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a b s t r a c t

To control food safety, protect human safety and health, sensors for tetracycline antibiotics with easy
operation, in-situ applications, high sensitivity and selectivity have been urgently needed. In this review,
we provide an overview of recent advances and new trends in sensors for the detection of tetracycline
antibiotics based on optical sensors, electrochemical sensors and other sensors including electro-
chemiluminescence and photoelectrochemical strategy. And we pay more attention to the practical
applications of sensors for tetracycline antibiotics. Furthermore, a brief summary of the entire review,
compare detection methods for different applications in the area of quantitative detection of tetracycline
antibiotics, along with discussing the drawbacks of present sensors are concluded. Finally, the current
challenges, ongoing efforts and future prospects in this field are also included to provide an overview for
future research directions.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Since their first introduction into medicine in the 1940s, anti-
biotics have been widely used in livestock farming and healthcare
throughout the world [1e3]. Tetracycline antibiotics (TCs), as one
kind of important broad-spectrum antibiotics [4,5], have been
widely applied to human and animal medicine and foodstuff owing
to the superior performance of effective antimicrobial properties,
low-cost, and capability to improve growth rates and enhance feed
efficiency [6]. Accurately, TCs can be divided into four main types:
tetracycline (TC), oxytetracycline (OTC), chlortetracycline (CTC) and
doxycycline (DC) [7]. Nevertheless, TCs are able to be accumulated
in human body by food chain, which may result in pernicious effect
on the human health even at low doses, like toxicity to organs and
hearing loss [8,9]. Additionally, the abuse of TCs has improved the
frequency of resistance genes, which may lead to a decrease in the
efficiency of bacterial infections treatment [10,11]. Furthermore, the
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emergence of antibiotic-resistant bacteria is likely to spread to
other microbial populations [12,13], triggering a potential negative
effect to human and animal health [14,15]. Accordingly, the Euro-
pean Union (EU) had established maximum residue limits (MRLs)
for milk (0.1 mg kg�1), egg (0.2 mg kg�1), liver (0.3 mg kg�1) and
kidney (0.6 mg kg�1) samples [16], and the U.S. Food and Drug
Administration (FDA) had set the MRLs for milk (0.4 mg kg�1), fat
(12 mg kg�1), liver (6 mg kg�1), and muscle (2 mg kg�1) samples
[17] to control the levels of TCs satisfying the security value. Hence,
highly accurate, sensitive and selective detection methods for
monitoring of TCs in food, serum and water are demanded to
protect human safety and health [18,19].

In the past decades, numerous analytical methods have been
developed for quantitative determination of TCs. Chromatographic
methods including liquid chromatography-mass spectrometric (LC-
MS) [7], high-performance liquid chromatography (HPLC) [20], and
thin-layer chromatography (TLC) [21], are the most conventional
detection methods for TCs. However, some inherent disadvantages
of chromatographic methods, such as the time-consuming, pro-
fessional operation skill, and expensive apparatus have limited
their widely applications. Except chromatographic methods,
capillary electrophoresis (CE) [22], capillary electrophoresis-mass
spectrometric (CE-MS) [23], and enzyme-linked immunosorbent
assay (ELISA) [24], are also successfully established for the
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detection of TCs with highly sensitivity and accuracy, but still exist
some drawbacks such as complicate sample pretreatment process
and requirement of highly trained technical personnel [25].
Therefore, a group of simple, convenient, robust, and rapid but also
sensitive, and selective detection methods for TCs are highly
demanded.

Great efforts have been devoted to exploring alternative strate-
gies for sensing of TCs in a facile, rapid, selective, sensitive, user-
friendly and accurate manner [26]. Sensors emerge as promising,
innovative, and complementary or alternative analytical techniques
for the detection of antibiotics because of their superiorities of high
sensitivity and selectivity, rapid detection, easy operation, and in-situ
applications [27e29]. Therefore, a significant attention has been
drawn to the fabrication of sensors for TCs detection. Vast sensing
strategies such as optical-based sensors, electrochemical-based
sensors and other sensors including electrochemiluminescence-
based sensor and photoelectrochemical-based sensor, have been
established for TCs analysis [25,27,30e34]. Those sensors utilizing
recognition elements ((bio)receptors) such as aptamer, enzyme,
molecularly-imprinted polymers, small molecular and macromole-
cule chemicals, and antibody etc., which can be employed to directly
identify and capture the target TCs [25,33,35e37]. Moreover,
different kinds of nanomaterials such as gold nanoparticles [38,39],
graphene [40,41], magnetic nanoparticles [42,43], carbon dots
[44,45] and quantum dots [46,47], etc. have been applied to
construct those TCs sensors. The integration of nanomaterials and
recognition elements shows excellent selectivity and high sensitivity
in terms of real-time analysis, which is in high demand for TCs
detection [30,34].

In the last few years, there is a rapid increase in fabrication of
antibiotics sensors. For example, a review about the biosensors for
the detection of antibioticswas reported by Lan et al. [25], Robati and
co-workers summarized a review about the aptasensor for quanti-
tative detection of kanamycin [48], more recently, Gaudin et al. re-
ported a comprehensive review about the biosensors for the
screening of antibiotic residues [26]. However, to the best of our
knowledge, there were no reviews reported the TCs detection.
Scheme 1. General schematic of recent advances in sensors for tetracyclines detection and r
surface-enhanced Raman scattering; ECL: electrochemiluminescence; PEC: photoelectroche
Meanwhile, most of these papers reviewed biosensors, few of them
described the chemosensors for the antibiotics detection. In addition,
sensors for TCs detection are developed very fast in recent years.
Numerous highly sensitive and selective sensors have appeared. It is
very necessary to summarize a review for the TCs detection based on
sensors. Therefore, we summarized the current research literatures
on sensors for TCs detection. Those recent advances in TCs sensors
are shown in Scheme 1. To highlight the recent progress in sensors
for TCs detection, this review discussed the various recent devel-
opment of emerging TCs sensors and its mechanisms. Furthermore,
the real application of those sensors for TCs detectionwas focused in
this review. Finally, the conclusion and challenges facing TCs sensors
and future directions are concluded.

2. Optical-based tetracycline antibiotics sensors

Optical analysis methods, as excellent analysis tools, are widely
used in antibiotic detection because of high sensitivity, quick
response and simple use [49]. Optical sensors are usually divided
into five main classes including colorimetry, fluorescence, surface
Plasmon resonance (SPR), chemiluminescence (CL) and surface-
enhanced Raman scattering (SERS) [48].

In this part, we summarized optical sensors for TCs detection
based on different kinds of detection methods including colorim-
etry, SPR, fluorescence, CL and SERS. A summary of the optical-
based tetracycline antibiotics sensors are provided in Table 1.

2.1. Colorimetric-based tetracycline antibiotics sensors

Among different sensing techniques, colorimetry is a compre-
hensivemethod for analytical applications due to its simplicity, low
cost and practicality [50,51]. The target molecules can be detected
by the naked eye is its unique advantage. The key principle of
colorimetric method is transferring the detection events into color
change [50]. Metallic nanoparticles such as gold and silver nano-
particles have received much attention for using in colorimetric
sensors because of distance/size-dependent optical properties
eviewed in this paper. SPR: surface Plasmon resonance; CL: chemiluminescence; SERS:
mical.



Table 1
Summary of recently optical-based tetracycline antibiotics sensors.

