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The abuse of antibiotics will cause an increase of drug-resistant strains and environmental pollution,
which in turn will affect human health. Therefore, it is important to develop effective detection
techniques to determine the level of antibiotics contamination in various fields. Compared with
traditional detection methods, electrochemical sensors have received extensive attention due to their
advantages such as high sensitivity, low detection limit, and good selectivity. In this mini review, we
summarized the latest developments and new trends in electrochemical sensors for antibiotics. Here,
modification methods and materials of electrode are discussed. We also pay more attention to the
practical applications of antibiotics electrochemical sensors in different fields. In addition, the existing
problems and the future challenges ahead have beenproposed.Wehope that this reviewcanprovide new
ideas for the development of electrochemical sensors for antibiotics in the future.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
1. Introduction

Since penicillin entered human sights in 1928, more antibiotics
have been discovered and synthesized. Antibiotics are widely used
in the prevention and treatment of human, animal and plant
diseases, as well as effective additives to promote the growth of
livestock and poultry [1–3]. Antibiotics are natural, synthetic and
semi-synthetic compounds that can kill or inhibit the growth of
bacteria, archaea, viruses, protozoa, microalgae and fungi. Accord-
ing to the chemical structure or action mechanism of antibiotics,
they can be classified into different classes, such as β-lactams,
quinolones, tetracyclines, macrolides (Table 1 shows common
antibiotics and their properties) [4–6].

However, most of the antibiotics taken by humans and animals
will be excreted in the form of original drugs or metabolites.
Therefore, antibiotics are mainly discharged into the environment
through human or livestock excreta, aquaculture industry med-
icines and production wastewater [7–12]. Previous report
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indicated that high concentrations of quinolones have been
detected in wastewater in Argentina, with a maximum concentra-
tion of 22,100ng/L [13]. According to Zhang’s survey of 36
commonly used antibiotics in 2013, the total amount of antibiotics
used in China was 92,700 tons, of which 60% were discharged into
the environment through human and animal excretion activities
[14]. Antibiotics that entered the environment not only directly
affected various organisms, but also broken the original ecological
balance. Antibiotics can induce a large number of drug-resistant
bacteria and ultimately affect human health [15–17]. In 2015, a
study on investigating the burden of antibiotics in children,
reported that nearly 60% of urine samples from 1000 people in the
Yangtze River Delta region of China were detected antibiotics
[18,19]. For human health and ecological safety, it is of critical
importance to accurately and conveniently determine the concen-
tration of antibiotics in the fields of medicines, food, clinical
research, and the environment.

At present, a variety of techniques for detecting antibiotics have
been established, including liquid chromatography-mass spec-
trometry (LC–MS) [20,21], fluorescence photometry [22,23],
capillary electrophoresis [24], fluorescent labeling [25], etc. These
technologies are highly sensitive and selective technologies.
However, they require relatively expensive instruments, compli-
cated operating procedures and long detection times. The
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.



Table 1
Commonly used antibiotics and their general characteristics.

Antibiotics class Target microbes Mechanism of
action

Side-effects Example Chemical
formula

Application

Tetracyclines Both gram positive and
negative bacteria

Inhibit protein
synthesis

Hepatotoxic Tetracycline C22H24N2O8 Human,
veterinary

Oxytetracycline C22H24N2O9 Human,
veterinary

Doxycycline C22H24N2O8 Veterinary
Sulfonamides Both gram positive and

negative bacteria
Inhibit folic acid
synthesis

Diarrhea, vomiting, nausea Sulfachloropyridazine C10H9ClN4O2S Human,
veterinary

Sulphanilamide C6H8N2O2S Human
Sulfamethoxazole C12H14N4O4S Veterinary
Sulfadiazine C11H11N3O2S Veterinary

Quinolones Gram negative bacteria Inhibit DNA
replication

Hepatic toxicity, hemolytic Ofloxacin C18H20FN3O4 Human,
veterinary

Ciprofloxacin C17H18FN3O3 Human
Norfloxacin C16H18FN3O3 Human,

veterinary
Enoxacin C15H17FN4O3 Human

Beta-lactams Both gram positive and gram
negative

Inhibit cell wall
synthesis

Rashes, fever Ampicillin C16H19N3O4S Human
Amoxicillin C16H19N3O5S Human
Penicillin G C16H18N2O4S Animal, human,

veterinary
Cephalexin C16H17N3O4S Veterinary
Cefquinome C23H24N6O5S3 Veterinary

Macrolides Streptococcal/Pneumococcal Inhibit protein
synthesis

Gastrointestinal disturbances Azithromycin C38H72N2O12 Human
Roxythromycin C41H76N2O15 Human

Aminoglycosides Gram negative bacteria Inhibit protein
synthesis

Ototoxicity, nephrotoxicity Streptomycin C21H39N7O12 Veterinary
Gentamycin C21H43N5O7 Veterinary

Amphenicols Both gram positive and gram
negative

Inhibit protein
synthesis

Inhibition of bone marrow
hematopoietic function

Chloramphenicol C11H12Cl2N2O5 Veterinary
Thiamphenicol C12H15Cl2NO5S Veterinary

Lincosamides Gram positive bacteria and
anaerobic bacteria

Inhibit protein
synthesis

Vomiting, allergy Clindamycin C18H33ClN2O5S Human
Lincomycin C18H34N2O6S Veterinary

Glycopeptides Gram positive bacteria Inhibit cell wall
synthesis

Ototoxicity, nephrotoxicity Vancomycin C66H75Cl2N9O24 Veterinary,
human

Polymyxin B C56H98N16O13 Veterinary,
human
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advantages of the electrochemical method are low cost, rapid
response, high sensitivity, easy operation, and suitable for on-site
monitoring.

