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imide crosslinked graphene
oxide–gold nanoflower modified SPE electrode for
sensitive detection of chloramphenicol antibiotic

M. R. Ali,ab M. S. Bacchu,ab M. R. Al-Mamun,ab M. S. Ahommed,c M. Aly Saad Aly d

and M. Z. H. Khan *ab

Here we introduce a composite material that consists of graphene oxide (GO) sheets crosslinked with N-

hydroxysuccinimide (NHS) and functionalized with gold nanoflowers (AuNFs). Furthermore, a screen

printed electrode (SPE) modified with the introduced composite is electrochemically reduced to obtain

an SPE/rGO–NHS–AuNFs electrode for sensitive and selective determination of chloramphenicol (CAP)

antibiotic drug. The morphological structure of the as-prepared nanocomposite was characterized by

scanning electron microscopy, energy-dispersive X-ray spectroscopy, cyclic voltammetry, Fourier-

transform infrared spectroscopy and electrochemical impedance spectroscopy. The proposed sensor

demonstrated excellent performance with a linear concentration range of 0.05 to 100 mM and

a detection limit of 1 nM. The proposed electrode offers a high level of selectivity, stability,

reproducibility and a satisfactory recovery rate for electrochemical detection of CAP in real samples such

as blood serum, poultry feed, milk, eggs, honey and powdered milk samples. This further demonstrates

the practical feasibility of the proposed sensor in food analysis.
1. Introduction

The presence of different harmful biological substances in food
and the body is rapidly increasing, thus it becomes vital to
detect specic molecules or substances at a low concentration
level. This concern pushes researchers worldwide to develop
rapid, inexpensive and precise detection methods for food
contaminants to ensure food safety. Chloramphenicol (CAP) is
a bacteriostatic agent commonly used as a low-priced broad-
spectrum antibiotic that was also effective against Gram-
positive and Gram-negative bacteria.1 The initial drug
discovery of CAP aimed to treat infectious diseases like plague,
cholera, typhoid fever and meningitis.2,3 Later, research efforts
revealed that CAP had severe side-effects on human beings due
to toxicity that was shown to cause reversible bone marrow
suppression, irreversible aplastic anemia, leukemia and gray
baby syndrome.4,5 As chloramphenicol can easily enter the
human body upon intake from medicines and foods, many
developed countries prohibited CAP for treating food-producing
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animals under food safety protocols. However, due to the low-
cost availability and high efficacy rate, it is still used in many
developing countries.6 Thus, a susceptible and selective method
to detect CAP is becoming crucial.

Different analytical methods were performed to detect
chloramphenicol including high-performance liquid chroma-
tography (HPLC),7 gas chromatography-mass spectrometry (GC-
MS),8 Raman scattering,9 antibody-based techniques,10 chem-
iluminescence11 and electrochemical techniques.12 Recently,
electrochemical detection of CAP was considered the most
promising strategy because of several advantages, such as the
simplicity of operation, portability of equipment, affordability
of cost, rapidity of response, and high sensitivity and selectivity
compared to other methods.13 However, the overall response of
the electrochemical sensing system highly depends on the
electrode materials.14,15 Various electrode materials were
applied for CAP detection such as single-wall carbon nanotube–
AuNPs composites,16 MoS2/polyaniline (PANI) composites,17

cadmium sulde nanoparticles modied-dendrimer.18

Furthermore, reduced GO incorporating with different nano-
particles showed excellent outcome for chloramphenicol
detection.19,20 Reduced graphene oxide (rGO) has been widely
used in electrochemical sensors because of their graphene-like
properties and ease of fabrication.21 Being a two-dimensional
sp2 hybridized nanocarbon material, rGO provides superior
electrical conductivity, high electrocatalytic activity, good
mechanical stability and high sensitivity towards sensing
mechanism.22 For these reasons, rGo has been utilized in
RSC Adv., 2021, 11, 15565–15572 | 15565
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electrochemical sensors including voltametric,23 potentio-
metric,24 amperometric,25 electrochemical impedance spec-
troscopy technique26 and more focus on rGO/nanoparticles
composites for sensing strategy were observed.27 Yadav et al.
developed cobalt oxide decorated reduced graphene oxide
sheets (Co3O4@rGO) to detect CAP and achieved a linear range
of 1–2000 mM with sensitivity of 1.32 mA mM cm�2.28 Palladium
nanoparticles were successfully decorated with rGO to detect
CAP with a low detection limit of 50 nM as reported by Yi et al.26

