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Abstract

A novel electrochemical sensor has been developed for levofloxacin (LEV), by coating a
glassy carbon electrode (GCE) with a film of poly (L-Cysteine)@Au NPs@reduced graphene
oxide. Cyclic voltammetry, electrochemical impedance spectroscopy, UV-Vis spectroscopy,
FT-IR spectroscopy and electron scanning microscope imaging were used for general surface
characterization over the successive electrode modification steps. The electrochemical
properties of the LEV was monitored by performing cyclic voltammetry (CV) experiments.
The CVs showed one oxidation peak at 1.0 V during the anodic potential scan, which was
attributed to LEV. Differential pulse voltammetry experiments using the modified electrode
produced linear response in two concentration windows of 1.0 x 10 M and 1.0 x 10™*
(LEV), with detection limits of 3.0 x 10 *2 M for LEV. The GCE modified through coating
with a film of poly(I-cys)/AuNPs/rGO/GCE was found to offer high stability, reproducibility,
and repeatability, as well as selectivity for LEV in mixed samples, and was successfully used

in the analysis of the LEV in synthetic blood serum , with recovery values of around 99%.

Keywords: Sensor, Reduced graphene oxide, Poly (L-Cysteine), AuNPs, Levofloxacin.



1. Introduction

A somewhat new recent concern is the emergence of the incremental occurrence of
antibiotic-resistant bacterial infections, as a result of over-prescription and neglected overuse
of antibiotics for humans and animals. The latter, i.e. the widespread application of
antibiotics in agriculture and aquaculture has created worries about the residual contents of
these materials in animal-based foods. This can lead to direct toxic effects or create pathogen
resistance and probable allergic hypersensitivity in humans [1,2]. There, hence, has been the
need for sensitive and selective methods for the analysis of antibiotics, as means for
monitoring the proper use of antibiotics, public health, as well as for developing and selecting
new drugs [3,4]. (—)-(S)-9-fluoro-2.3-dihydro-3-methyl-10-(4-ethyl-1-piperazinyl)-7-oxo-7H
pyrido[2,3,4-de]-1,4-benzoxazine-6-carboxilic acid hemihydrate, also widely known as
levofloxacin (LEV) is a common orally administered third-generation fluoroquinolones
antibiotic. Being the S-(-) the optical isomer of ofloxacin, LEV is prescribed in the case of
respiratory, urinary, skin and soft tissue infections [5], further to being associated with
various clinical and microbiological applications [6].

Various reports have been published on the determination of LEV based on HPLC
[7], LC-MS [8], spectrophotometry methods [8], etc. Electrochemical techniques, which offer
advantages of high speed, ease of use and low cost [9-12], have also been used for
determination of different compounds through the application of glassy carbon electrodes
(GCEs) [13], immunosensors [14], as well as electrodes modified with a conductive polymer
[15], MWCNT modified electrode [16], and graphene based modified electrode [17,18]. The
extraordinary properties of nanostructures have expanded their use in various fields like
catalyst, photocatalyst, supercapacitor and other energy storage systems and many other
fields [19-24]. One of this interesting field is expanding chemical and electrochemical

sensors based on different nanostructures. Unique properties of graphene such as surface



area, outstanding electrical conductivity, exceptional mechanical property, and easy surface
modification allow it to be used in potential electrochemical applications [9,25,26]. From the
most recent progress in reduced graphene oxide nanocomposites and their sensor application
can refer to poly N-methylthionine /electrochemically reduced graphene oxide (ERGO)
composite by the combination of electrochemical reduction and catalytic polymerization:
ERGO acts as both the efficient template and catalyst for the N-methylthionine
polymerization [27]. Furthermore, the PNMTh/rGO nanocomposite used as a novel
electrochemical sensing material for highly sensitive sensor [9]. Recently, the use of organic
functionalized groups and biological molecules as the immobilization matrix in the electrode
fabrication procedure has attracted considerable attention, owing to their multiple active sites,
selectivity, sensitivity, and the chemical stability. LCysteine (L-Cys) is the semi-essential
protein genic amino acids which as an electrochemical sensor material, provides tunable
conductivity and rapid electron transfer as well as creates abundant active sites for binding
analytes [28, 29]. A limited number of reports exist on the electrochemical analysis of LEV
using devices based on metallic or composite metallic oxide materials. A prevalent class of
instruments prepared based on this concept are electrochemical sensors modified with
nanoparticles. This is due to advantages of these materials including high surface and
stability, as well as unique electrochemical properties [30]. Reports are indicating the
applicability of gold nanoparticles as oxidation catalysts, as well as, for enhancing the
sensitivity and stability of electrochemical sensors [31-33].