In recent years, there have been numerous reports on the
electrochemical detection of antibiotics. We searched the core
articles published over the past 20 years by the Web of Science
using antibiotics and electrochemical sensors as keywords. Fig. 1 is

electrochemical sensor published from 2000 to 2019 in Web of
the trend chart showing the number of core papers on antibiotic/
[(Fig._1)TD$FIG]

Fig. 1. The number of papers on antibiotic & electrochemical sensor published
annually inWeb of Science core collection (2000-2019) and practical applications of
antibiotic electrochemical sensors in fields of (a) environmental monitoring, (b)
food safety, (c) clinical diagnoses and (d) microbial resistance detection.
Science, and illustrated the application fields of electrochemical
sensors at each stage. From Fig. 1, we can find that the trend of
electrochemical sensors detecting antibiotics can be divided into
three stages. Stage 1 (2000–2009) was the initial stage of
electrochemical sensors. The number of published papers at this
stage increased slowly and researchers began tomainly explore the
electrochemical detection of antibiotics in clinic andmedicine. The
number of papers published in the stage 2 (2010�2014) increased
rapidly. Especially the proportion of articles in food field in all
papers has increased significantly. This is because people began to
pay more attention to the food safety caused by antibiotics. In the
stage 3 (2015–2019), the electrochemical sensor detection of
antibiotics was further rapidly developed, and the number of
published articles increased greatly. Among them, the proportion
of articles on environment field in all papers has increased to
17.04%, which indicates that various environmental pollution
caused by antibiotics achieved increasing attention.

Therefore, we need to systematically summarize the develop-
ment direction and challenges of electrochemical detection of
antibiotics. Currently, some review articles on electrochemical
detection of antibiotics have been published. Some researchers
have reported a review of biosensors for the detection of
antibiotics and summarized advances of biosensors based on
nanomaterials [26,27]. However, the preparation methods and
modified nano-materials of sensorsweremainly described in these
reviews. Here, we summarize the literatures on antibiotic
detections by various electrochemical sensors in recent years.
Firstly, the basic principle of electrochemical sensor for antibiotics
and the development of electrode are briefly introduced. We then
discuss electrode modification methods, materials and their
applications in practical samples. Using the VOSviewer analysis
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software, we perform statistical and visual network analysis on the
literature of antibiotics and electrochemical sensors and analyze
the research hotspots. At last, we make a brief summary, with
challenges, opportunities and new directions in the future
development. We hope that this article can provide not only a
comprehensive review in the field of electrochemical detection for
antibiotics, but also necessary knowledge, and more importantly,
inspires people to further advance this research into practical
applications.

2. The basic principle of electrochemical sensors detecting
antibiotics

Electrochemical sensor is a device that qualitatively or
quantitatively analyzes a target substance. Its essence is the
sensing signal generated by the reaction of the measured
substance with a specific sensing element, which is converted
into an identifiable electrical signal proportional to the concentra-
tion of the target substance through a specific transducer. Fig. 2
shows a basic principle of the electrochemical sensor. A complete
electrochemical analysis system includes electrochemical sensing
equipment, electrochemical detection instrument and electrolyte.
Among them, the electrochemical detection instrument, namely
the electrode device, usually has a three-electrode structure,
including working electrode (WE), reference electrode (RE) and
counter electrode (CE) [28].

Electroanalytical methods for electrochemical detection of
antibiotics include voltammetry, electrochemical impedance
spectroscopy (EIS), and chronoamperometry (I-t) [29]. There are
four voltammetry techniques commonly used in the detection of
antibiotics [30,31]: (i) Cyclic voltammetry (CV), which can see the
redox peak potential and current at the same time, and is helpful
for studying reversible redox reaction. (ii) Square wave voltam-
metry (SWV), which applies a fast-scanning stepped voltage on the
electrode and is more sensitive than CV. (iii) Differential pulse
voltammetry (DPV), which can provide relevant analytes informa-
tion on the chemical form and the sensitivity also is quite high. (iv)
Linear sweep voltammetry (LSV), which is a method of applying a
linearly varying voltage to the electrode. EIS is also an effective
method for detecting antibiotics, and can also be used to analyze
electrode performance [32]. The I-t method is used to frequently
detect antibiotics, a test substance undergoes an oxidation-
reduction reaction at a constant potential, and records the change
of current with time [33].

3. The development of electrochemical sensors for detecting
antibiotics

Generally speaking, the working electrode is the core compo-
nent of an electrochemical sensor, and its performance determines
the level of the entire sensor. From this perspective, the
development of electrochemical sensors to detect antibiotics has
[(Fig._2)TD$FIG]

Fig. 2. Principle of electrochemical sensor (electrode) for detecting antibiotics.
roughly gone through "mercury electrodes, bare solid electrodes,
and modified electrodes".

3.1. Mercury electrode

Most of the early electrochemical detection antibiotics used
mercury electrodes, including suspended mercury electrodes,
mercury drop electrodes, and mercury film electrodes. This is
because mercury electrodes are clean, easy to renew, and have
good reproducibility [34–36]. In the early stage, Zhou and Pan used
a mercury drop electrode or a suspended mercury electrode as
working electrodes to quantitatively analyze ofloxacin, and the
analysis results were basically consistent with the high-perfor-
mance liquid chromatography (HPLC) detection results [34].
Mercury electrodesmainly focus on the establishment of detection
methods and their application in real samples. Nevertheless, as a
volatile and toxic heavy metal, mercury has limited its application
in electrochemistry. At present, with very few exceptions, mercury
electrodes have basically withdrawn from the field of electro-
chemical analysis.

3.2. Bare solid electrode

In order to avoid electrode toxicity, since the 1970s, researchers
have begun to use other materials as electrodes. Some metals are
not only non-toxic, but also have stable conductive properties,
such as gold and platinum. There are also some conductive non-
metals, such as glassy carbon electrodes (GCEs), carbon paste
electrodes (CPEs) [37–39]. Ambrosi et al. measured ofloxacin and
other drugs with carbon paste, gold electrode etc. [37]. In addition
to being non-toxic and environmentally friendly, there are many
advantages of bare solid electrodes. First, the preparationprocess is
relatively easy, and the surface can be used with a simple
pretreatment. Then, due to the wide electrochemical window,
carbon electrodes are suitable for a variety of solution systems and
enriches the research object. Third, the surface properties of
different electrodes lead to differences on the electrochemical
behavior of antibiotics, and enrich the related theories of electrode
process dynamics. Nevertheless, bare solid electrodes also have
obvious shortcomings. The lack of special functional groups on
their surfaces results in poor enrichment and catalytic perfor-
mance. Compared with mercury electrode, its repeatability and
stability are poor.

