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a b s t r a c t

Chloramphenicol (CAP), as a broad-spectrum antibiotic, has been worldwide banned for using in the food
producing animals due to its overuse may cause severe threats to public health. It is therefore highly
desirable to develop facile, selective and sensitive biosensor for CAP detection and monitoring in drug
and foodstuff samples. In this work, three-dimensional reduced graphene oxide (3DRGO) architectures
were prepared through a green and template-free approach and used as active electrode materials to
develop a highly selective electrochemical sensor for CAP detection. The spontaneous reduction and
assembly of graphene oxide via zinc foil was completed at room temperature, followed by washing with
diluted hydrogen chloride solution, to produce 3DRGO. The as-prepared 3DRGO were characterized by
scanning electron microscopy (SEM), transmission electron microscope (TEM), X-ray diffraction (XRD),
X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy. An electrochemical biosensor for CAP
was constructed based on 3DRGO-modified glass carbon electrode (3DRGO/GCE). It was revealed that the
present 3DRGO/GCE sensor exhibited a remarkable performance with a detection range of 1–113 μmol L‒
1 and a detection limit of 0.15 μmol L‒1 at physiological pH 7.4. Moreover, the sensor showed an excellent
selectivity, stability, reproducibility, and satisfying recovery result for CAP detection in real samples.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

As a new class of nanocarbon material, graphene has attracted
tremendous attention due to its excellent properties such as ex-
traordinary electrical conductivity, fast electron transfer kinetics,
high surface area and remarkable mechanical strength [1–3].
These features make graphene a promising electrode material for
various applications, such as electrochemical sensing, catalysis and
energy storage [4–8]. However, when used as an electrode mate-
rial, two-dimensional graphene usually exhibits a dramatically
decreased surface area that hindered the practical application,
because these graphene nanosheets tend to stack and form ag-
glomerates [9]. To increase the accessible surface area of graphene
material and facilitate its practical applications, many efforts have
been devoted to construct three-dimensional (3D) graphene ma-
terials [10–16]. Recently, 3D graphene architectures have been
successfully fabricated by various methods such as self-assembly,
template-assisted synthesis as well as chemical vapor deposition
(CVD) [17–21]. For example, 3D layered graphene architectures
have been achieved via an ordered self-assembly process by using
cross-linking agent of poly(vinyl alcohol) [22]. Yu et al. have
prepared 3D graphene electrode materials by polystyrene-
spheres-templated approach that showed an enhanced sensitivity
for dopamine detection [23]. Kota et al. have reported the fabri-
cation of ice-templated 3D graphene material and achieved ex-
cellent supercapacitive performances [24]. 3D graphene nanos-
tructures have also been synthesized through CVD by using porous
nickel foam as a substrate, and used to construct a dopamine
biosensor that exhibited remarkably improved sensing perfor-
mance [25]. Although the 3D graphene nanostructures have been
emerged as promising materials for various applications, the
complicate construction conditions and additional templates are
usually involved. Therefore, the development of simple and green
methods for 3D graphene architectures fabrication is still a chal-
lenging task.

Chloramphenicol (CAP), a broad-spectrum antibiotic that is
effective against to a wide variety of bacteria, has been extensively
used since the 1950s for the treatment of infectious diseases in
both humans and animals [26–28]. However, the overuse of anti-
biotics would result in accumulation of antibiotics in food and
water that may cause severe threats to public health [28]. For
example, it has been known that the CAP may cause bone marrow
depression, aplastic anemia, cardiovascular collapse, etc. [26–29].
Thus the use of CAP in the food producing animals has been
worldwide banned in recent years. But the fact is that CAP is still
illegally used in cows to control mastitis and other animal diseases
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because of its low cost and high effectiveness [30]. Therefore, it is
highly desirable to develop facile, selective and sensitive analytical
methods for CAP detection and monitoring in drug and foodstuff
samples.