Additionally, they demonstrated the signicant role of rGO as
an active material for the electrode modication process in
detecting chloramphenicol. Govindasamy et al. prepared
rGO@Cu2S nanocomposites by following ultra-sonicated
method obtaining a lower charge-transfer resistance at the
electrode surface for real monitoring of CAP in food sample at
nanomolar level.29 Besides, some reports showed that N-
hydroxysuccinimide (NHS) can be used as a key reagent to
activate the carboxylic acid group (–COOH) of rGO by intensi-
fying electrochemical reaction.30,31

Conductive metallic nanomaterials attracted the attention of
numerous scientists and research groups in the eld of nano-
science and nanotechnology. Particularly, gold nanoparticles
(AuNPs) were broadly studied owing to their extended surface
functionalities, electrical, optical and excellent catalytic prop-
erties. Especially in the electrochemical sensing research area,
Au nanoparticles got more attention due to their high chemical
stability and biological compatibility.32 However, properties of
AuNPs can be controlled by modifying their size, shapes and
supporting materials. In view of this, researchers synthesized
AuNPs with different sizes and shapes such as spherical,33

triangular,34 cubic,35 nanorod36 and nanoowers37 by following
different synthetic methods. Compared with other shapes of
AuNPs, gold nanoowers (AuNFs) provide more surface-to-
volume ratio that enhances the electrocatalytic performance
of the sensors.38 Functional nanomaterials can amplify the
signal of the electrochemical sensor due to their enhanced
electrochemical properties, ensuring high sensitivity.39,40 Based
on comprehensive research, it was proven that the application
of AuNFs in electrochemical sensors increased the electron
transfer rate and sensitivity of sensors.41,42

In this study, GO–NHS–AuNFs nanocomposite was success-
fully prepared by crosslinking GO nanosheets with NHS ester
and decorated with AuNFs. Later, the modied electrode was
characterized by various analytical and spectroscopic methods.
In addition, the modied electrode was used as an electro-
chemical sensing platform to detect chloramphenicol by
differential pulse voltammetry method. Finally, the analytical
performance of the proposed sensor was tested to detect CAP in
various commercial real samples.

2. Materials and methods
2.1 Reagents

Tetrachloroauric acid (HAuCl4), ascorbic acid (AA), graphene
oxide (GO), N-hydroxysuccinimide (NHS) and sliver nitrate
(AgNO3) were purchased from Sigma Aldrich (City, China).
Cetrimonium bromide (CTAB) was bought from Merck (City,
15566 | RSC Adv., 2021, 11, 15565–15572
India). Chloramphenicol was supplied by local pharmaceuticals
company. All type of solution were made by using ultrapure
water (type-I) which was obtained from Evoqua (Germany,
resistivity > 18 MU cm). A phosphate buffer saline of 0.01 M was
used as a supporting electrolytic solution for all voltammetric
experiments. Nitrogen gas (N2) was used as an inert atmosphere
before all voltammetric runs.