3.3. Modified electrode

In the past, researchers were mainly concentrated on studying
the bare solid electrode. Compared with modified electrodes, the
surface properties of bare solid electrodes have certain limitations,
such as smaller specific surface area, fewer surface functional
groups and poorer specificity [40,41]. These shortcomings are not
conducive to the adsorption and catalytic oxidation of the
substance to be tested on the electrode surface. Therefore,
researchers have focusedmore on chemical or chemicallymodified
electrodes [42–45]. It can be expressed as a solid electrode with a
specific can be expressed as a solid electrode with a specific
microstructure after the surface has been artificially modified and
has a significant performance improvement. Wu et al. modified
nano-Cu2O, nitrogen-hybrid graphene (GR) and perfluorosulfonic
acid (Nafion) on GCE, and the constructed sensor can be used to
detect ofloxacin in medicine [46]. Cu2O is a p-type semiconductor
with catalytic activity, but has the disadvantage of poor
conductivity. While, nitrogen-doped GR has good conductivity
and a large surface area. The composite filmwas found to exhibit a
strong electrocatalytic activity towards ofloxacin to yield a
detection limit of 0.34mmol/L. Further, the sensor was also found
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to exhibit excellent selectivity and standard recoveries (94.0%–
104.0%), making its suitable for ofloxacin detection in medicine
samples. The excellent sensitivity of gold nanoparticles (AuNPs)
has been commonly combined with bio-recognition elements to
achieve diverse electrochemical sensing platforms for antibiotic
detection. In this regard, Chullasat et al. used AuNPs, antibodies,
sulfhydryl succinic acid and thiourea to construct an electrochem-
ical aptamer sensor for highly sensitive and selective detection of
chloramphenicol [47]. In addition to the materials mentioned
above, there are many other materials used for electrode
modification, such as quantum dots, conductive organics. We will
discuss in detail in part 5. The synergistic catalysis of multiple
materials can improve the electrochemical performance of the
electrodes. However, simple modification methods and economi-
cal modification materials should be used as much as possible. Up
to now, the modified electrodes are the main research direction.
Most researchers are using a variety of modified materials and
modified methods to prepare the modified electrodes.

4. Preparation of modified electrode

The surface modification of bare electrode can improve the
detection performance. On the one hand, specific trimming and
modification of the electrode surface by physical or chemical
means can improve the hydrophilicity of the interface between the
electrode and the solution and increase the concentration of
antibiotics in the reaction area [48–50]. On the other hand, single-
layer or multi-layer functional materials, such as nanomaterials,
organic materials, enzymes or antibodies, are constructed on the
electrode surface through self-assembly, coating, electrodeposi-
tion, electropolymerization and other modifications [51–54]. After
modification, the electrode will show special surface effect, size
effect, quantum tunneling effect and catalytic activity. These
specific properties can enhance the electrical conductivity of the
electrode, accelerate the transfer of electrons in the interface,
reduce the redox overpotential of antibiotics, and promote the
electrochemical reaction. The effective combination of the above
two aspects can play a synergistic effect and greatly improve the
sensitivity of antibiotic detection. According to different reactions
occurring insides or surfaces of working electrodes, preparation
methods required for modified electrodes can be roughly divided
into two main types, top-down and bottom-up.

Top-down is a modification used to etch the surface of a solid
electrode by laser or other etching methods [48,49,55]. By top-
[(Fig._3)TD$FIG]

Fig. 3. Schematic illustration of electrochemical sensor for ofloxacin (OFL)
detection. GCEs were directly modified using a picosecond laser. This can also
improve the electrochemical activity of the electrode interface by increasing the
surface roughness and oxygen-containing functional groups. Copied with permis-
sion [48]. Copyright 2020, Springer Nature.
down modification, the surface roughness of the electrode can be
suitably increased and surface functional groups can be intro-
duced, so as to improve the adsorption performance and
electrochemical activity of the electrode. Feng et al. used a laser
one-step method to etch directly on GCE, and the modified
electrode can detect ofloxacin in real water samples [48]. From
Fig. 3, it can be seen that the surface roughness of the electrode
increases, that is, the reaction area increases after modification,
although the crystal structure does not change. Oxygen-containing
functional groups on the surface are increased, which can improve
the surface reactivity of the electrode. Chen et al. used the nitrogen
plasma technique to bombard the surface of GCEs for the first time,
properly increasing the specific surface area and introducing
nitrogen reactive functional groups. This modified electrode was
effectively applied to the detection of ciprofloxacin in actual water
samples [49].

Bottom-up is modifying other active materials to the electrode
surface by self-assembly [56], coating [57,58], electrochemical
polymerization [59,60] and electrochemical deposition [61], etc.,
to improve the sensitivity and specificity of electrodes. Self-
assembly is a technique inwhich basic structural units (molecules,
nanomaterials, microns or larger) spontaneously form ordered
structures. This method is often used to prepare modified
electrodes for electrochemical sensors [62]. The coating method
is one of the most commonly used modification methods. It is also
an adsorption, but it is easier to implement than the self-assembly
method. The coating method includes drop coating and dip
coating. Drop-coating is application of a quantitative mixture of
modified solution and material to the surface of the exposed
electrode. To detect oxytetracycline in food, Sun et al. applied self-
made Zn-Mt colloidal solution onto the pretreated GCE surface,
and then dried it under an infrared lamp to finally obtain a
modified electrode [41]. The dip coating method is immersing the
electrode in the electrode modification solution, but the dip
coating method is not easy to control the amount. Both of these
coating methods require electrodes to be dried.