Various analytical methods, such as liquid chromatography (LC)
[31], gas chromatography (GC) [32], LC-mass spectrometry (LC-
MS) [33], GC–MS [34], electrophoresis [35], Raman scattering [36],
and chemiluminescence [37], have been developed for CAP de-
tection. Nevertheless, the requirements for complicated analytical
procedures, expensive instruments, tedious separation steps limit
the extensive routine applications of these methods. Alternatively,
electrochemical method for CAP detection offers the advantages of
fast analysis, good sensitivity, simple operation, and low cost [38–
40]. In this regard, various electrode materials, such as self-doped
polyaniline intercalated molybdenum disulfide [41], nitrogen-
doped graphene nanosheets decorated with gold nanoparticles
[42], titanium nitride–reduced graphene oxide nanohybrids [43],
magnetic hollow porous nanoparticles [44], silver nanoparticles/
sulfonated functionalized graphene [45], and 1,5-diamino-
naphthalene polymer modified aptamer [46], have been employed
for determination of CAP. Most of these reported electrode mate-
rials either require complicated preparation processes or show
poor sensitivity, and therefore the electrochemical sensing per-
formances still need to be improved for a practical application.

Here we will report a facile preparation of three-dimensional
reduced graphene oxide (3DRGO) architecture via green and
template-free approach, and its application in construction of
electrochemical biosensor for CAP. The as-prepared 3DRGO ma-
terials were fully characterized and their sensing performance was
investigated by electrochemical determination of CAP, which
showed an excellent selectivity, stability, reproducibility, and sa-
tisfying recovery result for CAP detection in real samples.
2. Experimental

Graphite powder was obtained from XFNano (99.9%, Nanjing,
China). Chloramphenicol was provided by Amresco (AR, USA). All
other chemicals were purchased from Sinopharm (AR, Shanghai,
China) and used as received. Phosphate buffered saline (PBS,
pH¼7.4) was prepared from Na2HPO4 (0.1 mol L‒1) and KH2PO4

(0.1 mol L‒1), containing NaCl (0.1 mol L‒1) and KCl (0.01 mol L‒1).

2.1. Preparation of 3DRGO electrode

The 3DRGO was prepared through spontaneous reduction of
graphene oxide via zinc foil at room temperature [14,47]. Briefly,
graphene oxide (GO) was firstly produced from graphite powder
according to the modified Hummers method [48,49]. The Zn foil
Fig. 1. SEM (a) and TEM (b) im
was then immersed into an aqueous GO suspension (0.5 mg mL‒1,
30 mL) for 7 h without any additives at room temperature. The
black deposition formed on Zn foil surface was collected by ul-
trasonication, cleaned by sinking the graphene materials into di-
luted HCl under stirring for 30 min. The solid was then collected
by centrifugation and washed with water for three times, and fi-
nally dried in vacuum at 40 °C overnight to afford the 3DRGO ar-
chitectures. 3DRGO was then dispersed in ethanol (2.0 mg mL‒1)
and 3 μL of suspension was transferred on the pre-polished glassy
carbon electrode (GCE) to construct the 3DRGO/GCE electrodes.
For a comparison, normally reduced graphene oxide (N-RGO) was
also prepared by using hydrazine hydrate based on reported pro-
cedure [42], and used to similarly construct the N-RGO/GCE
electrodes.

2.2. Characterization

Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) were completed on S-4800 (Hitachi, Japan) and
JEM-2100F (JEOL, Japan), respectively. X-ray diffraction (XRD) and
X-ray photoelectron spectroscopy (XPS) were recorded on D/max
2550 (Rigaku, Japan) and PHI 5400 (PE, USA), respectively. Raman
spectrum was measured on inVia-Reflex (Renishaw, UK). Electro-
chemical measurements were conducted on CHI-660D electro-
chemical workstation (Shanghai Chenhua, China) with a common
three-electrode system, including GCE or graphene modified GCE
as working electrode, Pt wire and saturated calomel electrode
(SCE) as counter and reference electrodes, respectively. The cyclic
voltammetry (CV) performed from –0.2 to 0.6 V or –1 to 1 V (vs.
SCE) with the scan rate of 50 mV s‒1. The differential pulse vol-
tammetry (DPV) was carried out in 0.1 mol L‒1 PBS þ0.1 mol L‒1

KCl at pH 7.4 from �0.4 to �0.7 V (vs. SCE), with step potential of
4 mV, amplitude of 50 mV, pulse width of 0.2 s and pulse period of
0.5 s, respectively. Electrochemical impedance spectroscopy (EIS)
was recorded in 0.1 mol L‒1 KCl solution containing 5 mmol L‒1