2.2 Apparatus

A CS300 electrochemical workstation (Corrtest, Wuhan, China)
was employed to conduct all electrochemical measurements. A
Metrohms (DropSens) screen-printed electrode (SPE, 110),
three-electrode system, was used to execute the voltammetric
studies. Working and auxiliary electrodes were made of carbon,
while reference electrode was available in silver or silver/silver
chloride. The surface morphologies of different modied elec-
trodes were investigated using ZEISS Gemini SEM 500 scanning
electron microscope (SEM) equipped with BRUKER energy
disperse X-ray spectrophotometer with an accelerating voltage
of 5–20 kV. Thermo scientic ATR-FTIR (Model: Smart iTR) was
used to take Fourier transform infrared (FTIR) absorption
spectra. UV-vis experiment was done with Shimadzu UV1900
model. For UV experiment, 1 mL GO–NHS–AuNFs nano-
composite solution contains 0.2 mg GO, 2 mM NHS and 100 mL
as-prepared AUNFs.

2.3 Preparation of gold nanoowers (AuNFs)

About 5 mL of 3 M HAuCl4 solution was added into 15 mL of
200 mM CTAB aqueous solution. The prepared solution was
continuously stirred at 600 rpm for 3 minutes, 300 mL of 10 mM
AgNO3 was added and the mixture was stirred for extra 3
minutes. Next, 0.75 mL of 0.3 M AA was added to the mixture
and was stirred for another 3 minutes. Following, the mixture
was le for 4 minutes at room temperature and then was
refrigerated for 5 hours. The obtained AuNFs were centrifuged
at 5000 rpm for 5 minutes to remove the excess surfactants and
then washed several times with ethanol and ultrapure water.
Finally, the residue was stored in 3 mL of ultrapure water.

2.4 Preparation of the SPE/rGO–NHS–AuNFs

A 1 mg of graphene oxide (GO) powder was dispersed in 1 mL of
phosphate buffer saline (PBS, pH 7.4) and the mixture was
ultrasonicated for 20 minutes followed by 5 minutes of stirring
in order to get a homogenous solution. Next, 100 mL of previ-
ously synthesized AuNFs and 10 mM NHS were mixed with GO
solution and then the mixture was further ultrasonicated for 10
minutes. The SPE/rGO–NHS–AuNFs was prepared by drop-
casting a 10 mL aliquot of the solution, drying on air and fol-
lowed by electrochemical reduction via cyclic voltammetry at
a voltammetric range of �1.4 V to 0.7 V with a scan rate of
100 mV s�1 for 10 cycles.

2.5 Electrochemical measurement

Electrochemical determination of CAP was performed through
differential pulse voltammetry (DPV) in 0.01 M PBS solution.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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The DPV parameters were set at initial potential of �0.3 V, end
potential of �0.75 V, pulse width of 50 ms, modulation ampli-
tude of 50 mV and pulse period of 0.1 s.

2.6 Real sample preparation

Real sample analysis was carried out using blood serum, urine
and some commercially available samples. Egg, milk and honey
samples were prepared by the same procedure. A 1.00 g of each
sample and 3.0 mL of 10% trichloroacetic acid were added into
a 15 mL polypropylene centrifuge tube. In order to produce
a homogenous mixture, it was vortexed and ultrasonicated for 1
minute and 5 minutes, respectively. Next, the mixture was
centrifuged for 10 minutes at 3500 rpm, the supernatant was
separated by lter paper and diluted 200 times using 0.1 mM
PBS (pH 7.4) following the procedure reported by Hu et al.43

For poultry feed, a 2.00 g of feed and 2.0 mL ultrapure water
were added into a 15 mL polypropylene centrifuge tube and
vortexed for 1 minute. Next, 4 mL of ethyl acetate was added
into the mixture and ultrasonicated for 5 minutes. The mixture
was centrifuged at 5000 rpm for 10 minutes, supernatant was
ltrated and was completely dried at 50 �C following the
procedure reported by Bakar et al.44