Electrochemical polymerization method and electrochemical
deposition method are two very commonly used modification
methods. In the electrochemical polymerization method, the
electrode is placed in a monomer solution to carry out the
polymerization reaction by electrolysis. Wen et al. obtained
PoAP/MWCNTs/GCE by electrochemical polymerization of amino-
phenol and MWCNT mixed solution on the GCE surface at from
�0.20V to 0.84V cyclic potential for the determination of
levofloxacin in drugs [60]. Electrochemical polymerization is
often used in molecularly imprinted sensors. Jafari et al.
constructed a molecularly imprinted electrochemical sensor for
detecting azithromycin in serum. The sensor was prepared by
electropolymerization of aniline on graphene oxide (GO) and gold
nanoparticle modified GCE with azithromycin as the template,
which can specifically recognize azithromycin [63]. Electrochem-
ical deposition is a technique in which positive and negative ions
in electrolyte solution migrate under the action of an external
electric field and redox reaction occurs on the electrode to form a
coating. Jiang et al. deposited Pt-Au onto the surface of GCE
through electrochemical reduction. The actual sample analysis
shows that GCE/rGO/Pt-Au can be used to detect ofloxacin in
tablets and human urine samples [64]. Electrochemical deposition
method is generally used when the electrode is modified by metal
or metal oxide nanomaterials.

There are also methods for preparing electrodes apart from
the above modification methods, for example, screen-printed
electrodes (SPEs), carbon paste electrodes (CPEs), etc. The
preparation of SPEs is to deposit ink into a thin film on a solid
substrate through a screen board, and different materials can be
added to the ink as needed [65]. SPEs can be mass-produced
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under fixed procedures at low cost, or they can be further
modified with other materials after production as needed [66].
Additionally, a common method for preparing CPEs is incorpo-
ration. Incorporation is to mix and grind a certain amount of
modifier, binder and graphite powder into a glass tube to prepare
a chemically modified electrode [67,68].

5. Modified materials

The performance of electrochemical sensors for detecting
antibiotics depends largely on the performance of working
electrodes (WEs), while the performance of WEs depends on the
nature of the electrode material. Currently, commonly used
modified materials are inorganic nano-materials, bio-functional
materials and organic additives. Inorganic nanomaterials include
carbon nanomaterials, metal nanomaterials, metal oxide nano-
materials and quantum dots. Table 2 [31,33,43,51,63,67,69–104]
shows a series of common modified materials and additives and
their application in electrode modification.
Table 2
Performance analysis of different materials for electrochemical sensors of antibiotics.

Main modifier Electrode Analytes Techni

Carbon nanotubes
(CNTs)

[FG2/MW2]/CPE Ofloxacin SWV
MWCNTs-TOCT/GCE Norfloxacin DPV
CCE/f-MWCNT Sulfonamide DPV
3D CNTs @Cu NPs @MIP/GCE Chloramphenicol CV
Ag/MWCNT/MTOAC/GCE Sulfamethoxazole DPV
MWCNT-CPE/prGO-ANSAg/Au Norfloxacin DPV

Graphene (Gr) Z-800/RGO/GCE Chloramphenicol DPV
CD-GO/CPE Ofloxacin SWV
CRGO/GCE Ciprofloxacin SWV
MIP/GNU/GO/GCE Azithromycin DPV
Gr/AuNPs/GCE Sulfanilamide DPV
AArGO-modified electrode Sulfamethoxazole DPV
GO-IL/CPE Ofloxacin SWV

Metal nanomaterials TCN@Au NPs/GCE Amoxicillin EIS
Apt/AgNPs/[NH2-Si]-f-GO/GCE Chloramphenicol DPV
rGO/PdNPs/GCE Chloramphenicol DPV
Pt/ PoAP/MWCNTs Oxytetracycline CV
Pt–Sn@TiO2/GCE Streptomycin DPV
Au NP-β-CD-RGO/ GCE Ciprofloxacin DPV
APT/AuNPs/ATP/ABA/GCE Ofloxacin DPV
SbFE(“In-situ” antimony film
electrode)

Tetracycline SWV

Metal oxide
nanomaterials

Sm2O3-9-3/GP Ciprofloxacin CV
PEI@Fe3O4@CNTS/GCE Ciprofloxacin DPV
g-C3N4/ZnO/GCE Sulfamethoxazole I-t
NiO NPs-GO-CTS: EPH/ GCE Ciprofloxacin SWV
Fe3O4NPs/MWCNTs/CPE Enrofloxacin CV
MIP-decorated Fe3O4 MNPs Sulfonamide EIS

Quantum dots (QDs) QDs (CdTe)-P6LC-PEDOT:PSS/
GCE

Amoxicillin SWV

CdTe-CB-CTS: EPH/GCE Norfloxacin SWV

LDH/QD Ciprofloxacin DPV
GQD@Nafion/GCE Sulfonamide LSV

Biomaterial SPCE/EDC/NHS/IgG Ciprofloxacin EIS
CS-PB-CR/MWCNTs-CS/GCE Tetracycline DPV
HPR/MWCNTs/CPE Oxytetracycline DPV
ProtG-EDC/NHS-4-ABA/SPdCEs Tetracycline –

self-assembled microgels/GO/
GCE

Streptomycin DPV

PANI CdO/PANI/mpg-C3N4/GCE Ciprofloxacin DPV
Nafion CoPc/MWCNT/Nafion/GCE Sulfadiazine I-t
Glycidilmethacrylate MIPs modified electrode Tetracycline CV
Melamine p-Mel@ERGO/GC Tetracycline DPV
Chitosan NanoCeO2-CHIT/ GC Sulfamethoxazole DPV
Metal organic
framework

PtNPs/KB/CD-MOFs, Ofloxacin CV
5.1. Carbon nanomaterials

As a class of material to modify electrodes by bottom-up
methods, carbon nanomaterials have attracted widespread atten-
tion. They have unique characteristics, such as large specific
surface area, low background current, wide electrochemical
window, high electronic conductivity, good chemical stability,
selectivity and reproducibility, so they are suitable for the
detection of antibiotic electrochemistry device. Carbon nano-
materials commonly used in the electrochemical detection of
antibiotics include carbon nanotubes (CNTs), GR, carbon nano-
spheres, etc. [105]. Among them, CNTs and GR have been widely
used in the detection of antibiotics by electrochemical sensors.