K3[Fe(CN)6], where the frequency range is from 0.01 Hz to100 kHz
with a signal amplitude of 5 mV and the scan rate of 100 mV s‒1.
All electrochemical measurements were carried out under nitro-
gen atmosphere at room temperature.
3. Results and discussion

3.1. Characterization of 3DRGO

The as-prepared 3DRGO materials were characterized by SEM,
TEM, XPS, XRD and Raman spectra, respectively. As shown in Fig. 1,
porous 3D architectures with obvious ripples and wrinkles on the
graphene surface have been revealed by SEM and TEM
ages of 3DRGO materials.



Fig. 2. XPS (a, b), Raman spectra (c) and XRD pattern (d) of GO and 3DRGO, respectively.
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observations. The reduction of GO was confirmed by XPS analysis
as shown in Fig. 2. It was noted that the C 1 s XPS of GO and
3DRGO were fitted into three peaks centered at 284.6, 286.8,
288.5 eV, attributing to the C–C/C¼C in alkyl and sp2-bonded
carbon network, the C-O in hydroxyl and epoxy groups, and the
C¼O in carbonyl and ketone, respectively (Fig. 2a and b) [49].
Obviously, the C–O and C¼O peak intensity remarkably weakened
in 3DRGO, and the C–C/C–O peak intensity ratio is 2.4 in the
3DRGO, much higher than that in GO (1.1). These indicate that the
oxygen containing groups were largely removed and GO was
mainly reduced to graphene by Zn foil. Raman spectra of GO and
3DRGO exhibits two intense peaks, one is the G band (1592 cm‒1)
and the other one is the D-band (1320 cm‒1) (Fig. 2c). The higher
intensity ratio of the D to G peak (ID/IG) in 3DRGO (1.36) than in GO
(0.96) proves the increase of sp2 carbon in the former due to re-
duction [50]. The XRD spectrum showed a broad peak around
2θ¼24° (Fig. 2d), corresponding to an interlayer distance of
0.36 nm of reduced graphene oxide sheets [50]. These results in-
dicate that the 3DRGO architectures were successfully fabricated
by Zn foil spontaneous reduction induced self-assembly.

3.2. Electrochemical characterization of 3DRGO electrode

The electrochemical performances of various electrodes were
firstly investigated by CV with K3[Fe(CN)6] as redox probe. The CV
curves of 0.5 mmol L‒1 K3[Fe(CN)6] containing 0.1 mol L‒1 KCl on
the GCE, N-RGO/GCE and 3DRGO/GCE were displayed in Fig. 3a,
respectively. Although a pair of well-defined redox peaks was
observed on all of these electrodes, the current intensity was fol-
lowed the order of 3DRGO/GCE4N-RGO/GCE4GCE, revealing
that 3DRGO electrode materials own the best activity, probably
due to their 3D architectures provide the larger electroactive sur-
face area (EASA). The EASA was then estimated by the peak cur-
rent intensity ( Ip) according to the following Randles-Sevcik
equation (25 °C) [51,52].

= × ×Ip n AD v C2.69 105 3/2 1/2 1/2 where n is the number of
electrons take part in the redox reaction (n¼1 for one-electron
transfer reaction), A is the electroactive surface area (in cm2), D is
the diffusion coefficient (D¼6.50�10‒6 cm2 s‒1) [53], C is the bulk
concentration (in mol cm‒3), v is the scan rate (in V s‒1). The ef-
fective EASA of 3DRGO/GCE was estimated to be 0.22 cm2, which is
larger than those of N-RGO/GCE (0.17 cm2) and the bare GCE
(0.05 cm2). The larger EASA of graphene modified electrodes can
be attributed to the high surface area of graphene nanomaterials,
whereas the largest EASA of 3DRGO/GCE could be related to its
more porous 3D structure than that of N-RGO [42]. EIS has been
known to be a powerful technique to reveal detailed information
on the impedance changes of electrodes, where the semicircle in
impedance spectra at higher frequencies corresponds to the elec-
tron-transfer limited process, and the linear portion at lower fre-
quencies represents the diffusion-limited process [53]. As shown
in Fig. 3b, very small semicircle domains were observed on gra-
phene modified electrodes, 3DRGO/GCE and N-RGO/GCE, implying
their very low electron-transfer resistance [53]. Both the larger
electroactive surface area and lower electron-transfer resistance
suggest that the 3DRGO/GCE can serve as a promising platform for
electrochemical sensor construction.