3. Results and discussion
3.1 Morphology and microstructures of prepared
nanocomposite

The surface morphology of the as-prepared nanocomposites
was characterized by eld emission scanning electron micro-
scope (FE-SEM) as shown in Fig. 1. In multilayer GO nanosheet,
in which the graphitic material displayed a typical wrinkled
structure with plenty of corrugations is shown in Fig. 1A. The
size of supplied single GO sheet was 5–20 mmwith a thickness of
about 0.9 nm. AuNFs with Au displaying a 3D ower-like
morphology and an average size of 100–300 nm is shown in
Fig. 1B. The magnied view of the prepared rGO–NHS–AuNFs
Fig. 1 SEM images of (A) GO; (B) as-prepared AuNFs; and (C) rGO–NHS
EDX mapping images (E–G) of sample where the bright spots show the d

© 2021 The Author(s). Published by the Royal Society of Chemistry
nanocomposite presented in Fig. 1C revealed the incorporation
and strong interaction between AuNFs and the reduced gra-
phene oxide (rGO) through covalent bond. Energy dispersive X-
ray analysis (EDX) data (Fig. 1D) of rGO–NHS–AuNFs showed
that rGO sheets were decorated with AuNFs. The EDX plane
distributions of the typical elements on the nanocomposite
surface conrmed the presence of elements C, O and Au as
shown in Fig. 1E–G.

Fig. 2A shows the typical attenuated total reectance Fourier
transform infrared spectroscopy (ATR-FTIR) spectrum obtained
for prepared nanocomposite. FTIR spectra analysis showed
intense bands at 1606 cm�1 suggest the presence of stretching
vibrations (N–H) in gold nanoparticles as reported by earlier
researchers.45 The characteristic features in the ATR-FTIR
spectrum of GO-NHS are the absorption bands corresponding
to the C]C vibrations at 1676 cm�1, the C–O stretching at
1227 cm�1 and 1030 cm�1 respectively. The small spectrum
band around 1722 cm�1 may be observed for C]O. Finally, the
intense band observed at 3367 cm�1 shows O–H stretching
vibration.

The formation of synthesized AuNFs further conrmed by
UV-vis spectra (Fig. 2B) where a strong and broad peak around
at 523 nm attributed to the localized surface plasmon resonance
of gold nanoparticle. The analysis of the GO-NHS spectrum
reveals that the absorption peak at 265 nm which demonstrates
the occurrence of crosslinking within the graphene sheets
through NHS ester. Moreover, the absorption peaks obtained
for GO–NHS–AuNFs at 231 and 535 nm demonstrates the
incorporation of AuNFs on the GO-NHS composite as reported
by earlier researcher.46 As the conjugation in the P-bond
increases, the absorption peak shi to the longer wavelength
region.

3.2 Electrochemical characteristics of SPE/rGO–NHS–AuNFs

The electrochemical characteristics of different modied elec-
trodes were investigated via cyclic voltammograms (CVs) in
–AuNFs. Results of the EDX element analysis of rGO–NHS–AuNFs (D).
istribution of C, O and Au elements on the rGO–NHS–AuNFs surface.

RSC Adv., 2021, 11, 15565–15572 | 15567
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Fig. 2 ATR-FTIR spectrum (A) and UV-vis absorption spectra (B) obtained for AuNFs, GO-NHS, and GO–NHS–AuNFs nanocomposite.
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which [Fe(CN)6]
3�/4� was chosen as a redox probe for this

analysis. The CV of different electrodes in 0.1 M KCl solution
containing 5 mM of the redox probe at a scan rate of 100 mV s�1

is shown in Fig. 3A. The peak-to-peak separation values (DEp ¼
Epc � Epa) of bare SPE is calculated as 130 mV, indicating a slow
electron transfer kinetics of SPE. Aer the modication of rGO,
rGO-NHS and rGO–NHS–AuNFs on the surface of SPE, the peak-
to-peak separation values became smaller. The difference of
anodic and cathodic peak position of SPE/rGO–NHS–AuNFs
(DEp ¼ 71 mV) is less than that of SPE/rGO (DEp ¼ 85 mV) and
SPE/rGO-NHS (DEp ¼ 78 mV) and that indicates that SPE/rGO–
NHS–AuNFs exhibits faster electron transfer kinetics and higher
electroactivity than other electrodes.47