In this study, we evaluated the application of gold nanoparticles as a catalytically
active material for modifying LEV electrodes. The electrodes were primarily modified using
poly (L-Cysteine) @reduced graphene oxide to form a stable matrix for Au nanoparticles.
The synergy of the good electro-catalytic ability the nanoparticles, and the high surface area

of the (L-Cysteine) @ reduced graphene oxide was found to significantly improve the



detection limit of the electrode, which was successfully used in the analysis of LEV in the

blood serum samples.

2. Experimental section

2.1. Chemicals and instruments

Analytical grade chemicals were procured from various companies and used without any
treatment. The 0.1 M phosphate buffer solution (PBS) used as the electrolyte was prepared
using KH,PO, and K,HPO, obtained from Merck. The LEV sample was from Merck Co. L-
Cysteine (Merck), Graphite powders (USA), LEV (Merck). HAuCl,.3H,O from Merck Co.
Deionized water was used throughout the research. Fresh frozen human blood serum samples
were obtained from Iranian Blood Transfusion Organization (Tehran-Iran) and stored frozen
until the assay time. The samples were diluted with 0.1 mol L™ PBS (with a ratio of 1:20). A

stock 1.0X1073 M LEV solution in water was prepared and used for preparing other

solutions. The electrochemical measurements were carried out with a Palm Sens (Em state
3+) potentiostat. The electrochemical system was a three-electrode setup composed of a
modified (or unmodified) glassy carbon electrode (as the working electrode), a Pt wire as the
counter electrode, and an Ag/AgCl/3.0 M KCI reference electrode. pH measurements were

performed under ambient conditions using a Metrohm, pH Lab 827 digital pH/mV/lon meter.
2.2. Fabrication of poly (I-cys)/AuNPs/rGO/GCE

Initially bare GCEs were polished using alumina particles to obtain a shiny surface.
Next the electrodes were sonicated in a deionized water bath for 2 minutes, and eventually
successively cleaned in 1:1 nitric acid, alcohol and deionized water baths, by sonication. GO
was obtained through the Hummer method, which involves oxidizing graphite powder using
a combination of KMnO,4, NaNO,, and concentrated H,SO,4 [34]. The product was repeatedly

washed under centrifugation at 5000 rpm (for 20 min), and then dispersed in deionized water



and sonicated to obtain a thin layer GO. The separated GO was then dried at 40 °C overnight.
The product was evaluated using SEM, FT-IR, and UV-Vis techniques.

5 pul of a1 mg mL™ GO dispersion was dropped onto and distributed on the surface of
the GCE, and then allowed to dry at room temperature. The GO was reduced (to rGO)
through applying 100 cyclic voltammetric scans in the range of 0.0 to 1.5V, ina 0.1 M PBS
(pH=5.0) and then the electrodes were rinsed with deionized water and left to dry at ambient
conditions, before the rGO layer was electrodeposited with Au nanoparticles. To this end 20
potential scans at 50 mV s were performed from —0.2 to —1.3 V.. These experiments were
performed in a 0.1 M PBS (pH=7.0) also containing 0.1 mM of HAuCl, [35]. The resulting
assembly (i.e. GCE/rGO/AuUNPs) was eventually washed, before being coated with an
electro-polymerized film of L-cys through 10 CV runs in 0.1 M PBS (pH=6.0) further
containing 1.0 mM I-cys, in the potential range —1.5 to +2.2 V at 100 mV/s. The resulting
poly (I-cys)/AuNPs/rGO/GCE was then dried in air and kept under ambient conditions. The
fabrication process of the electrochemical sensor is illustrated in scheme.1