Optical sensor types Analytes Signal transducer Receptor Linear range (mM) LOD (mM) References

Colorimetric oxytetracycline AuNPs aptamer 0.025e1 0.025 [39]
tetracycline AuNPs aptamer e 0.0279 [57]
oxytetracycline AuNPs aptamer e 0.0001 [58]
tetracycline AuNPs aptamer 0.0005e0.01 2.66 � 10�4 [38]
tetracycline AuNPs e 0.95e29.25 0.38 [61]
oxytetracycline AuNPs e 0.85e32.25 0.34
chlortetracycline AuNPs e 0.88e27.15 0.35
doxycycline AuNPs e 0.87e43.67 0.52
oxytetracycline TMB enzyme 0.05e1 0.026 [43]
tetracycline TMB enzyme 0.01e1 0.045
doxycycline TMB enzyme 0.05e1 0.048
tetracycline AuNPs aptamer 0.01e0.4 0.0458 [59]
oxytetracycline AuNPs e 1.19e17.84 0.169 [62]
doxycycline AuNPs e 0.12e1.37 0.0179
oxytetracycline AuNPs aptamer 4.01e56.43 0.458 [60]

Fluorescence oxytetracycline TGA@CdTe-QDs TGA 13.4e134 0.0308 [69]
tetracycline CdTe-QDs antibody 0.0225e56.25 1.13 � 10�5 [47]
tetracycline MIP-MPS-QDs MIP e 0.45 [74]

MIP-APS-QDs MIP 0.12e0.37 0.54
MIP-MAA-QDs MIP 0.10e0.37 0.50

tetracycline QDs/MS/MIP MIP 112.5e225 0.0113 [46]
tetracycline CDs-ACA ACA 25e15000 0.05 [79]
tetracycline CDs/MIP MIP 0.02e14 0.00548 [80]
oxytetracycline CDs e 0.1e2.7 0.0228 [44]
oxytetracycline GO aptamer 0.05e2.02 0.05 [40]
oxytetracycline GO aptamer 0.01e0.2 0.01 [41]
tetracycline Eu3þ/SiNP e 0.01e120 0.0054 [99]
tetracycline de-CDs e 0.001e30 0.00052 [100]
tetracycline CDs e 0.01e100 0.0033 [45]
tetracycline AA-Glutaraldehyde@ESM AA 0.0225e22.5 0.0225 [101]
tetracycline Fe3O4@ZnS:Mn2þ QDs e 0.01e0.7 0.0012 [102]
tetracycline AMP/Eu polymer AMP 0.1e20 0.06 [103]
tetracycline THMS aptamer 0e0.3 0.00209 [104]
tetracycline Eu3þ/AuNCs@DNAc12 aptamer 0.01e5 0.004 [105]
tetracycline Eu3þ-AgNPs Eu3þ 0.01e10 0.004 [106]

SPR oxytetracycline Metal-coated fiber MIP 0e0.96 0.001 [85]
tetracycline AgNPs e 112.5e11250 29.25 [86]
tetracycline GNS aptamer and antibody 10�11e0.5 10�11 [87]

CL oxytetracycline ABEI-AuNFs aptamer 0.0001e0.01 4.03 � 10�8 [91]
tetracycline ABEI-AuNFs aptamer 0.00011e0.0113 4.5 � 10�8

tetracycline MCLA-Ce(IV) e 10�7e2 � 10�5 2 � 10�8e5 � 10�8 [92]
SERS tetracycline Au/PATP/SiO2 aptamer 2.25 � 10�5e0.225 2.25 � 10�5 [93]

oxytetracycline AuNPs aptamer 9.27 � 10�11e9.27 � 10�7 8.77 � 10�12 [98]

TMB: 3,30 ,5,50-tetramethylbenzidine; TGA@CdTe-QDs: thioglycolic acid capped CdTe quantum dots; MIP-MPS-QDs: Molecularly imprinting polymer-3-Mercapto-
propyltriethoxysilane-CdTe quantum dots; MIP-APS-QDs: Molecularly imprinting polymer-3-Mercapto-propyltriethoxysilane-CdTe quantum dots; MIP-MAA-QDs: molec-
ularly imprinting polymer-methacrylic acid-CdTe quantum dots; QDs/MS/MIP: quantum dot/mesoporous silica/molecularly imprinted polymer; CDs-ACA: carbon quantum
dots-triammonium citrate; CDs/MIP: carbon quantum dots/molecularly imprinted polymer; Eu3þ/SiNP: europium functionalized silicon nanoparticle; de-CDs: dually emitting
carbon dots; AA-glutaraldehyde@ESM: anthranilic acid immobilized on eggshell membrane with glutaraldehyde; Fe3O4@ZnS:Mn2þ QDs: Fe3O4 nanoparticles capped Mn-
doped ZnS QDs; AMP/Eu polymer: adenosine monophosphate capped europium ion; THMS: triple-helix molecular switch; Eu3þ/AuNCs@DNAc12: EuTC with DNA-
templated gold nanoclusters; Eu3þ-AgNPs: Eu-citrate stabilized AgNPs; GNS: gold nanostars; ABEI-AuNFs: N-(4-aminobutyl)-N-ethylisoluminol functionalized flowerlike
gold nanostructures; MCLA-Ce(IV): methoxylated cypridina luciferin analogs and Ce(IV); Au/PATP/SiO2: AuNPs coated p-aminothiophenol with SiO2.
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[37,48,51]. Moreover, gold nanoparticles (AuNPs) show unique
characteristics, such as higher extinction coefficients than organic
dyes, ease of synthesis and modification which enhances the
selectivity and sensitivity of colorimetric sensors [52e54].

Aptamers are single-stranded oligonucleotides, acquired by an
in vitro process named SELEX (systematic evolution of ligands by
exponential enrichment) [55]. They bind tightly to the targets
ranging from small matters to proteins, antibiotics and even entire
cells with high affinity and specificity. Aptamers possess ideal ad-
vantages over antibodies such as excellent thermal stability, low
cost, ease of modification and production, and lack of immunoge-
nicity and toxicity [30,34,56]. Owing to these unique properties,
aptamers have attracted extensive attentions for application in
biosensors.

Combination of aptamer as the bioreceptor element along with
AuNPs as the signal transducer has been widely used in TCs
detection [38,39,57e59]. Kim et al. [39] reported a fast and simple
colorimetric assay using unmodified AuNPs and 76 per
oxytetracycline-aptamer (OTC-aptamer) for detecting OTC with a
linear range from 2.5 � 10�2 mM to 1 mM and a detection limit of
2.5� 10�2 mM. In this colorimetric biosensor, the OTC-aptamer was
absorbed on the surface of AuNPs by the electrostatics interaction
between the bases of single-stranded DNA (ssDNA) and AuNPs,
which provided the stability of nanoparticles against salt-induced
aggregation because of steric effect. But with the addition of OTC,
it could resulted in separation of OTC-aptamer from AuNPs surface
due to OTC bound to the aptamer. Thus, upon the addition of NaCl
solution, unmodified AuNPs happened to aggregation, and result-
ing in the color changed from red to purple even blue. Thus, a
significant increased in the absorbance at 650 nm and decreased at
520 nm could be observed which realized quantitative detection of
OTC. Based on the same principle, Wang and colleagues developed
a 40 per tetracycline-aptamer (TC-aptamer) for highly sensitive
determination of TC. In this work, they found that 76-per aptamer
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was weak to protect the AuNPs from aggregation compared with
40-mer aptamer at the same concentrations. To protect the AuNPs
from aggregation, higher concentration of 76-mer was needed than
the 40-mer aptamer. And when aptamer is the recognition event in
the detection system, high concentration of the aptamer will lead to
high detection limit. In this work the detection limit of TC was
lower than 2.79 � 10�2 mM [57]. More recently, Kwon et al. suc-
cessfully truncated the shortened 8-mer ssDNA aptamer for four
different TCs with high affinity. And the authors used the shortened
8-per aptamer (50-CGGTGGTG-30) for ultrasensitive colorimetric
determination of OTC. The results showed that this ultrasensitive
determination of OTC down to 1 � 10�4 mM was possible by using
the shortened 8-mer ssDNA aptamer, which was about 500-fold
enhanced compared to that acquired using the original 76-mer
aptamer [58].