The electrochemical behaviors of CAP on various electrodes
were then investigated by CV and DPV. As shown in Fig. 3c, there
are one oxidation peak at ‒131 mV and two reduction peaks at ‒



Fig. 3. CV curves of 0.5 mmol L‒1 K3[Fe(CN)6] (a), CV (c) and DPV (d) curves of 50 μmol L‒1 CAP in 0.1 mol L‒1 PBS solution (pH¼7.4) on bare GCE, N-RGO/GCE and 3DRGO/
GCE, respectively. Nyquist plots (b) of these electrodes recorded in 0.1 mol L‒1 KCl solution containing 5 mmol L‒1 K3[Fe(CN)6]. The inset in (b) is the corresponding plots at
higher frequency region.
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170 and ‒633 mV respectively. These redox behaviors could be
explained by considering the oxidation/reduction reactions of CAP,
where the peak at ‒633 mV could be attributed to the irreversible
reduction of the nitro group in CAP, and the other couple redox
peaks were ascribed to the reversible redox of the intermediate
hydroxylamine group [38,42]. The highest current intensity was
observed on 3DRGO/GCE from both CV and DPV curves (Fig. 3c and
d), revealing that 3DRGO materials could provide an excellent
electrochemical sensing platform for CAP detection.

3.3. Electrochemical performance of 3DRGO-based sensor for CAP
detection

To achieve a sensitive detection of CAP, the experimental con-
ditions including the amounts of 3DRGO and pH were system-
atically optimized. As shown in Fig. 4a, the current intensity at ‒
633 mV increased with increasing the volume of 3DRGO suspen-
sion (2.0 mg mL‒1) dropped on the GCE surface up to 3 μL, and
significantly decreased with further increasing the volume of
3DRGO (Fig. 4b). This indicates the employment of 3DRGO can
effectively increase the surface area of electrode, but excess
3DRGO could stack to thicker layers that hinder the electrical
conductivity of material. Accordingly, the optimal amount of
3DRGO suspension solution was selected as 3 μL in this work.
Fig. 4c showed the DPV behavior of CAP on 3DRGO/GCE in various
pH values. With changing pH from 4 to 9, it can be seen that the
peak potentials monotonically shifted to positive window,
whereas the peak current increased firstly and reached the max-
imum at pH 7.4, and then significantly declined after that (Fig. 4d).
The pH-dependent peak potential manifested that the proton in-
volved in the redox reaction process. Taking the sensitivity and
biocompatibility into account, the PBS buffer solution with phy-
siological pH 7.4 was chosen for the further study.

To ascertain the mechanism of the reaction taken place on the
3DRGO/GCE, the kinetics of electrode reaction was studied by
examining the influence of scan rate on the redox peak current
and potential. As shown in Fig. 5, the redox current increased with
increasing the scan rate (10–100 mV s‒1), and the peak intensities
at ‒131, ‒170 and ‒633 mV are found to show quite good linear
relationships with the scan rates, respectively. This implies that
the redox of CAP on the 3DRGO/GCE is an adsorption controlled
process [54].

Under the optimum experimental conditions, the linear de-
tection range and detection limit of the as-prepared 3DRGO/GCE
biosensor were obtained by DPV measurements in pH 7.4 PBS
upon successive addition of CAP solutions (Fig. 6a). To make sure
that the added CAP was fully mixed, the electrolyte solution was
stirred for about 30 s before the DPV measurements. It is found
that the reduction peak current at ‒633 mV gradually increased
and was proportional to the CAP concentrations over the range of
1–330 μmol L‒1 (Fig. 6a and b). The regression equations is ex-
pressed as I (μA)¼‒0.1054CCAP (μmol L‒1)‒8.5313 (R2¼0.9978).
The detection limits for CAP is estimated to be 0.15 μmol L‒1 (S/
N¼3). By comparison with the previous reported electrochemical
sensor towards CAP detection [41–43,45,55], the present 3DRGO/
GCE showed a comparable or even better performance. Notably,
metal nanoparticles or/and polymers were required for these
previous electrodes, but the present sensor only employed 3DRGO