One-dimensional (1D) CNTs have large surface area and high
electron transfer rate, which enable electrons tomove rapidly from
analyte to electrode surface, and have good chemical stability and
mechanical strength. Based on these characteristics, CNTs have
great potential in electrochemical sensors. According to the
number of layers of the tube wall, CNTs are roughly divided into
que Linear range
(mmol/L)

LOD
(mmol/L)

Sample Ref.

0.0008�0.02 0.00024 Urine [69]
0.5�8.0 0.1 Pharmaceutical, urine [70]
9.9�177.0 2.31 Pharmaceutical [71]
– 10 Milk [72]
0.05�70 0.01 Pharmaceutical, urine [73]
0.03�1.0, 1.0�50.0 0.016 Pharmaceutical, plasma [74]
1�180 0.25 Honey [75]
1.0–20 0.089 River water, synthetic urine [67]
– 0.21 Drugs, milk [76]
0.0003–0.92 0.0001 Blood serum [63]
0.1–1000 0.011 Animal meat [77]
0.5�50 0.04 Lake water, tap water, urine [78]
0.007�0.7 0.00028 Urine [79]
0.0005–0.003 0.0002 Wastewater [80]
1.0�10�5�0.2 3.3�10�6 – [81]
0.05�1 0.05 Honey, Tap water [82]
0.2�250 0.1 Pharmaceutical [83]
5�10�5�1.5�106 2�10�5 Milk [84]
0.01�120 0.0027 Drug [85]
0.05�20 0.001 Plant sewage, tap water [86]
0.40�3.00 0.15 Honey [87]

0.05�1�170 0.005 Urine, pharmaceutical [43]
0.03�70 0.003 Urine; serum [88]
0.02�1105 0.0066 Human blood serum [33]
0.040–0.97 0.006 Urine; Serum [89]
0.3�100 0.09 Plasma, pharmaceutical [90]
10�4�104 10�6 Seawater [91]
0.90�69.0 0.05 Pharmacology, milk urine [92]

0.2�7.4 0.0066 Pharmaceutical formulation, urine,
serum

[93]

0.025�12 0.042 Pharmaceutical [94]
– 0.7783 Milk [31]
– 7.5�10�6 Wastewater [95]
0.0001�1000 5.6�10�6 Livestock products [96]
15�1500 0.035 Pharmaceutical, biologic samples [97]
6.4�10�6-0.385 1.9�10�3 Milk [98]
8.60�10�2�170 2.92�10�3 Milk [99]

0.01�20, 25�250 0.005 Human serum [51]
0.3�7.0 None None [100]
0.028�2.8 0.0022 Egg [101]
5�225 2.2 Urine [102]
1.97�10�3�1.97 1.28�10�3 Milk, honey, egg samples [103]
0.08�100 0.037 Serum [104]
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single-wall carbon nanotubes (SWCNTs) and multi-wall carbon
nanotubes (MWCNTs). For example, Liu et al. used MWCNTs and
other materials to prepare the MWCNTs-CPE/prGO-ANSA/Au
composite electrode, which can effectively detect norfloxacin
[74]. Chemically cleaving CNTs with an oxidizing agent (strong
acid) can graft some groups (carboxyl groups, hydroxyl groups) on
the surface of CNTs, which can improve the dispersibility of CNTs.
Schebeliski et al. treated the ceramic electrode modified by
MWCNTs with acid (HNO3/HClO4) and characterized the modified
electrode by Fourier transform infrared spectroscopy (FTIR), X-ray
diffraction (XRD), transmission electron microscopy (SEM) and
Raman spectroscopy, and they found that MWCNTs had good
dispersion on the ceramic electrode [71].

Since GR was first isolated in 2004, it has become a pioneer in
the new materials industry and has been successfully applied in
various industries, including sensors. GR is a two-dimensional (2D)
nano-thin film with good conductivity and large specific surface
area. To detect sulfonamides, He et al. proposed a functionalized
graphene and gold nanoparticles modified GCE [77]. Because both
GR and gold nanoparticles have large specific surfaces and strong
conductivity, sulfonamide molecules tend to accumulate on the
electrode surface, indicating that the electrode can enhance the
electrochemical response signal. Similar to CNTs, GR is also easy to
functionally modify. Embedding functional groups on the base or/
and edge of GR can cause structural defects on the GR sheet and
give GR new characteristics [106]. For example, GR is treated with
an oxidant to obtain GO. Santos et al. used H2SO4/HNO3 to oxidize
GR into GO, then they modified GO and nickel oxide nanoparticles
(NiO-NPs) on the GCE by electrodeposition. They established a
simple, highly selective electrochemical method for the simulta-
neous determination of acetaminophen (PAR) and ciprofloxacin
(CIP) [89]. Wong et al. explored GO and ionic liquids (ILs) modified
CPE. The modified CPE increased the analytical sensitivity of
ofloxacin by 8.2 times compared to unmodified CPE [79]. However,
2D GR also has some shortcomings. Due to the strongp-p bonds in
2D GR, the graphene layers are very easy to aggregate. The
aggregation reduces the effective surface area of the electrode
[107]. In addition, the aspect ratio of 2D GR limits the diffusion of
ions in its cross section. Compared with 2D GR, three-dimensional
(3D) GR has a larger specific surface area and wider space to
transfer electrons [108].

In recent years, researchers have developed various technolo-
gies for manufacturing 3D GR, which has also been continuously
applied in the field of sensors. Zhang et al. assembled GO by
spontaneous reduction of zinc foil at room temperature, and then
washed it with diluted hydrogen chloride solution to produce 3D
rGO. The constructed 3D rGO/GCE can be used for the detection of
chloramphenicol [109]. To date, a variety of techniques for
preparing 3D GR have been developed, such as laser-induced GR
[110]. 3D GR has achieved good results in electrochemical
detection of other substances and has a good prospect in the
electrochemical detection of antibiotics.