Except for single-stranded structure, aptamers can be able to
design to other structures with advantages through base pairing. In
one study, a colorimetric triple-helix molecular switch (THMS)
systemwas designed for the first time to detect TC based on AuNPs
and aptamer [38]. THMS presents unique advantages over known
double-helix DNAmolecular switches and molecular beacon-based
signaling aptamers including high sensitivity and stability and
preserving the specificity and affinity of the original aptamer. In
their work, the THMS system consists of a tetracycline-aptamer
(TC-aptamer) sequence with two arm segments and a dual-
labeled oligonucleotide as a signal transduction probe (STP). In
the absence of TC, THMS was stable. So the THMS could not pro-
tected AuNPs against salt-induced aggregation, due to its very
stable structure. The color of AuNPs changed from wine red to
purple or blue, after the addition of NaCl solutions. However, in the
presence of TC, inducing the change of THMS structure due to the
formation of TC/aptamer. THMS was broken up and released STP
which adsorbed on the surface of AuNPs by electrostatic interaction
between the negatively charged AuNPs and the positively charged
bases of STP. Hence, AuNPs were stabilized by the STP against salt-
induced aggregation and remained red (see Fig. 1). The linear range
of this colorimetric biosensor was in the range of
3 � 10�4e1 � 10�2 mM, and the limit of detection (LOD) was as low
as 2.66 � 10�4 mM.

Among the advantages of aptasensor, there are other non-
aptamer (N-aptamer) colorimetric chemosensors for highly sensi-
tive detection of TCs [43,60e62]. Unlike the aptasensor, N-aptamer
colorimetric chemosensors can simultaneously detect several kinds
of TCs. Shen and groups [61] designed a rapid and simple colori-
metric assay for the determination of four kinds of TCs using the
TCs in liquid samples based on in situ growth of AuNPs. When
HAuCl4 mixed up with TCs, after 10 min of incubation at 70�C, a
Fig. 1. Colorimetric biosensor for detection of tetracycline based on AuNPs and triple-helix
wine red color of AuNPs was observed. The absorption peak of TCs
incubated AuNPs occurred at 526 nm, and the absorbance was
directly associated with the concentration of TCs. The LODs of this
colorimetric method were 0.38 mM, 0.34 mM, 0.35 mM, and 0.52 mM
for TC, OTC, CTC, and DC, respectively.

Another novel N-aptamer colorimetric chemosensor for detec-
tion of TCs based on the catalytic activity of Fe3O4 magnetic
nanoparticles (Fe3O4 MNPs) was developed by Wang et al. [43].
Different from AuNPs-based colorimetric sensors, the principle of
this assay is based on Fe3O4 MNPs catalyze the H2O2-mediated
oxidation of colorless 3, 30, 5, 50-tetramethylbenzidine (TMB) into
blue product (oxTMB) as an indicator. In this chemosensor, owing
to the multiple Ne and Oe containing groups, TC molecules had a
strong ability to complex with Fe (II) or Fe (III) on the surface of
Fe3O4 MNPs. The obtained mixture of TCs and Fe3O4 MNPs could
resulted in the accelerated catalyzing H2O2-mediated oxidation of
TMB by Fenton chemistry [63,64]. As a result, comparing to the
similar detection system without TCs molecules, a more obvious
color change of solution could be discovered. They applied this
colorimetric chemosensor to detect TC, OTC, and DC with LODs of
4.5 � 10�2 mM, 2.6 � 10�2 mM, and 4.8 � 10�2 mM, respectively.

2.2. Fluorescent-based tetracycline antibiotics sensors

The fluorescent sensors are becoming increasingly popular for
determination of antibiotics especially TCs, owing to their inherent
characteristics, such as high efficiency and sensitivity, easy opera-
tion, and nondestructive nature [40]. Fluorescence sensors are
usually constitutive of a fluorophore and a quencher to form a
forester resonance energy transfer (FRET), in which identify target
leading to distance-dependent fluorescence quenching or opening
[34,65]. Some fluorescent probes have been used to detect TCs
including quantum dots (QDs), carbon dots (CDs), europium ion
(Eu3þ), carbon nonmaterials, and so on [66].

QDs have attracted huge amount of interest for detection of TCs
due to their unique electronic and optical properties, such as
photostability, narrow and symmetric spectra, low background
noise, and high luminescence [32,34,67,68]. Gao et al. [69] designed
a thioglycolic acid (TGA) functionalized CdTe QDs (TGA-CdTe QDs)
fluorescent chemosensor for detection of OTC. In this work, the
electrostatic interaction between OTC and TGA-CdTe QDs, resulting
in effective electron transfer from OTC to QDs could be responsible
for fluorescence quenching of CdTe QDs. Under the optimal con-
ditions, the fluorescent chemosensor exhibited a linear range of
13.4e134 mM with a detection limit of 3.08 � 10�2 mM. Further-
more, Song et al. [47] also developed a CdTe-QDs fluorescent assay
for TC detection. Compared with previous study [69], this
molecular switch. Adapted from the published works of [38] with a little modification.
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developed fluorescent chemosensor had lower linear range of
2.25 � 10�5e5.63 � 10�2 mM and detection limit of 1.13 � 10�5 mM.

Except for conventional QDs materials, the combination of QDs
with MIP can observably improve the sensitivity and selectivity
[70e72]. MIP creates binding sites and receptor-specific recogni-
tion that are complementary to a template analyte [71,73]. Coating
MIPs on the surface of nanoparticles improves their template-
binding kinetics and increases their surface area-to-volume ra-
tios. Three MIP-QD composites, MIP-MPS (3-mercapto-propyl-
triethoxysilane)-QDs, MIP-APS (3-aminopropyltriethoxysilane)-
QDs, and MIP-MAA (methacrylic acid)-QDs were designed by Chao
et al. [74] for fluorescence detection of TC. The detection limits were
0.45 mM, 0.54 mM, and 0.50 mM for MIP-MPS-QDs, MIP-APS-QDs,
and MIP-MAA-QDs, respectively. Furthermore, Zhang et al. [46]
reported a novel fluorescent chemosensor based on the hybrid
quantum dot/mesoporous silica/molecularly imprinted polymer
(QD/MS/MIP) for the detection of TC. In their work, mesoporous
silica used as the carrier of molecularly imprinting sites, which
accelerated the speed of separation and adsorption and further
enhanced the imprinted molecules to combine with the meso-
porous material pore wall for rapid point position recognition. In
the absence of TC, the electron of QD/MS/MIP was motivated from
valence band to the conduction band when accepting the ultravi-
olet photon. Subsequently, the motivated electron goes back to
valence band, and the QD/MS/MIP generated the fluorescent signal.
On the contrary, in the presence of TC, owing to the hydrogen
bonding interaction between the hydroxyl groups of TC and amino
groups of QDs. The strongly interaction force produced the electron
transfer between QDs and TC. The energy of QDs would then
transfer to the composite of QD/MS/MIP and TC, which resulted in
its fluorescence quenching and with no fluorescent signal genera-
tion. Under the optimal conditions, the linear detection range was
found to be 0.113e2.25 mM and a LOD of 3.375 � 10�2 mM was
achieved. Furthermore, this designed chemosensor was success-
fully applied to detect TC in serum samples. Figs. 2e8.