Fig. 4. DPV curves of CAP (50 μmol L‒1) on 3DRGO/GCE at various amounts of 3DRGO solution (a) and pH (c), and the corresponding peak current intensity versus the volume
of 3DRGO solution (b) and pH (d).
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architectures as metal-free electrode materials. This allows that
the 3DRGO/GCE can serve as a potential electrochemical biosensor
for CAP detection in real samples.
3.4. Reproducibility, stability, interference study and real sample
analysis

The reproducibility and stability of 3DRGO/GCE was further
tested. It was found that the measurements of 50 μmol L‒1 CAP by
Fig. 5. CV curves of CAP (50 μmol L‒1) on 3DRGO/GCE in 0.1 mol L‒1 PBS (pH¼7.4) with va
intensity and scan rate (b).
independently-fabricated five electrodes showed an excellent re-
producibility with the relative standard deviation (RSD) of 0.85%.
The storage stability of the 3DRGO/GCE was investigated by ex-
posing the electrode into air and monitoring the peak current
change of 50 μmol L‒1 CAP and the peak current remained almost
no change after 30 days, indicating a good stability of 3DRGO/GCE.
Moreover, the selectivity of 3DRGO/GCE towards CAP detection
was investigated in the presence of various interfering species. It
was found that the existence of 10 mmol L‒1 KCl and NaCl,
rious scan rates (a) and the linear relationship between corresponding peak current



Fig. 6. DPV curves of various CAP concentrations on 3DRGO/GCE (a) and the calibration plots between peak current intensity and CAP concentration (b). The inset in (a) is the
magnified DPV response at low concentration.

Table 1
Spike recovery results of CAP in real samples.

Samples Added (μmol L‒1) Found (μmol L‒1, n¼3) Recovery (%)

CAP eye drops 0 26.01a 7 0.8 –

5 31.24 7 0.3 104.6

Milk 10 9.73 7 1.2 97.3
50 49.21 7 0.2 98.4

a Given concentration is 25.79 μmol L‒1 by manufacturer.
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2 mmol L‒1 glucose, 1 mmol L‒1 cysteine, glutathione, taurine,
CaCl2, MgSO4, FeCl3, CuSO4, and ZnCl2, and 0.5 mmol L‒1 uric acid
does not interfere the detection of 50 μmol L‒1 CAP (signal change
below 5%). This suggests that the present 3DRGO/GCE exhibited
excellent anti-interference ability, reproducibility and stability.

The application potential of 3DRGO/GCE on CAP detection was
evaluated with the real chloramphenicol eye drops and milk
samples, and the accuracy was estimated by using the standard
addition method. All samples for DPV measurements were diluted
300 times with 0.1 mol L‒1 PBS (pH¼7.4) solution and the results
are summarized in Table 1. It was noted that the recovery rates for
CAP in these samples ranged from 97.3% to 104.6% respectively and
the RSDs are lower than 5%. The concentration of CAP in eye drops
is found to be 26.01 μmol L‒1 that is very close to the value of
25.79 μmol L‒1 given by manufacturer. These results indicate that
the present 3DRGO/GCE is a promising electrochemical sensor for
the practical detection of CAP.
4. Conclusions

Three-dimensional reduced graphene oxide (3DRGO) archi-
tectures were facilely prepared by a spontaneous reduction in-
duced self-assembly of graphene oxide via zinc foil at room tem-
perature. The as-prepared 3DRGO materials were developed as
novel metal-free electrode materials for chloramphenicol (CAP)
detection. The present 3DRGO/GCE sensor showed the largely in-
creased electroactive surface area, lower electro-transfer re-
sistance and enhanced sensitivity towards CAP detection at phy-
siological pH 7.4. Furthermore, the biosensor exhibited excellent
anti-interference ability, reproducibility, stability, and displayed a
wide linear detection range, low detection limit and satisfying
recovery result in real sample analysis. The fabrication of the
present biosensor is simple, fast but effective to CAP detection that
would contribute to develop advanced graphene-based interfacial
electrode materials for electrochemical sensing.
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