Insert Scheme.1

3. Results and discussion
3.1. Characterizing of GO and rGO samples

The UV—Vis spectra acquired for GO samples are illustrated in Figure 1A. The
absorptions corresponding to the m—n* and n—=n* transitions of GO can be seen around 227
and 300 nm [36,37]. Figure 1B shows the FT-IR spectra of GO. As can be seen the
characteristic peaks of GO at 3382, 1708, 1226, and 1076 cm ™ correspond to the stretching
vibrations of O—H, carboxylic acid C=0, C—OH, and C—O and the signal at about 1363 cm™*
corresponds to the deformation of the O-H bond. The band at 3380—3600 cm * which related

to the stretching vibration of hydrogen bond due to the presence of hydroxyl groups [38-40].



Insert Fig.1

3.2. Characterization of poly (I-cys)/AuNPs/rGO/GCE

Applying the conditions of cyclic voltammetry can be used as an efficient approach
for synthesis of different conducting polymers on the surface of working electrodes. The CV
curves obtained during the electro-polymerization of I-cys using the AuNPs/rGO/GCE
working electrode can be seen in Figure 2. It is easy to see that the current increases with
increasing CV cycles. This is a typical observation in the case of the electrochemical
preparation of conductive polymers, and is considered as proof of the successful formation of
the polymer film on the surface of AuNPs/ rGO/GCE.

Insert Fig.2

Once the electrode was formed, its electrochemical behavior was evaluated through
CV runs in a [Fe(CN)s]*’* solution as a redox probe. The results obtained in a 0.1 mM
solution of [Fe(CN)s]*"* (1:1) also containing 0.1 M of potassium chloride at scan rate of 50
mV/s can be seen in Figure 3A. After modified of GCE, the peak current increased obviously
(curve d) due to the electrocatalytic effect of Poly (I-cys)/AuNPs/rGO/GCE for oxidation of
[Fe(CN)g]*™, this can be ascribed to the fact that Poly (I-cys)/AuNPs/rGO can significantly
enhance the effective surface area and facilitate the electron transfer.

Insert Fig.3

For further characterizing the electrode, it was used in electrochemical impedance
spectroscopy (EIS) tests at a potential of 0.23 V and in the range of 0.1 Hz to 10000 Hz.
Figure 3B illustrates the Nyquist plots obtained using bare GCE (a), rGO/GCE(b),

AUNPs/rGO/GCE(c) and Poly (I-cys)/AuNPs/rGO/GCE(d) in a 5 mM [Fe(CN)g]*™ solution



also containing 0.1 M of KCI. It can be seen that on the Poly (I-cys)/AuNPs/rGO/GCE (curve
d, Ret= 240 Q) the value of R¢; is smaller than to AUNPs/rGO/GCE (curve ¢, Ri= 392 Q) and
bare GCE (curve a, R = 920 Q). This is due to the excellent catalytical property of Poly (I-
cys)/AuNPs/rGO that formed a high electron conduction pathway between the electrode and
[Fe(CN)e]*™ .

The morphology of the different electrodes were studied through SEM and the results
are presented in Figure 4. According to Figure 4a the GCE has an amorphous carbon
morphology, while Figure 4b reflects a typical crumpled/wrinkled morphology for graphene
with enhanced electrode surface area. Then, Au nanoparticles were successfully deposited on
the GCE surface by the CV technique (Figure 4c), after electro polymerizing I-cys onto the
rGO/GCE Figure 4d, a conductive polymeric film was formed on the wrinkled rGO
containing the final Poly (I-cys)/AuNPs/rGO/GCE.