Carbon quantum dots (CQDs) or carbon dots (CDs) have recently
attracted considerable interest due to their excellent advantages
over conventional inorganic semiconductor QDs, such as bright
fluorescence, convenient synthesis, good biocompatibility and
stability, excellent water solubility, easy surface functionalization,
and low cytotoxicity [75e78]. Owing to these superior advantages,
Fig. 2. Fluorescence chemosensor based on hybrid mesoporous silica/quantum dot/molecu
Ref. [46].
CQDs or CDs provided a newplatform for determination of TCs. Hou
and co-workers [79] reported a novel microwave-assisted method
of CDs prepared from triammonium citrate (CDs-ACA) for the
detection of TC. In this work, when TC was introduced, it could
recombined with the ground state of the organic groups on the
surface of CDs, which produced a decrease of the photoluminescent
intensity. This developed chemosensor showed a LOD down to
50 nM. Based on this work, Hou et al. [80] further combined the CDs
with MIP. The CDs/MIPs composites showed high extraction effi-
ciency, good sensitivity and selectivity, andmore accessible sites for
the detection of TC. Furthermore, the presented assay had great
potential applications for the recovering, preconcentration and
direct detection of trace TC inmilk samples simultaneously without
secondary pollution. Under optimal conditions, the developed
fluorescent chemosensor exhibited a linear range from 2� 10�2 mM
to 14 mM and with a LOD down to 5.48 � 10�3 mM.

An et al. [44] developed a water-soluble fluorescent CDs using
tannic acid as carbon source for sensitive detection of OTC. The as-
prepared CDs were functionalized by catechol molecules in the
synthesis of particle. Owing to the coordination binding between
Fe3þ and catechol groups on the surface of CDs, which lead to the
fluorescence emission of CDs gradually decreased with increasing
Fe3þ ions. However, in the presence of OTC, the fluorescence of pre-
quenched CDs were then gradually recovered owing to the
competition coordination between Fe3þ and OTC. This developed
fluorescent chemosensor could be used for detecting OTC in a linear
range of 0.1e2.7 mMwith a LOD of 2.28� 10�2 mM, and was applied
to detect OTC in real milk samples.

Among the large family of fluorescent-based quenchers, gra-
phene oxide (GO) is the most usually used fluorescent materiel in
view of its excellent fluorescence quenching ability, water solubil-
ity, and easy synthesis [40,41]. For example, Tan and co-workers
[40] developed a GO hydrogel-based fluorescent assay for OTC
detection. The GO hydrogel was prepared by physically mixing
aptamers, GO sheets and adenosine together, in which the aptamer
and adenosine work as the co-cross-linkers to connect the GO
sheets and then form the three-dimensional macrostructures. Un-
der the optimal conditions, the designed fluorescent biosensor had
a linear range of 5.04 � 10�2e2.02 mM with a LOD down to
5.04 � 10�2 mM. Moreover, they applied this fluorescent method to
detect OTC in real water samples with good accuracy.
larly imprinted polymer for detection of tetracycline. Reprinted with permission from



Fig. 3. Schematic illustration of SPR biosensor for tetracycline detection. The tetracycline aptamer was first immobilized on an Au chip, followed by the covalent attachment of
aptamer probes. Tetracycline binding was performed in both buffer and Sincheon river samples, followed by the subsequent binding of GNS-antiTC's for further SPR signal
amplification. Reprinted with permission from Ref. [87].

Fig. 4. Schematic illustration of fabrication process of MNs-aptamer/cDNA-APS probe (A, B); Schematic illustration of the detection process of MNs-aptamer/cDNA-APS probe based
SERS biosensor (C). Adapted from the published works of [93] with a little modification.

Fig. 5. Schematic illustration of tetracycline detection based on electrochemical method. In the absence of tetracycline, the M-shape structure of CSs-Apt complex remains intact
and redox probe could not have access to the surface of electrode, leading to a weak electrochemical signal (a). In the presence of tetracycline, Apt binds to tetracycline and leaves
the CSs. Exo I degrades CS1 and CS2, resulting in the free access of redox mediator to the surface of electrode and a strong electrochemical signal (b). Adapted from the published
works of [109].
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Fig. 6. Schematic illustration of MBCPE/Fe3O4NPs@OA/anti-TET electrochemical aptasensor for the detection of tetracycline. Adapted from the published works of [115] with a little
modification.

Fig. 7. Schematic illustration of Protein G-modified screen-printed dual carbon electrodes (SPdCEs) electrochemical immunosensor for the detection of tetracyclines and sulfon-
amides. Adapted from the published works of [122].
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2.3. Surface Plasmon resonance-based tetracycline antibiotics
sensors

In the past decades, surface Plasmon resonance (SPR) sensors
have attracted extensive attention in antibiotics detection due to
their compact design, low-cost, and more importantly their ability
to realize the label-free and real-time analysis [81,82]. The SPR
sensor with outstanding excellent reproducibility and reutilization
performance has become increasingly popular in environmental
monitoring, food safety, and drug discovery, especially for point-of-
care diagnostics [83]. SPR is the phenomenon of oscillation that
exists at the interface between two materials, which could be
induced by both electrons and photons. It is very sensitive to the
refractive index of the dielectric that is attached to the metal sur-
face. Since the refractive index was the inherent feature of all ma-
terials, any dielectric attached to the metal surface has been able to
be detected [84]. Generally, SPR sensors employ MIP or antibodies
as receptors to capture its corresponding target because of their
superior performance [84].

For example, Verma et al. [85] developed a optical TCs chemo-
sensor using SPR technique along with molecule imprinting. In
their work, the MIP was used for the preparation of the recognition
element, while the SPR technique was used as the transducer. The
MIP produced specific binding sites with functional groups that are



Fig. 8. Schematic illustration of graphitic carbon nitride (g-C3N4) coated with CdS QDs for visible-light-driven photoelectrochemical detection of tetracycline. Adapted from the
published works of [138].
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recognition the target molecules such as TC and OTC. When the TC
or OTC binds on the recognition element, the interfacial architec-
ture changed and the surface Plasmon became exciting, generating
a readable optical signal. This designed chemosensor exhibited a
linear range of 0e0.96 mM. Moreover, a simple and sensitive SPR
assay for the detection of TC based on its reducing AgNO3 to silver
nanoparticals (AgNPs) in alkaline medium containing sodium hy-
droxide and ammonia at 65�C was designed by Amjadi et al. [86].
The Plasmon absorption peak of the formed AgNPs occurred at
411 nm was proportional to the TC concentration. Under the opti-
mized conditions, the linear range was found to be 0.225e4.5 mM
and the LOD was 2.93 � 10�2 mM.

Kim and co-workers [87] have very recently developed a gold
nanostar (GNS) enhanced SPR bio-affinity biosensor using a new
DNA aptamer-antibody sandwich method for determination of TC.
The TC aptamer was first absorbed on the Au SPR chip via covalent
coupling with 11-mercaptoundecanoic acid (MUA). Then, TC was
absorbed on the surface of TC aptamer-modified Au chip and per-
formed in buffer solutions and Sincheon river samples, respectively.
The SPR signal was further amplified by the specific binding of
tetracycline antibody (antiTC) through formation of a sandwich
assay format. Under the optimized conditions, this SPR biosensor
with the linear range from 0.5 mM down to 1 � 10�11 mM and the
LOD was as low as 1 � 10�11 mM. Furthermore, the developed SPR
biosensor was successful applied to the river samples for the
determination of TC.
2.4. Chemiluminescent-based tetracycline antibiotics sensors

Owing to its attractive advantages of operational simplicity, low
cost of detection, high sensitivity as well as sampling rate, chem-
iluminescence (CL) method plays an important and powerful role in
analytical technique [88]. CL-based detection method is widely
applied to different fields, especially in optical biosensor assays
[89]. CL is substance absorption of chemical energy produce light
radiation in the process of chemical reactions [88]. Compared with
the fluorescence method, CL has several advantages such as no
requirement for an external light source, a simple sensor setup, and
longer life time than that of fluorescent ones [90].

