (vs. Ag/AgCl)

Figure 6. Scan rates from bottom to top: 10-400 mVs™ for 50 pM CFX
in pH 2.5 B-R Buffer.

Effect of AuNP and GO deposition time

After it was clearly demonstrated that the anodic oxida-
tion of CFX increased when the modifying agents were
combined together, AuNP/GO/PGE was employed in
order to obtain improved electrochemical signal of the
analyte. The dependence of response enhancement
on GO and AuNP deposition time was examined. The
physical adsorption time of GO was investigated between
15-90 minutes and the maximum oxidation peak current
was obtained at 30 min (Fig. 8.a). After this adsorption
time, peak current decreased which might have been due
to electron transfer restriction with the increase of GO
layer thickness. So, the optimum adsorption time of GO
was used as 30 min.

After determining the optimization of physical adsorp-
tion time of GO, the bulk electrolysis time of AuNP onto
GO/PGE was studied in the range of 25-300 s as deposition
times (Fig. 8.b). The maximum peak current was obtained
with deposition time of 100 s which promoted the electron
transfer between the CFX and the electrode, and higher
deposition times induced hinderance of the transfer. The-
refore, 100 s of AuNP electrodeposition time was applied for
further studies.

Effect of Pre-concentration Step

The pre-concentration of stripping analysis has two main
steps; namely deposition potential and deposition time
of the analyte. The deposition potential was changed at
fixed concentration of CFX in the range of 0.0 to 0.7 V
(vs. Ag/AgCl) at AuNP/GO modified PGE and stripping
voltammograms were recorded. As shown in Fig. 9.a, ac-
cording to the plot for applied deposition potential vs. the
oxidation current of CFX, the measured peak current
increased from 0.0 V to 0.6 V (vs. Ag/AgCl), and a roll-off
rate was observed on the peak current after this value in-
dicating that at more cathodic potentials which are close
to oxidation potential of the analyte, CFX molecules are

22
20
18 o

16 o

luA

14 |
12 -

10 o

T T T T T T T
20 25 3.0 3.5 4.0 4.5 5.0

pH
Figure 7. The current response of 5 pM CFX at AuNP/GO modifi-
ed PGE at different pH (2.0, 2.5, 3.0, 3.5, 4.0, 5.0) BR buffer. Conditi-
ons: frequency: 15 Hz; step amplitude: 30 mV; pulse amplitude: 4 mV;
(E, ):0.5V; tdeposititon (tdep): 30 s.

deposition\~ dep

G. Bolat et al./ Hittite J Sci Eng, 2020, 7 (2) 89-97



G. Bolat et al./ Hittite J Sci Eng, 2020, 7 (2) 89-97

7.5
a
7.0 4
6.5 -
6.0 -
5.5 -
5.0 o
4.5
T T T T
) 20 40 60 80 100
t/min
b
11+
10 o
9
8
7
6 T T T T T T
o 50 100 150 200 250 300

tis

Figure 8. a) Effect of GO adsorption time onto PGE, b) Effect of elect-
rodeposition time of AuNP to electrochemical response of 5 uM CFX.
(Under the same SWASV experimental conditions).

not strongly adsorbed on the electrode surface. Therefo-
re, the optimum deposition potential was determined as
0.6 V (vs. Ag/AgCl).

To identify the optimum deposition time of CFX, diffe-
rent durations (60-420 s) at the optimum deposition poten-
tial were examined (Fig. 9.b). Up to 300 s, the peak currents
increased and further increase in accumulation time yiel-
ded to almost stable response. This result proved that the
sensor surface was saturated at 300 s deposition time. So,
the optimum deposition time was selected as 300 s.

Analytical performance of the AuNP/GO/PGE

Since stripping analysis provides more sensitive measure-
ments, it has frequently been applied for various drug de-
termination studies [29-31]. Hence, under the optimized
conditions, SWASV was performed for the quantitive de-
tection of CFX (Fig. 10). The well-defined oxidation peak
currents with respect to the increasing CFX concentra-
tions were monitored and the measured peak currents
increased linearly with CFX concentrations in the range
0f 0.02-2.0 pM. The corresponding calibration graph was
illustrated in Fig. 10 (inset).