5.2. Metal and metal oxide nanomaterials

Metals have good electrical conductivity, while nano-sized
metals have some quantum size effects and quantum tunneling
effects caused by smaller particle sizes. Therefore, compared with
metal materials, metal nanomaterials have produced some
unique changes in physical and chemical properties, such as
high specific surface area, rich reaction sites, and good catalytic
activity. At the same time, metal nanoparticles can be well
combined with other modified materials. Thereby, they can
effectively amplify the pulse signals of electrochemical sensors.
Noble metal nanoparticles, such as gold, silver and platinum, are
widely used to increase the detection limit in the study of
electrochemical sensors to detect antibiotics [84,111,112]. For
example, Roushani et al. explored silver nanoparticles (AgNPs) and
3-aminomethylpyridine functionalized graphene oxide (3-Ampi-
GO) as electrochemical detection amplifiers to construct an
aptamers and molecularly imprinted dual recognition systems
electrochemical sensor for chloramphenicol [113]. In addition to
precious metals, transition metals also have a highly efficient
catalytic effect. Compared with precious metals, transition metals
are more economical and easily available. Gan et al. modified the
montmorillonite (MMT) with iron/zinc (Fe/Zn-MMT) by cation
exchange and modified it on the surface of GCE to prepare an
electrochemical sensor for detecting tetracycline (TCs) [40]. The
expanded layer structure of MMT provides a large specific surface
area, and Fe/Zn can enhance the catalytic activity. The combination
of the two can greatly improve the enrichment ability and
electrocatalytic ability of the electrode.

Metal nanomaterials are not stable enough to anti-oxidize in
aqueous solutions. However, nano metal oxides have the
advantages of chemical inertness, good thermal stability, and
low toxicity. With their large specific surface area and good
biocompatibility, they can be used as excellent electrode modifi-
cation materials. Common metal oxide nanomaterials are ZnO,
CuO, Fe3O4, etc. ZnO’s excellent biocompatibility and non-toxicity
have been widely used in nano-sensors, light-emitting diodes and
other fields. Sebastian et al. developed a sensor based on GO and
ZnO nanomaterials to determine chloramphenicol [114]. The GO/
ZnO/GCE sensor has been proven to have high sensitivity and has
been successfully used in the actual detection of food and eye
drops. Wu et al. prepared CuO/nitrogen graphite nanocomposites
by a one-step chemical reduction method, combined with Nafion
to modify GCEs, and monitored ofloxacin in real samples [46]. In
view of the large surface area, non-toxic, low cost and magnetic
properties of Fe3O4, Bhengo et al. combined Fe3O4 and MWCNTs to
simultaneously determine sulfamethoxazole and trimethoprim in
aqueous solutions [115]. Fe3O4 is considered as an ideal modifier,
but it is prone to aggregation and has no selectivity to complex
substrates. Therefore, it is necessary to use in combination with
other decorative materials.

5.3. Quantum dots

Quantum dots (QDs) are a type of semiconductor nanocrystals
whose sizes are less than 10nm, and also have many advantages
(such as high aspect ratio, biocompatibility, catalytic activity,
luminescence, etc.) [116]. The role of quantum dots in sensors is
mainly achieved through the cooperation of quantum dots and
other composite materials. Santos et al. modified GCE with carbon
black and CdTe QD in the chitosan membrane. This electrode was
successfully used to detect norfloxacin [93]. Roushani et al.
reported the use of ZnS QDs and gold nanorod composites to
construct a streptomycin aptamer sensor, which has good
selectivity for streptomycin [117]. These studies indicate that the
combination of quantum dots, carbon materials, metal materials,
and bio-functionalmaterials on electrochemical sensors provides a
promising direction for detecting low concentrations of antibiotics
in different matrices.

5.4. Bio-functional materials

In the process of preparing electrochemical sensors, except
some inorganic chemical materials, biofunctionalized materials
are used, such as antigens (antibodies), nucleic acids, and enzymes.
They have a high degree of specificity and specifically identify
detected substance. In an electrochemical sensor using enzyme
biomacromolecule as modified material, the specific reaction can
be detected by the catalytic reaction of the enzyme on relevant
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antibiotics. Que et al. preparedmolecular imprinted polymer (MIP)
by electropolymerization of aniline and o-phenylenediamine on
the gold electrode substrate, and detected streptomycin by signal
amplification of glucose oxidase [118]. To a certain extent, enzyme
biomacromolecules expand the electrochemical field of antibiotic
detection, but the ease of enzyme inactivation still has certain
limitations. This type of sensor that reacts specifically with an
analyte by immobilizing an antigen (antibody) and then changes in
electrical signal is an electrochemical immunosensor. Conzuelo
et al. developed an amperometric immune sensor to detect
tetracyclines in milk samples using a selective capture of the
antibody surface immobilized protein G-functionalized magnetic
beads and a screen-printed carbon electrode [119]. The electro-
chemical aptamer sensor is a biosensor that modifies the nucleic
acid aptamer of the corresponding antibiotic on a substrate
material with good electrical conductivity. Due to the limited
signal gain of traditional aptamers, Yu et al. added a displacement
probe and analyzed the effect of displacement probe length and
melting temperature on the performance of the sensor. The results
showed that using the optimal length of displacement probe is
necessary [120]. Modification of metal materials, carbonmaterials,
etc. on the prepared biosensor can further improve the sensitivity
of the sensor. Increasing the effective active area of the electrode
surface to load more biological macromolecules will help the
sensor to be reused for many times over the long term.