CL-based sensor has recently been applied to the detection of
TCs. For example, Hao and co-workers [91] designed a novel
multiplex chemiluminescent aptasensor for simultaneous detec-
tion of three antibiotics including TC, OTC, and kanamycin (KA). In
this study, they used the thiolated hybridized complementary
strand (cDNA) modified N-(4-aminobutyl)-N-ethylisoluminol
(ABEI) functionalized flower-like gold nanostructures (AuNFs) as
signal probes. In the absence of targets, the flower-like AuNFs had a
maximum CL intensity. However, in the presence of targets, owing
to the weaker interaction of aptamer/DNA duplex than that of
aptamer/targets the aptamer tended to bind with target and
induced the signal probes washed away. As a result, the CL intensity
was correlated with the concentration of targets. On the basis
of this competitive mechanism, the linear ranges were
1.12 � 10�4e1.13 � 10�2 mM, 1 � 10�4e1 � 10�2 mM, and
1.01 � 10�4e1.01 � 10�2 mM, and the LOD were 4.5 � 10�5 mM,
4.2 � 10�5 mM, and 3.4 � 10�5 mM, respectively. Moreover, this
developed highly sensitive CL assay could be successfully used for
the determination of three antibiotics in milk. Another ultrasensi-
tive CL biosensor for the detection of TCs was designed by Zeng at al
[92]. The developed CLmethod had a linear range from 1� 10�7 mM
to 2 � 10�5 mM and LOD of 2 � 10�8e5 � 10�8 mM.
2.5. Surface-enhanced Raman scattering-based tetracycline
antibiotics sensors

Surface-enhanced Raman scattering (SERS) sensors have
promising potential in the field of tetracycline antibiotics detection
because of their non-invasive probing, ultrahigh detection sensi-
tivity, minimal sample preparation, compatibility with aqueous
solution, and label-free monitoring for specific analyte in complex
matrices [93,94]. SERS sensors based on the magnitude of Raman
scattering signal can be greatly enhanced when scatterer was
placed on or near a roughened noble-metal substrate [95]. Recently,
SERS-based sensor has been used in practical application of TCs
detection [96,97].

Li et al. [93] designed a sensitive and rapid SERS-based mag-
netic nanospheres-targeting biosensor for detection of TC using
aptamer-conjugated magnetite colloid nanocrystal clusters
(MCNCs)-polymethacrylic acid (PMAA) magnetic nanospheres
(MNs) as the recognition and Au/PATP/SiO2 (APS) as the labels.
Firstly, aptamers were fabricated and conjugated into the MNs’
surfaces through condensation reaction. The MNs possessed of
excellent biocompatibility and high saturation magnetization (Ms),
which rapidly and easily facilitated the magnetic separation. Then,
APS nanocarrier loaded with complementary DNA (cDNA) to
generate a large amplification factor of Raman signals. Owing to the
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hybrid reaction between aptamers and cDNA, APS nanocarrier was
immobilized on the surface of MNs and thus the MNs-targeting
aptasensor was fabricated. Next, TC bound successfully to the
aptamer upon it addition with the subsequent release of some
cDNA-APS into the bulk solution. Under magnet attraction, the
nanospheres were deposited together. Consequently, a display of
strong SERS signals by supernatants of the resulting mixtures with
increasing TC concentrations was observed. The proposed apta-
sensor showed excellent performances for TC detection along with
wide linear range of 2.25 � 10�6e2.25 � 10�1 mM, low detection
limit of 2.25 � 10�6 mM, high sensitivity, and good selectivity to the
general coexisted interferences.

Another ultrasensitive SERS biosensor for determination of OTC
was proposed by Meng et al. [98]. The designed method was con-
structed on the basis of Raman hot spot between AuNPs (13 nm and
80 nm diameter respectively) linked by a DNA sequence. The DNA
sequence combined with the OTC aptamer including its comple-
mentary sequence as well as a stem-loop structure. The Raman
signal molecule (4-MBA) was modified on the surface of 13 nm
AuNPs. After the exposure of OTC, the aptamer sequence was
preferentially combined with OTC and partially dehybridized with
its complementary sequence which lead the 13 nm AuNPs to get
closer to the 80 nm AuNPs. The Raman intensity was thus increased
for the more enhanced hot spot generated. Under the optimal
experimental conditions, the SERS signal was positively related to
the OTC concentration with a wide working range of
9.27 � 10�11e9.27 � 10�7 mM and the LOD was as low as
8.77 � 10�12 mM. The recovery rates of fishmeal ranged from 91.29
to 110.98%. The specificity of this method was further examined,
and the results showed that the AuNPs based aptasensor was highly
selective.

3. Electrochemical-based tetracycline antibiotics sensors

Electrochemical sensors have been widely used in the area of
analysis (includingmetal ions, antibiotics, stimulants etc) [107,108].
Owing to their unique properties, such as rapid reaction, simplicity,
and low cost compared with conventional methods, electro-
chemical sensors are drawing more attention in the detection of
antibiotics. Moreover, compared to optical sensors (colorimetric
and SPR sensors), electrochemical sensors have lower detection
limit. The basic principle of electrochemical sensors is that chem-
ical reactions between target analytes and immobilized identifi-
cation molecules generate or consume electrons or ions, which
affects the measurable electrical properties of the work electrode,
such as potential or electric current or resistance [25,32,67]. Ac-
cording to different types of measurable electrical properties,
electrochemical sensors can be classified into voltammetric,
impedimetric and amperometric sensors. A summary of the reports
on electrochemical-based tetracycline antibiotics sensors are pro-
vided in Table 2.

3.1. Voltammetric sensors

Voltammetric strategy shows excellent sensitivity and selec-
tivity due to the analyte can be easily recognized by its voltam-
metric peak potential [109]. There are two main types of
voltammetric techniques including differential pulse voltammetry
(DPV) and cyclic voltammetry (CV) [110]. These techniques are all
widely applied to electrochemical sensors for determination of TCs
(see Table 2).

Taghdisi et al. [109] designed a novel electrochemical biosensor
using DPV technique for selective and ultrasensitive detection of TC
which was based on gold electrode, M-shape structure of aptamer
(Apt)-complementary strands of aptamer (CSs-Apt) complex, and
exonuclease I (Exo I). In the absence of TC, the M-shape structure
which acted as a barrier and gate for the access of redox probe to
surface of gold electrode remains intact, resulting in a weak elec-
trochemical signal. Upon addition of TC, aptamer combined with TC
and left CSs-Apt, leading to disassembly of M-shape structure and a
strong electrochemical signal was appeared with followed the
addition of Exo I. Exo I degrades CS1 and CS2, resulting in the free
access of electrochemical probe of Fe(CN)63�/4� to the surface of
electrode and a strong electrochemical signal. The designed
analytical method revealed high selectivity toward TC with a LOD
was as low as 4.5 � 10�2 mM. Moreover, the developed biosensor
was effectively used for the determination of TC in serum and milk
samples with LODs of 7.1 � 10�2 mM and 7.4 � 10�2 mM,
respectively.

An electrochemical biosensor based on multi-walled carbon
nanotubes (MWCNTs) modified GCE using DPV and CV techniques
for the determination of TC was reported by Zhou et al. [111]. The
anti-TC aptamer fixed on the surface of carboxyl functionalized
MWCNTs and then the aptasensor was constructed. The specific
identification of TC and aptamer was investigated by the electro-
chemical probe of Fe(CN)63�/4�. After pretreated, the GCE was
modified with MWCNTs, the peak current of MWCNTs modified
GCE changed obviously, which was as triple as the bare GCE, indi-
cating that the introduction of MWCNTs played an important role
in the increase of the electroactive surface area and conductibility
of the biosensor. Under the optimal conditions, the linear rangewas
found to be 0.01 mMe50 mM with a LOD down to 5 � 10�3 mM.
Furthermore, the biosensor was successfully applied to detect
tetracycline in spiked milk samples.