Insert Fig.4

3.3. Properties of the Poly (I-cys)/AuNPs/rGO/GCE

The differential pulse voltamograms (DPV) recorded in blank PBS (pH=6.5) and also
0.01 mM solutions of LEV in PBS (pH=6.5) using bare GCE and Poly (I-
cys)/AuNPs/rGO/GCE as the working electrodes. The results of the DPV tests at 100 mV/s
are presented in Figure 5A. Clearly no redox peaks are present in the case of the blank sample
with both bare and modified electrodes (curves a and b). Yet the magnitude of the
background current was higher with the modified GCE, which was attributed to the faradic
current, reflecting significant changes in the surface properties of the electrode as a result of
modification. Figure 5A (c and d) clearly shows that the anodic peak current in LEV-
containing sample was significantly enhanced with the modified poly (I-

cys)/AuNPs/rGO/GCE. Figure 5B shown the DPV recorded in 0.01mM solutions of LEV in



PBS (pH=6.5) using unmodified GCE, as well as GCE/rGO, GCE/rGO/Au NPs and poly (-
cys)/AuNPs/rGO/GCE.
Insert Fig.5

3.4. Influence of the potential scan rate

In order to evaluate the dependence between the electrochemical behavior of poly (I-
cys)/AuNPs/rGO/GCE and the potential scan rate, different CV were performed by applying
potential scan rates in the range of 40 to 500 mVs* using 1.0 x10 > M LEV solution in 0.1
M PBS (Figure 6). According to plots of the peak current against the square root of the
potential scan rate (Aipa vs. v*), based on experimental data LEV oxidation is a diffusion
controlled processes [41]. Moreover, the peak current potential of LEV had a shift to more
positive values with increasing the scan rate, reflecting the irreversibility of the process [42].

Insert Fig.6

3.5. Effect of pH

The effects of the pH of the electrolyte (i.e. 0.1 M PBS) on the peak current and
potential of the LEV was studied in the range of 5.5 to 8.0 and the observations are presented
in Figure 7. It can be seen that increasing the pH in this range enhances the peak current up to
a pH of 6.5 (Figure 7A). A plot of E vs pH (Figure 7B), shows that the peak potential moves
in the negative direction with increasing the pH, reflecting the occurrence of a prior chemical
(proton transfer) reaction (Scheme 2). The optimal peak current was observed at pH=6.5,
which was used as the optimal value in further studies.

Insert Fig.7

3.6. Performance of the electrode

3.6.1. Stability and repeatability



The modified electrode was found to produce stable responses even after 20 days,
when kept in a sealed vessel. During the test period DPV tests were conducted using the
electrode every four days using a 1.0 uM LEV solution in PBS (pH=6.5). Based on the
results the modified electrode was still capable of maintaining 88.0% of its original current
response, after the period under the test condition. To evaluate the repeatability of the
response of the modified electrode the peak currents of 8 replicate DPV experiments of a 1.0
uM LEV solution in PBS (pH=6.5) were measured and compared. The relative standard
deviation (RSD) of the results was determined to be 1.8%, reflecting the good repeatability of
the modified electrode. The reports Comparison of repeatability and stability for

determination of LEV at various modified electrodes can be seen (Table 1).

3.6.2. Voltammetric determination of levofloxacin on poly (I-cys)/AuNPs/rGO/GCE

Figure 8A shows the DPV curves of LEV at various concentrations from 1.0 x 107 to
1.0 x 10 M and Figure 8B shows the DPV curves of LEV at various concentrations from 1.0
x 10™ to 1.0 x 107 M. The plot of 1., against concentration of LEV shows a two linear
dynamic range 1.0 x 107 to 1.0 x 10* M with a R? value of 0.996. The linear regression
equation for this range is I (LA) = 9.148 C+10.6) and 1.0 x 10 to 1.0 x 107 M with a R?
value of 0.994. The linear regression equation for this range is | (LA) = 0.2489C+2.252). The
detection limit of the method was calculated to be 3.0 x 10™** M with the signal to noise ratio
of 3), The literature reports different studies involving the individual determination of LEV
with modified electrodes can be seen (Table 2), the proposed sensor exhibited excellent
analytical performance for the determination of LEV, with limits of detection and or linear
concentration ranges similar to, or better than, those reported previously.