5.5. Others

Aside from the above materials, some organic materials (such
as polyaniline) are often used in the preparation of MIP
electrodes. In addition, some conductive organic compounds
(such as Nafion reagent, chitosan) are often added during
electrode preparation. As a conductive polymer, polyaniline has
been widely used in the field of electrochemical sensing. Chen
et al. studied combining MoS2 with aniline to prepare materials
with good conductivity and large electroactive reaction sites for
electrochemical detection of chloramphenicol [121]. However,
polyaniline also has shortcomings such as insolubility and high
brittleness. In order to solve these problems, aniline derivatives
have been studied [118]. Nafion is an electrode modifier called
perfluorosulfonated cation exchanger. It can form a film on the
electrode surface, whose film has good antifouling ability [122].
Huang et al. constructed MWCNTs/Nafion/GCE to determine
norfloxacin, and proved that the modified electrode has fast
response speed, repeatability and good stability [123]. Chitosan
also has the characteristics of conductivity, biocompatibility and
film-forming ability. Moreover, it also contains a large number of
amino and hydroxyl functional groups [124]. Liu et al. reported a
label-free tetracycline electrochemical immunosensor
[(Fig._4)TD$FIG]

Fig. 4. Scanning electron micrographs images of different morphologies of nanocompo
[83]. Copyright 2014, Springer Nature. (b) Mixed self-assembled microgels/GO/GCE. Cop
Copied with permission [61]. Copyright 2014, Elsevier. (d) Fe3O4/CF. Copied with perm
immobilizing tetracycline monoclonal antibody on the surface
of carboxy-Fe3O4MNPs chitosan composite membrane [125].

As the single nature of bare electrode materials limits the
performance of electrodes, we usually modify the electrode
surfaces to improve their performance. The above-mentioned
materials are currently commonly modified materials for
antibiotic electrochemical sensors. With the development of
science, more new materials will be used in the field of sensing.
Different materials have their specific advantages, and it is
difficult for a single modified material to achieve the desired
goals. Therefore, we can assemble different materials together by
some means, which can further enhance the performance of the
electrode. For example, metal or metal oxide nanoparticles are
relatively easy to agglomerate, and the layered structure of GR can
provide many binding sites, which can effectively disperse these
nanoparticles. Bio-functional materials have strong specificity,
while metal and carbon materials have good catalytic activity and
biocompatibility, so they can be used in combination to improve
the sensitivity of the electrode. Fig. 4 shows nanocomposites with
different structures [61,83,99,126]. It is worth noting that when
modifying the electrode, instead of stacking various materials, it
is to make full use of the characteristics of the materials. Then, we
should also consider the following factors: physical and chemical
properties of materials, environmental protection, cost and
availability.

6. Practical application

The reliability and stability of the actual sample test data is the
key to evaluating the performance of an electrochemical sensor. To
obtain stable and reliable detection data, we should not only pay
attention to electrode preparation, but also sample preparation
and method optimization.

6.1. Sample preparation

At present, antibiotic electrochemical sensors have been
applied in food, environment, human body fluids and medicine.
In order to obtain more accurate testing data, some impurities that
may affect the electrode surface should be removed as far as
possible. When analyzing real samples, these samples are
generally subjected to a simple pretreatment. Analysis environ-
ment of the electrochemical sensor is a solution environment, in
some cases, solid samples (such as meat, tablets) need to be
crushed and made into solutions for analysis.

In the field of food industry, electrochemical sensors are often
used to detect antibiotics in meat, honey, milk and other foods. For
solid samples (such as chicken), they must be chopped before
proceeding to the next step. The chicken sample was processed
site modified materials. (a) Pt/ PoAP/MWCNTs electrodes. Copied with permission
ied with permission [99]. Copyright 2019, American Chemical Society. (c) PAR/EGR.
ission [126]. Copyright 2019, Springer Nature.
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according to the method of He et al. The 0.5 g chopped chickenwas
put into the centrifuge tube and 1mL ethyl acetate was added for
ultrasonic treatment for 30min. Then the mixture was centrifuged
at 10,000 rpm for 10min to collect the supernatant for later use.
Although honey andmilk are liquid, they also need to be pretreated
[111]. The 0.5 g chopped chicken was put into the centrifuge tube
and 1mL ethyl acetate was added for ultrasonic treatment for
30min. Then themixturewas centrifuged at 10,000 rpm for 10min
to collect the supernatant for later use. The supernatant was then
centrifuged at 10,000 rpm for 10min to collect for later use.
Although honey and milk are liquid, they must be pretreated.
Huang et al. treated honey samples as follows: 5 g of honey was
added with 20mL of buffer solution containing antibiotics, which
was thoroughly mixed with shaking and ultrasonic homogeniza-
tion. Themixture was then centrifuged (4000 rpm) for 20min, and
the supernatant was collected [127].

Electrochemical sensors can also be used in biology and the
level of antibiotics in the human body. Tablets are relatively simple
to handle, weighing, grinding, dissolving, and diluting. For serum,
0.15mL perchloric acid was added to 1mL blood sample, which
was vortex mixed for 1min and centrifuged at samples were
collected in sterile bottles to avoid contamination, centrifuged
(3000 rpm, 10min), and some proteins were removed without
further pretreatment [128].

Since most antibiotics are released into the environment, the
concentration of antibiotics in the environment is worthy of
attention. Antibiotics are primarily released into the water
environment. Water samples pretreatment were relatively
[(Fig._5)TD$FIG]

Fig. 5. Co-occurrence network map of keywords about
simple. After water samples were collected according to the
standard, they were filtered through 0.45mmol/L polytetrafluoro-
ethylene membrane to remove physical impurities and keep for
reserve.

During pretreatment, antibiotics of different concentrations are
added to the samples to evaluate the accuracy of the results. Other
instruments can also be used to assist in verifying the results, such
as HPLC-MS, capillary electrophoresis.

6.2. Stability assessment and method optimization

Samples pretreatments are used to reduce the interfering
substances during sample analysis, but there are still some other
interfering factors. Such as heavy metal ions, inorganic salts and
other coexisted antibiotics. In order to evaluate the stability of NP-
GCE, Chen et al. used four antibiotics and six water ions
(sulfapyridine, moxifloxacin, doxycycline, tetracycline, Ca2+, K+,
Mg2+, Na+ and Cl�) evaluated the stability of the electrode [49].
Compared with the original peak current, the quinolone antibiotic
moxifloxacin has the greatest interference on the detection of
ciprofloxacin. The real sample is a complex system. To evaluate the
stability of an electrode, some anti-interference experiments need
to be done, but it was not done in many studies.