3.2. Impedimetric sensors

Electrochemical impedance spectroscopy (EIS) is a label-free
technique, and it is not needed to modify the interest bio-
molecules with markers such as fluorescent dyes, enzymes, or
other redox labels [112]. Also, this technique possesses other ben-
efits such as ease of signal quantification, excellent sensitivity, and
ability to separate the surface binding events from the solution
resistance [113]. But this technique is so sensitive to the electrode
surface changes so the selectivity is lower than some electro-
chemical techniques such as DPV. Comparedwith other techniques,
EIS possesses advantages such as easy of signal amplification and
high sensitivity [114]. In the past few years, EIS technique has been
widely used in sensing for TCs detection because of their fast
detection and excellent sensitivity [115e120].

Jajanbani et al. [115] proposed two aptasensors based on the
modified carbon paste electrode (CPE). Oleic acid (OA) modified
CPE (CPE/OA/anti-TC), and Fe3O4 magnetic nanoparticles and oleic
acid modified magnetic bar carbon paste electrode (MBCPE/Fe3O4
MNPs/OA/anti-TC). In this study, the developed two aptasensors
both using EIS and DPV techniques for the detection of TC (see
Table 2). Interestingly, the CPE/OA/anti-TC aptasensor with a linear
range of 1.0 � 10�6e1.0 � 10�1 mM and a LOD of 3.0 � 10�7 mM by
EIS technique, and a linear range of 1.0 � 10�4e1.0� 10�1 mM and a
LOD of 2.9 � 10�5 mM by DPV technique, respectively. Furthermore,
the linear range and LOD of MBCPE/Fe3O4 MNPs/OA/anti-TC apta-
sensor were found to be 1.0 � 10�8e1.0 mM and 3.8 � 10�9 mM
respectively by EIS technique, and 1.0 � 10�6e1.0 mM and
3.1 � 10�7 mM respectively by DPV technique. The results showed
that EIS technique has more widely linear range and lower LOD
compared with DPV technique. Meanwhile, it is noticeable that
using the synthesized nanomaterials of Fe3O4 MNPs and Fe3O4
MNPs@OA resulted in performing a better immobilization process
at the electrode surface. The electrochemical signal of this apta-
sensor originated from the soluble redox probe of Fe(CN)63�/4�.



Table 2
Summary of recently electrochemical-based tetracycline antibiotics sensors.

Electrochemical sensor types Electrode Analytes Technique Receptor Linear range (mM) LOD (mM) References

Voltammetric M-shape of aptamer/SPGEs tetracycline DPV aptamer 1.5 � 10�3e3.5 4.5 � 10�4 [109]
HPR/MWCNTs/CPE oxytetracycline DPV enzyme 15e1500 3.5 � 10�2 [123]
rGO-Fe3O4/SPCE tetracycline DPV aptamer 1e5000 6 � 10�4 [124]
CSePB-CR/MWCNTs-CS/GCE tetracycline DPV aptamer 0.0001e1000 5.6 � 10�6 [125]
MIP/MWCNTs-AuNPs/GCE tetracycline CV MIP 0.225e90 0.09 [126]
AuNPs/PB-CS-GA/GCE tetracycline DPV aptamer 0.01e10, 10e10000 3.2 � 10�4 [127]
UV-DNA/GCE tetracycline CV aptamer 0.3e90 0.27 [128]
aptamer/GE tetracycline CV aptamer 0.01e10 0.01 [129]
MWCNTs/GCE tetracycline DPV aptamer 0.01e10 5 � 10�3 [111]

Impedimetric OA/CPE tetracycline EIS aptamer 10�6e0.1 3 � 10�7 [115]
tetracycline DPV aptamer 10�4e0.1 2.9 � 10�5

OA/Fe3O4/MBCPE tetracycline EIS aptamer 10�8e10 3.8 � 10�9

tetracycline DPV aptamer 10�6e10 3.1 � 10�7

Ab-MNPs-CS/GE tetracycline EIS antibody 1.8 � 10�4e2.25 � 10�3 7.2 � 10�5 [116]
GO/GCE tetracycline EIS aptamer 10�7e10 2.9 � 10�8 [117]
aptamer/GE tetracycline EIS aptamer 2.25 � 10�2e6.75 2.5 � 10�3 [118]
aptamer/GE tetracycline EIS aptamer 1.25 � 10�3e11.25 2.5 � 10�4 [119]
nano ATO-CS/IDAMs tetracycline EIS aptamer 2.25 � 10�2e2250 6.75 � 10�3 [120]

Amperometric MB/anti-TC aptamer/DpAu/GCE tetracycline e aptamer 10�4e103 4.2 � 10�5 [121]
ProtG-EDC/NHS-4-ABA/SPdCEs tetracycline e enzyme 6.4 � 10�3e0.385 1.93 � 10�3 [122]

sulfapyridine e enzyme 1.92 � 10�3e0.454 3.9 � 10�4

M-shape of aptamer/SPGEs:M-shape of aptamer modified screen-printed gold electrodes; HPR/MWCNTs/GCE: horse radish peroxidase caped multi-walled carbon nanotubes
modified carbon paste electrode; rGO-Fe3O4/SPCE: reduced graphene oxide and magnetite Fe3O4 nanoparticles modified screen-printed carbon electrodes; CSePB-CR/
MWCNTs-CS/GCE: multi-walled carbon nanotubes-chitosan and chitosan-prussian blue-graphene nanoparticals modified glass carbon electrode; MIP/MWCNTs-AuNPs/GCE:
Molecularly imprinting polymer and gold nanoparticals modified multi-walled carbon nanotubes modified glass carbon electrode; AuNPs/PB-CS-GA/GCE: prussian blue-
chitosan-glutaraldehyde doped gold nanoparticals modified glass carbon electrode; UV-DNA/GCE: UV irradiated DNA film modified glassy carbon electrode; aptamer/GE:
aptamer modified gold electrode; MWCNTs/GCE: multi-walled carbon nanotubes modified glassy carbon electrode; OA/CPE: oleic acid modified carbon paste electrode; OA/
Fe3O4/MBCPE: magnetite Fe3O4 nanoparticles and oleic acid modified carbon paste electrode; Ab-MNPs-CS/GE: monoclonal antibody and Fe3O4 nanoparticles doped chitosan
modified gold electrode; GO/GCE: graphene oxide modified glassy carbon electrode; nano ATO-CS/IDAMs: antimony tin oxide nanoparticle-chitosan modified interdigitated
array microelectrodes; MB/anti-TC aptamer/DpAu/GCE: Methylene blue coated anti-TC aptamer modified glassy carbon electrode with electrodeposition gold nanoparticals;
ProtG-EDC/NHS-4-ABA/SPdCEs: Protein G covalently immobilized 4-aminobenzoic modified screen-printed dual carbon electrodes.
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Fe3O4 MNPs could accelerated the electron transfer kinetics and
improved the sensitivity of EIS techniquewas also demonstrated by
Liu et al. [116]. In addition, the developed biosensors were suc-
cessfully used for the determination of TC in some real samples
such as milk, drug, blood serum and honey samples.