The effect of the scan rate on the potential response of the
proposed sensor was conrmed by a series of CVs analysis of
100 mMCAP at different scan rate of 10, 20, 30, 40, 50, 60, 70, 80,
90, 100, 150 and 200 mV s�1 in potential range of �0.15 V to
�0.75 V, as shown in Fig. 3B. The linear (R2 ¼ 0.9932) rela-
tionship between the scan rate and reduction peak current
depicted in Fig. 3B suggests adsorption controlled behavior of
CAP on the surface of SPE/rGO–NHS–AuNFs.48

3.3 Electrochemical detection of CAP

DPV technique was used to analyze the analytical performance
of different modied electrodes in 100 mM CAP containing
0.01 M PBS. The reduction peak was increased aer the
Fig. 3 Cyclic voltammograms (A) of the different electrodes measured in
(ii) SPE/rGO, (iii) SPE/rGO-NHS and (iv) SPE/rGO–NHS–AuNFs. CV respo
(from inner to outer): 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 150 and 200m
All potentials are given vs. Ag/AgCl. The inset shows the dependence of

15568 | RSC Adv., 2021, 11, 15565–15572
introduction of rGO–NHS–AuNFs on the surface of SPE as show
in Fig. 4A. This result indicates that the electroactivity of SPE
was enhanced when AuNFs were supported with the conductive
layer GO-NHS on the surface of SPE.

Under some optimized condition, a series of DPV analysis
was performed to detect CAP in 0.01 M PBS by using SPE/rGO–
NHS–AuNFs. The measurement expressed the reduction peak
potential that was gradually enhanced with increasing the
concentration of CAP and exhibited an excellent linear rela-
tionship between the concentration range of 0.05–100 mM (R2 ¼
0.995). The proposed electrochemical sensor had lower detec-
tion limit (LOD) of 0.001 mM, which is much lower than previ-
ously reported electrochemical investigations for the CAP
detection as summarized in Table 1.

3.4 Selectivity, reproducibility, and stability of the SPE/rGO–
NHS–AuNFs electrode

Selectivity, reproducibility, and stability are the most important
parameters for evaluating the performance of the modied
electrode. To assess the selectivity of the modied SPE/rGO–
NHS–AuNFs for the detection of CAP, it was carried out with
various interfering ions (Ca2+, Mg2+, Na+, K+, Fe2+, Fe3+, Cl�,
Al3+, NO3

�, SO4
2�) and organic compounds such as ascorbic

acid and uric acid. The current responses were observed with
the addition of those common interfering substances in the
presence of 0.01 M PBS (pH of 7.4) solution. It can be seen that
0.1 mol L�1 KCl including 5.0� 10�3 mol L�1 Fe(CN)6
3�/4�: (i) bare SPE,

nse obtained for SPE/rGO–AuNFs-NHS sensor at different scan rates
V s�1 in 0.01mol L�1 PBS including 1.0� 10�3mol L�1 CAP solution (B).
the peak currents on the scan rates.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) DPVs of 1 � 10�3 mol L�1 CAP at (i) bare SPE, (ii) SPE/rGO, (iii) SPE/rGO-NHS and (iv) SPE/rGO–NHS–AuNFs in phosphate buffer (7.4
pH) at a scan rate of 100 mV s�1. (B) DPVs obtained for the detection of CAP using SPE/rGO–NHS–AuNFs sensor in phosphate buffer (7.4 pH) at
scan rate of 100 mV s�1 with a wide range of concentrations from 0.05 mM to 100 mM. The inset shows the calibration curves for all
concentrations.
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the oxidation response of CAP with the addition of all inter-
fering substances remains unchanged (<3%) and that indicates
that the proposed electrode has an acceptable working
selectivity.