The pH value of electrolyte is an important index, which had
great influence on the value of peak current and peak potential. In
electrochemical sensors, the pH value mainly affects the activity of
electrode materials [129]. Because the form of a substance in an
aqueous solution depends on the solution pH, the pH also affects
research on electrochemical sensors for antibiotics.
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the existence form of antibiotics. Liu et al. firstly combined
experimental and simulation methods to explain that ofloxacin is
mainly concentrated on the electrode surface through hydrogen
bonding and coulomb electrostatic force. Under the combined
action of the two forces, the current peak is the largest when the
solution pH is 6.0 [130]. In short, the various water environmental
parameters in the detection medium have a greater impact on the
antibiotic detection by the electrochemical sensor, and should be
fully optimized in the detection of real samples.

6.3. Samples analysis

In order to evaluate the performance of electrochemical sensors
for detecting antibiotics in practical application, different concen-
trations of antibiotics are added to the original real samples before
pretreatment. It is worth noting that the sample dilution factor
during pretreatment needs to be considered. The accuracy of the
results is evaluated by the recoveries. Of course, other detection
method, such as HPLC, can also be used to verify the accuracy of the
results.

In Yari’s work, the developed electrochemical sensor for
detecting sulfamethoxazole was used on different samples such
as pharmaceutical and urine. The serum samples were spiked with
standard sulfamethoxazole solution (10, 20, 30, 40mmol/L). The
recoveries were reasonable, 97%–104%. In this work, the standard
additionwas carried out after the pretreatment. On the other hand,
two different co-trimoxazole tablets were analyzed using the
standard addition method. An HPLC method was used to measure
the sulfamethoxazole contents as a standard method. The results
obtained by the electrochemical sensor are compared with the
HPLC method. There is no significant difference between the
results given by the electrochemical sensor and the HPLC method
[73].

He et al. developed an electrochemical sensor for detecting
sulfanilamide in pork extract. The spiking was performed after the
pretreatment and the samples were diluted with buffer before
analysis. The samples were spiked with standard sulfanilamide
solution (3.0, 6.0, and 9.0mol/L). The results showed that in three
parallel experiments, the average recovery rate was 91.22%–
96.67%. Therefore, it showed that the sensor can successfully
detect sulfanilamide in real samples [71]. On another work, the tap
water samples and sewage plant samples were spiked with
standard ofloxacin solution (0.5mmol/L). The recovery rate of the
tap water sample was 96%, the recovery rate of the sewage sample
was 93.6% (n =3) with relative standard division (RSD) value was
lower than 6.8%. This shows that the developed aptamer sensor
has broad prospects for practical application in actual water
samples [86]

Recovery rate and RSD can reflect the accuracy and repeatability
of the designed electrochemical sensor. The recovery rate in most
of the literatures can reach the standard. However, some literatures
lack of the accuracy and repeatability verification. In short,
accurate pretreatment and stability evaluation must be carried
out before actual sample testing to avoid interference and large
errors.

7. Conclusion and prospect

Nowadays, due to the emergence of various super bacteria and
resistance gene, the problem of antibiotic pollution has attracted
much attention. Therefore, it is necessary to detect antibiotics in
food, clinic and environment. Compared with other antibiotic
detection technologies, electrochemical methods are relatively
simple and convenient, and also has the most potential for
development in situ monitoring. In order to grasp the research
hotspots and trends of electrochemical sensors to detect
antibiotics, we used the method of bibliometrics to analyze the
keywords. The data source for these keywords is the Web of
Science core collection. We analyzed the articles on electrochemi-
cal detection of antibiotics from 1982 to the present, and analyzed
the keywords using VOSviewer analysis software. In the retrieved
1029 papers, keywords with a frequency of more than 10 times
were clustered (Fig. 5), mainly including electrochemical sensors,
antibiotics, biosensors and nanoparticles. It can be clearly seen that
biosensors and nano-material modified electrodes are still the
current research hotspots. Tetracyclines, aminoglycosides, macro-
lides, and quinolone antibiotics have been studied relatively more.
This may be because these antibiotics have a higher detection rate
in milk, plasma, and water environments. Voltammetry method
was often used. The shortcoming of the current research is that it
only includes the Web of Science core collection literature.
Although some professional terms have been merged, bias may
still exist.

In this review, we mainly introduced the research progress of
electrochemical sensors in the detection of antibiotics and its
application in actual sample detection. Because the electrode is
the core part of the entire sensor, we summarized the
development process of the electrode for antibiotic detection,
and described the modification method and materials in detail. In
the electrode modification process, we summarized these
modification methods into two categories, top-down and
bottom-up. We conducted a detailed comparison between
various materials, and confirmed that various materials have
different properties, and composite materials are the most
commonly used and the most effective materials. The real
samples pretreatments and detectionmethods are also explained.
Although these electrochemical sensors have some advantages
over traditional detection methods, there are still some chal-
lenges in the detection of real samples.

A large amount of research is based on the continuous
development of modified solid electrodes. These sensors only can
need to detect one or two antibiotics, while there are dozens or
even dozens of antibiotics in the environment. However, the
currently prepared electrodes cannot detect all antibiotics
simultaneously, and can only specifically detect one or several
kinds of antibiotics. The presence of other antibiotics can interfere
with target antibiotic. Moreover, the concentration of antibiotics
in the environment is very low, which is much lower than that
of antibiotics in food, medicine and other fields. It is generally
nmol level, which poses a great challenge to electrode sensitivity.
Based on above discussion, we can conclude that electrochemical
detection of antibiotics is a cheap and simple method, but further
improvement is needed in terms of anti-interference ability and
sensitivity. Therefore, future research on electrochemical detec-
tion of antibiotics could be based on these aspects.
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