Later, Benvidi et al. [117] reported an electrochemical aptasensor
for the determination of TC based on graphene oxide nanosheets
(GO) modified glassy carbon electrode (GCE). GO was used to
facilitate the anti-TC immobilization through p-p interaction be-
tween GO and aptamer, thus improving the property of electro-
chemical aptasensor. In this work, the designed aptasensor also
both used EIS and DPV techniques to detect TC. Under optimum
conditions, the fabricated aptasensor showed a linear range of
1.0� 10�7e10 mMand a LOD of 2.9� 10�8 mMby EIS technique, and
linear range of 1.0 � 10�4e100 mM and a LOD of 3.1 � 10�5 mM by
DPV technique. Results also revealed that EIS technique had a more
widely linear range and lower LOD compared with DPV technique.
The electrochemical signal of this aptasensor originated from the
soluble redox probe of Fe(CN)63�/4�. In addition, the proposed
aptasensor was successfully used for the determination of tetra-
cycline in serum sample.
3.3. Amperometric sensors

Apart from the commonly voltammetric and impedimetric
sensors, amperometric sensor was also an efficient electrochemical
technique for detection of TCs. For example, Guo et al. [121]
developed a label-free electrochemical aptasensor modified with
methylene blue (MB) and electrodeposited gold nanoparticles (Ed-
AuNPs) for the detection of TC by amperometric technique. The
AuNPs were used to immobilize anti-TC aptamer and facilitate
electron transfer, and MB could supplied much more adsorption
sites for TC. Based on the results, the proposed electrochemical
aptasensor exhibited a linear range of 1.0 � 10�4e1.0 � 103 mM,
with a detection limit of 4.2 � 10�6 mM. Furthermore, the amper-
ometric aptasensor was successfully employed to detect TC in milk
samples.

A novel integrated electrochemical immunosensor for multi-
plexed detection of TCs and sulfonamide antibiotics (SAs) by using
amperometric technique was reported by Conzuelo et al. [122]. It is
based on the selective capture antibiotics immobilize on the surface
of Protein G-modified screen-printed dual carbon electrodes
(SPdCEs). In this work, the 4-aminobenzoic acid (4-ABA) film co-
valent immobilization of Protein G grafted on the disposable elec-
trode, and horseradish peroxidase (HRP)-labeled tracers was used
as a direct competitive immunoassay. Quantification was achieved
through the electrochemical monitoring of the enzyme product at
the SPdCEs, using H2O2 as the enzyme substrate and hydroquinone
as electron transfer mediator. The proposed electrochemical
immunosensor showed a very low LOD (in the low ppb level) for
TCs and SAs detection. Furthermore, this electrochemical immu-
nosensor was employed to detect TCs and SAs in milk samples with
satisfactory results.
4. Other tetracycline antibiotics sensors

4.1. Electrochemiluminescence-based tetracycline antibiotics
sensors

Electrochemiluminescence (ECL) is a well-known high sensi-
tivity detection assay depending on the generation of an optical
signal triggered by an electrochemical reaction [130]. ECL sensor
combines the sensitivity of CL with the advantages of electro-
chemistry. So we put ECL sensor out of the optical and electro-
chemical sensor. The principle of ECL sensor was reviewed by Liu
et al. [130]. Recently, ECL sensor has been widely applied to detect
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TCs [131e133] (see Table 3). RuðbpyÞ2þ3 -based ECL has become an
extensively analysis technique due to its good electrochemical
stability, high ECL efficiency, and wide linear range. There are
several reports using RuðbpyÞ2þ3 -based ECL sensors in determina-
tion of TCs. For example, Guo et al. [131] designed a ultrasensitive
RuðbpyÞ2þ3 /2-(dibutylamino) ethanol (DBAE) ECL system for the
detection of four TCs. In the presence of targets, the four TCs could
strongly restrained the ECL signal of RuðbpyÞ2þ3 /DBAE system. Un-
der the optimized conditions, the developed ECL chemosensor had
good linear range from 9.0� 10�5 mM to 9.0� 10�3 mMand a LOD of
4.5 � 10�6 mM. In addition, the assay was successful used for the
detection of four TCs in honey samples.

More recently, a novel ECL chemosensor based on a
RuðbpyÞ2þ3 -doped silica nanoparticles (Ru-SiNPs)/Nafion film
modified electrode for the determination of TCs was designed by
Chen et al. [132]. After being prepared by a water-in-oil micro-
emulsion method, the Ru-SiNPs were then immobilized on the GCE
with the help of Nafion film. Interestingly, compared with
RuðbpyÞ2þ3 /DBAE system, they found that the presence of TCs could
greatly enhance the ECL signal response of the modified electrode.
The results showed that the linear range was 0.1e100 mM for OTC,
1e100 mM for TC, and 1e100 mM for CTC. The LODswere 0.10 mM for
OTC, 0.23 mM for TC, and 0.16 mM for CTC, respectively. Moreover,
this proposed ECL sensor also revealed excellent stability and
repeatability, which resulted in its application in detection of an-
tibiotics content in drugs.
4.2. Photoelectrochemical-based tetracycline antibiotics sensors

Photoelectrochemical (PEC) sensing is a novel approach with
high sensitivity and rapid response [134]. It reveals greater per-
formance than traditional electrochemical and optical sensors
because it combines the advantages of them. Owing to their sig-
nificant advantages such as easy miniaturization, simple apparatus,
fast response, ultrahigh sensitivity, and reduced background signal,
detection methods based on PEC sensors have been paid a growing
attention [135]. The working principle of PEC sensor is on the basis
of the combination of the PEC oxidation and specific bio-
recognition, and then produce photocurrent signal [134,135].
Recently, PEC sensor has been widely applied to detect TCs
[136e139] (see Table 3).

Yan et al. designed a “signal-off” PEC aptasensor based on BiOI
graphene (BiOI-G) nanocomposite for the detection of OTC [136]. In
this study, the anti-OTC aptamer employed as the bio-recognition
element and BiOI was used to produce a cathodic photocurrent
signal. The photocurrent response of BiOI could be amplified by the
doped a suitable amount of graphene. In the presence of OTC, the
Table 3
Other tetracycline antibiotics sensors.

Sensor types Signal transducer Analyst

ECL RuSiNPs/Nafion/GCE tetracycline
oxytetracycline
chlortetracycline

RuðbpyÞ2þ3 /DBAE tetracycline

oxytetracycline
chlortetracycline
doxycycline

PEC nano Au/TiO2/ITO tetracycline
ITO/TiO2/AuNPs/H-DNA@QDs oxytetracycline
g-C3N4-CdS/FTO tetracycline
BiOI-G/FTO oxytetracycline

RuSiNPs/Nafion/GCE: RuSiNPs/Nafion film modified glassy carbon electrode; RuðbpyÞ2þ3 /D
Au/TiO2 modified Indium Tin Oxide electrode; ITO/TiO2/AuNPs/H-DNA@QDs: hairpin DN
Oxide electrode; g-C3N4-CdS/FTO: graphitic carbon nitride coupled with CdS quantum do
doped with graphene modified F-doped SnO2 conducting glass.
photocurrent was decreased because of the specific capture of OTC
by aptamer. This developed PEC biosensor revealed a linear range
from 4.0 � 10�3 mM to 0.15 mM and the LOD was found to be
9 � 10�4 mM.

Liu and coworker [138] proposed a novel graphitic carbon
nitride (g-C3N4) sensitized with CdS QDs PEC aptasensor for
determination of TC. In this work, g-C3N4 coupled with CdS QDs (g-
C3N4-CdS) nanocomposites introduced as highly efficient photo-
active materials while the free TC-binding aptamer was used as the
special bio-recognition element. TC aptamer was able to be
immobilized on the surface of g-C3N4-CdS composites via p-p
stacking interaction. Interestingly, they found that the g-C3N4-CdS
composites showed highly sensitive photocurrent signal respond-
ing compared with either CdS QDs or pristine g-C3N4 [140]. In the
presence of TC, an enhanced photocurrent signal was produced due
to the specific capture of TC by TC-binding aptamer. Under the
optimal conditions, this developed PEC aptasensor revealed a linear
range from 1 � 10�2 mM to 0.25 mM and with a detection limit of
5.3 � 10�3 mM.