The obtained linear equation was (Eq.2),

I(uA)=4521 C(uM)+3.412 R>=0.9985 . ©)
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Figure 9. a) Effect of deposition potential and b) deposition time on
the oxidation peak current of 0.5 pM CFX. (Under the same SWASV
experimental conditions).

As a result, based on 30/m equation (o is standard de-
viation of the analytical signal for the blank solution (n=3),
m is the calibration curve slope), the LOD and LOQ were
determined as 0442 nM and 1.32 nM, respectively. When
compared with other reported electrochemical studies abo-
ut CFX (Table 2), the proposed sensing system had compa-
tible results.

Furthermore, the intra/inter-day reproducibility of the
AuNP/GO modified surface was examined by SWASV. To
estimate reproducibility of the electrode, six AuNP/GO/
PGE were fabricated independently and the RSD values
for these electrodes were 2.43% (n=3) and 2.26% (for 6
days). The developed AuNP/GO/PGE showed good rep-
roducible results. The interference study results showed
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Figure 10. SWASV curves at AuNP-GO modified PGE in BRT contai-
ning 0.02; 0.05; 0.1;0.5; 1.0; 1.50 and 2.00 uM (down to up) of CEX. (Inset:
Linear calibration graph for CFX).



Table 2. List of electrochemical sensors of CFX.

Working electrode type Method LOD (M) Linear Range (M) Reference

AgNPs-ND-G/GCE LSV 6.0x10° 2.0x10-8-7x10"¢ [12]

Fullerene/GCE SWV 6.6x101° 2.96x10-6-25.4 x10° [11]

Poly(o-anisidine)/SDS/Ni/CPE chronoamperometry 8.0x10° 1.0x10-5-2.0x10" [13]

MIP/Ag@AuNPs/ILs/GCE DpPV 2.0x10"* 1.0x10-9-1.0x10" [32]
1.0x10-12-1.0x10"

HGNPs/rGO/PGE AdDPV 3.5x10% [33]
1.0x10-11- 1.0x10~°

AuNP/GO/PGE SWASV 4.42x107° 2.0x10-8-2.0x10°¢ This work

GCE: Glassy carbon electrode, AgNPs-ND-G: silver nanoparticles Decorated Nano Diamond, SDS: sodium dodesulphate, CPE: carbon paste electrode,
MIP/Ag@AuNPs/ILs: molecularly imprinted polymer based silver@gold nanoparticles/ionic liquid, HGNPs/rGO: Hollow gold nanoparticles/reduced

graphene oxide, AADPV: adsorptive differential pulse voltammetry.

that 250 fold concentration of ascorbic acid, 150 fold con-
centration of glucose and 150 fold concentration of lido-
caine had no significant influence on the measured 0.5
uM CEX peak current (RSD values less than 5%).

Real Sample Analysis

The commercial CFX tablet was used to show the prac-
tical application of AuNP/GO modified PGE. The tablet
samples were analysed by standard addition method and
the recovery values of different concentrations of spiked
CFEX were given in Table 3.

The recovery and precision values confirmed that the
adjuvants of the drug did not show important interference
on the voltammetric response of CFX. These results clearly
proved that this sensor system can be used in real samples
for the detection of CFX with high accuracy.

CONCLUSION

A simple and an effective disposable sensor system based
on AuNP/GO was developed for the electrochemical de-
tection of CFX for the first time. When PGE surface was
coated with AuNP/GO, the oxidation peak of CFX impro-
ved remarkably due to a synergistic effect. The optimum
conditions were examined for the detection of CFX by

Table 3. Determination of CFX in tablet samples by standard addition
method (n=3).

Sample Added Detected RSD (%) Recovery
(uM) (uM) (%)

Tablet 0.0264 0.0261 1.60 101
0.0600 0.0581 1.39 97.0
0.0750 0.0742 1.29 99.0

95

SWASV. The described ultra-sensitive detection strategy
had good sensing performance and exhibited comparab-
le results with the literature. To demonstrate the success
of the practical application, the developed sensor system
was applied to the commercial CFX tablet and the obtai-
ned recovery values showed that the proposed system can
be used in real matrixes with high accuracy. The dispo-
sable modified sensor offers favourable features for the
electrochemical detection of CFX in terms of high sensi-
tivity, rapidness, simplicity and cost-effectiveness.
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