Insert Fig.8
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3.7. Interference studies

The influences of various foreign species (inorganic ions and organic compounds
commonly existed in pharmaceuticals and biological samples) on the determination of LEV
were investigated. The tolerance limit was defined as the concentration ratio of interference
/LEV causing less than £3.0% relative error. The results indicated as follows: the tolerance
limit of additives to 1 uM LEV was ~300 for Na*, ~300 for K* ~150 for glucose, ~100 for
fructose, ~60 for valine, ~120 for urea, ~130 for SO4*, ~130 for NOg", ~20 for ascorbic
acid and ~20 for uric acid (Figure 9). But equal molar of norfloxacin, ciprofloxacin,
enoxacin, and lomefloxacin cause serious interference.

Insert Fig.9

3.8. Analysis of real samples

The LEV content of blood samples were determined using the electrochemical sensor,
after highly diluting the blood serums with PBS (pH=6.5) using the standard addition
method. The recovery values were determined by comparing the measured concentrations
with their known values. The RSD and recovery values reported in Table 3 were calculated
from the results obtained for five replicate tests in three concentrations levels. The recovery
values fell in the range of 96% to 102.2%. This indicates the good accuracy of the electrode

which makes it a highly potential candidate for real sample analyses.

4. Conclusions

The developed modified GCE for the analysis LEV (i.e. poly (I-
cys)/AuNPs/rGO/GCE could be the first of its kind for the electrochemical analysis of LEV.
The sensing platform presented an appreciable ability to show many advantages such as high

surface area, efficient catalytic ability and subsequently, wide linear range, low LOD, high

11



stability and reproducibility in the LEV detection. The poly (I-cys)/AuNPs/rGO/GCE was

effectively used for the determination of LEV content of human blood serum through

standard addition method. Overlay, it can be easily extended and it has the potential to be

applied for detecting other targets with acceptable results.
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Legends for the Figures:

Fig. 1: (A) the UV—Vis spectra of GO and (B) the FT-IR spectra of GO.

Fig. 2: A) CVs for electrochemical reduced GO to rGO through applying 100 cyclic
voltammetric scans in the range of 0.0 to —1.5 V, in a 0.1 M PBS (pH=5.0) at scan rate 100
mV s, B) CVs for electrodeposited Au nanoparticles onto the rGO/GCE in 0.1 M PBS
(pH=7.0) also containing 0.1 mM of HAuUCI, after 20 cycles in the range of —0.2 to —1.3 V at
scan rate 50 mV s™. C) CVs for electrochemical polymerization of I-cys in 0.1 M PBS (pH
6.0) containing 1.0 mM I-cys onto AuNPs/rGO/GCE After 10 cycles in the range of —1.5 to
+2.2 \V at scan rate 100 mV s™.

Fig. 3: (A) the CVs and (B) electrochemical impedance spectra of bare GCE (a),
rGO/GCE(b), AuNPs/rGO/GCE(c) and Poly (I-cys)/AuNPs/rGO/GCE(d) in 5.0 mM
[Fe(CN)g]*™ solution containing 0.10 M KCI.

Fig. 4: SEM images of the working surface area for: bare GCE (a), rGO/GCE(b),
AUNPs/rGO/GCE(c) and Poly (I-cys)/AuNPs/rGO/GCE(d).

Fig. 5: A) DPV of the bare GCE in blank PBS (pH=6.5) (a) and in presence of 0.01 mM LEV
(c) and GCE/rGO/Au NPs/Poly (I-cys) in blank PBS (pH=6.5) (b) and in presence of 0.01
mM LEV (d). B) DPV recorded in PBS (pH=6.5) and also 0.01 mM solution of LEV in PBS
(pH=6.5) using bare GCE (a), GCE/fGO (b), GCE/rGO/Au NPs (c), and poly (I-
cys)/AuNPs/rGO/GCE (d).