To study the reproducibility of the SPE/rGO–NHS–AuNFs
electrode, a series of repetitive DPV experiments were per-
formed using the same electrode. Less than 1% deviation of
current response for various concentrations of samples was
observed and that indicates that SPE/rGO–NHS–AuNFs elec-
trode had an excellent reproducibility.

Furthermore, the stability of SPE/rGO–NHS–AuNFs was
employed under the optimized conditions of DPV and was
recorded for CAP (100 mM) in 0.1 M PBS (pH ¼ 7.4) at 100 mV
s�1. The DPV response of CAP was examined over 14 days and
Table 1 Detection limit and linear dynamic range of various methods fo

Electrode Method Lin

rGO/PdNPs DPV 0.5
Gr/CuPc DPV 1–
AuNPs/GO Amperometry 1.5
Fe3O4/GCE SWV 0.0
Si–Fe/NOMC DPV 1–
MoS2-IL/GO DPV 0.1
MoS2/f-MWCNTs Amperometry 0.0
SPE/rGO–NHS–AuNFs DPV 0.0

Table 2 Detection of CAP in different real samples at SPE/rGO–NHS–A

Sample Added (mM) F

Commercial poultry feed 100 1
Blood serum 100
Milk 100
Honey 100 1
Egg 100 1

© 2021 The Author(s). Published by the Royal Society of Chemistry
was checked every 7 days while being stored in a refrigerator at
4 �C. There was no signicant deviation in the peak response
(1.56%) found aer 7 days of storage. In comparison, a small
deviation of the peak response (4.11%) was found aer the 14
days of storage and that suggests that the proposed sensor has
an excellent stability and lifetime. However, the proposed
electrode has potential selectivity, reproducibility, and stability
for CAP detection.
3.5 Real sample analysis

To evaluate the analytical reliability of the proposed modied
sensor, it was tested with commercially available real samples.
The modied electrode was used with the actual real samples
such as poultry feeds, blood serum, milk, honey and egg to
r determination of CAP

ear range (mM) LOD (mM) Ref.

0–1 0.05 49
30 0.75 50
–2.95 0.25 51
9–47 0.09 52
500 0.03 53
–400 0.047 54
8–1392 0.015 55
5–100 0.001 This work

uNFs electrode

ound (mM)
Relative recovery
(%)

RSD (%)
(n ¼ 3)

01.1 101.1 2.30
95.7 95.7 3.26
95.6 95.6 2.42
01.8 101.8 2.27
03.3 103.3 2.63

RSC Adv., 2021, 11, 15565–15572 | 15569
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evaluate the electrochemical detection of CAP quantitatively.
The real samples were collected from a local market and the
preparation technique was followed by the standard method as
stated in the methodology section. The DPV was formulated
using SPE/rGO–NHS–AuNFs electrode and a known concentra-
tion of CAP was spiked into the PBS with an appropriate time
interval. The obtained recovery values of CAP sensing the real
samples with the addition of standard approach method were
summarized in Table 2. The proposed modied sensor dis-
played satisfactory recovery results ranged from 95.6% to
103.3%, and the relative standard deviation (RSD) was less than
4.0% (n ¼ 3). The obtained results suggest potential reliability
for the rapid and sensitive detection of CAP in real samples.

4. Conclusion

In summary, a highly selective and sensitive rGO–NHS–AuNFs
nanocomposite modied screen-printed electrode-based CAP
sensor was developed. N-Hydroxysuccinimide acted as a cross-
linking agent to deposit multilayer graphene oxide sheets. The
proposed electrode exhibited an enhanced differential pulse
voltammetry response to CAP with high selectivity, wide linear
range, excellent sensitivity with a LOD of 1 nM. The application
of the proposed sensor was demonstrated with different real
food samples, including human blood serum and satisfactory
recovery results were obtained. The present ndings indicate
that rGO–NHS–AuNFs nanocomposite modied SPE electrode
hold high promise in food safety analysis.
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