Fig. 6: CVs of poly (I-cys)/AuNPs/rGO/GCE in PBS (pH 6.5) containing 1.0 x 10®° LEV at
various scan rates; from inner to outer scan rates of 40-500 mVs™, respectively.

Fig. 7: Cyclic voltammograms of 0.1 mM LEV recorded from pH 5.5 to 8 at a scan rate of
100 mV/s.

Fig. 8: (A) Differential pulse voltammograms of GCE/rGO/AuNPs/Poly(l-cys) in various

LEV concentrations in the range 1.0 x 107 to 1.0 x 10* M (B) Differential pulse

voltammograms of GCE/rGO/AuUNPs/Poly(l-cys) in various LEV concentrations in the range
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1.0 x 10" t0 1.0 x 107" M. (The DPV parameters: E step = 0.005 V, E pyise = 0.06 V, t pyise =
0.02 s, Scan rate = 0.1 V/s).

Fig. 9: Histogram of the change of (A) concentration vs. different probable interferences (150
umol L?of glucose, 100 umol L? of fructose, 120 umol L? of urea, 130 umol L? of SO~
and NO3’, 300 umol L™ of Na" and K*, 60 umol L™ of valine, 20 umol L™ of ascorbic acid
and uric acid) towards LEV (1 pmol L) and (B) Influences of some possible interferences on
the response of 1.0 uM LEV. i and iy represent peak current responses of LEV in presence

and absence of interferences, respectively.

Scheme 1: Schematic exhibition of fabrication process of the poly I-cys/Au NPs/rGO/GCE.
Scheme 2. Proposed reaction mechanism for oxidation of LEV.
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Table 1: Comparison of repeatability and stability for determination of LEV at various
modified electrodes.

repeatability stability
Electrode LEV successive RSD% LEV successive current Ref.
conc.  determinations conc. times response
(uM) (uM)
[43]
PoAP/MWCNTSs/GCE 10.0 7 2.3 in0.1M 30 days 91.2
H,SO,
0.1, [44]
AgNPs/CeO2-Au/GCE 0.5, 10 <354 1.0 30 days 91.1
5.0,
10.0
poly(p-ABSA)- rGO No observable  [45]
/IGCE - - - 50.0 30 days change
occurred
This
GCE/rGO/AuNPs/ 1.0 8 1.8 1.0 20 days 88.0 work
Poly(I-cys)
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Table 2: Comparison of analytical parameters for determination of LEV at various modified

electrodes.
Electrode Technique Potential Liner range LOD(uM) Ref.
(V) (nM)
DsDNA/GCE DPV 0.82 05-5 0.1 [46]
PDDA-rGO/gold nanoparticles DPV 1.12,1.26 10.0-200.0; 3.9 [47]
200.0-800.0
ssDNA/SWCNT/gold E DPV 0.82 1.0-10 0.0752 [48]
MWCNTs/poly(oaminophenol) DPV ~11 3.0-200.0 1.0 [43]
composite film

MWCNT-SnO2/GC DPV 0.91 1.0-9.9 0.2 [49]
MIP/G-AuNPs DPV 111 1.0-100.0 0.53 [50]
GCE/rGO/AuNPs/Poly(l-cys) DPV ~0.91 0.00001-0.1;  0.000003  This
cVv ~1.1 0.1-100 work
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Table 3: The application of proposed sensor for determination of LEV in human blood
serum samples.

No. LEV added (uM) LEV found (uM) (%) Recovery
1 4.00 3.84 96
2 8.00 7.92 99
3 12.00 12.24 102
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Highlights

e The sensor shows sensitive behavior for levofloxacin

e The detection limit reached 3.0 x 10™** M in a wide linear range from 1.0 x 10 M
to1.0x 10" M

e The GCE modified was found to offer high stability, reproducibility, and

repeatability
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