Recently, Li et al. [139] developed a novel reusable PEC apta-
sensor for the detection of OTC based on a signal “switch off-on”
strategy. In their study, the hairpin DNA probe and CdTe quantum
dots (H-DNA/QDs) was immobilized on ITO/TiO2 electrode at first.
Then introduce the OTC aptamer, the hairpin DNA probe hybridized
with OTC aptamer leads to CdTe QDs far away from ITO/TiO2 elec-
trode surface and decrease of photocurrent signal. While in the
presence of OTC, the photocurrent signal of ITO/TiO2/H-DNA/QD/
aptamer recovered significantly. Under the optimal conditions, this
proposed PEC aptasensor had a linear range towards OTC from
2 � 10�3 mM to 0.3 mM and with a LOD down to 1.9 � 10�4 mM.
Moreover, the developed PEC aptasensor could be regenerated by
adding dehydroascorbate and applied to detect OTC in complex
environment water samples (tap water and lake water) or food
samples (raw milk and chicken).

5. Application of sensors

The application of sensors for TCs for real samples detection is
an important strategy to assess its application potential and
analytical reliability. In this part we will pay more attention to
samples preparation and analysis.

5.1. Samples preparation

Real samples containing food samples (milk, honey and
chicken), water samples (tap water and lake water), biological
samples (serum and urine) and tablets are used to evaluate the TCs
Receptor Linear range (mM) LOD (mM) References

RuSiNPs 1e100 0.23 [132]
0.1e100 0.10
1e100 0.16

DBAE 4 � 10�5e4 � 10�3 2 � 10�6 [131]

4 � 10�5e4 � 10�3 2 � 10�6

4 � 10�5e4 � 10�3 2 � 10�6

4 � 10�5e4 � 10�3 2 � 10�6

aptamer 0.0003e1.6 1 � 10�4 [137]
aptamer 0.002e0.3 1.9 � 10�4 [139]
aptamer 0.01e0.25 0.0053 [138]
aptamer 0.004e0.15 9 � 10�4 [136]

BAE: 2-(dibutylamino)ethanol co-reactant with RuðbpyÞ2þ3 ; nano Au/TiO2/ITO: nano
A conjugate with CdTe QDs immobilized on the TiO2/AuNPs modified Indium Tin
ts modified F-doped SnO2 conducting glass; BiOI-G/FTO: p-type semiconductor BiOI
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sensors. The pretreatment was described in detail are presented in
below.

For milk or chicken samples [139], 1.0 mL of raw milk or 1.0 g of
chopped chicken was placed into a 15 mL centrifuge tube and
diluted with water to 10 mL, then 2 mL of chloroform and 2 mL of
10% trichloroacetic acid were added and mixed under vortex for
10 min to deposit protein and dissolve at and other organic sub-
stances in the sample matrix. After centrifuged at 13,000 rpm for
10 min, the supernatant was centrifuged at 10,000 rpm for 10 min
to remove the sediment once again, and the supernatant was
collected.

The pretreatment of the honey solution [141] was done as fol-
lows: 1.0 g of honey was added to ethanol (1 mL) and sonicated in
an ultrasonic bath for 30 min. To reduce the matrix effect, the
sample solution was then diluted 1/10 (v/v) with a phosphate
buffer solution and filtered through a filter paper. Finally, to deposit
protein and dissolve at and other organic substances the process is
same with the milk, and the supernatant was collected.

For water samples [139], tap water and lake water samples were
filtered through a 0.2 mm nitrocellulose membrane filter immedi-
ately after sampling. For urine samples [61], 0.1 M acetic acid was
added to urine samples at a 1:2 (v/v) ratio. The mixtures were
centrifuged at 5000 rpm (4�C) for 30 min, and the supernatants
were collected.

For serum samples [115], proteins of serumwere removed using
acetonitrile. 125 mL of cold acetonitrile was added to 50 mL of
serum, with gentlemixing. Themixtures were incubated for 60min
at 4�C. The samples were centrifuged at 9500 rpm for 10min at 4�C,
and the supernatant was collected.

For the OTC tablets [43], before grinding, three pieces of OTC
tablets were weighted, and then the average amount of one tablet
was calculated. After grinding to fine powder, the amount equal to
4.098mgwas weighted accurately, and then transferred into a 7mL
centrifuge tube. After that, ultrapure water (5 mL) was added into
the tube to dissolve the powder. The solutionwas diluted 100 times
with ultrapure water when in use.

A certain amount of TCs was added into the raw real samples,
then pretreated in accordance with the above procedure.

5.2. Samples analysis

Results with real samples detection are very important. To
investigate the application of the designed sensors in real samples,
different concentrations of TCs are add into the raw real samples
before pretreatment. Moreover, the sample dilution factor during
pretreatment needs to be considered. The accuracy of the results is
evaluated by the recoveries. The spiked TCs are also determined by
standard ELISA or HPLC method for comparison and to validate the
reliability of the proposed analytical method.

In Jajanbani's work [115], the developed aptasensor was used on
different samples such as serum, milk, honey and tablet. The serum
samples were spiked with standard TC solution (1.0 � 10�4 mM,
1.0 � 10�2 mM), the honey and milk samples were spiked with
standard TC solution (1.0 � 10�5 mM,1.0 � 10�3 mM), and the tablet
samples were spiked with standard TC solution (1.0 � 10�6 mM,
1.0 � 10�4 mM). In this work, the spiking was performed after the
pretreatment, and the samples were diluted 10 times with buffer
before analysis. The recoveries for the spiked samples ranged from
95% to 104%, implying that the aptasensor had a good accuracy. The
spiked TC solutions were lower than that of EU standard required in
milk (1 mM), indicating that spiking performed was correct and
relevant for TC expected amounts in the milks.

In Wang's work [91], the developed aptasensor was used on
milk samples. The recoveries and RSDs obtained by the proposed
method and a commercial ELISA method. The spiking was
performed before the pretreatment, and the samples were diluted
40 times with buffer before analysis. The milk samples were spiked
with standard TC and OTC solution (2.25 mM, 1.69 mM, and 1.12 mM,
respectively). The recoveries of the proposed method and ELISA
method for TC were 99.03e102.66% and 97.50e102.95% with RSDs
in the range of 5.71e6.84% and 5.25e6.02%, the recoveries for OTC
were 97.32e100.47% and 99.44e102.18% with RSDs of 5.63e6.05%
and 4.87e6.21%. The results obtained from the two methods were
coincident. The spiking performance in this work was correct. On
another work [60], the milk samples were spiked with standard
OTC solution (10 mM, 20 mM, and 30 mM). The spiking was per-
formed before the pretreatment, and the samples were diluted 10
times with buffer before analysis. The spiked milk samples were
also detected by HPLC for comparison. The amount found of pro-
posed method and HPLC method for OTC were 10.9 mM, 18.9 mM,
and 25.4 mM and 8.8 mM, 18.3 mM, and 25.2 mM. The recoveries of
the proposed method and ELISA method for TC were
84.22e108.36% and 93.36e91.04% with RSDs in the range of
0.49e2.35% and 0.91e61.4%. It is obvious that the results from the
developed aptasensor was in accordance with those from HPLC.
Although the spiking was performed before the pretreatment, but
the spiked TC solutions were higher than that of EU standard
required in milk, indicating that spiking performance was incorrect
in this work.

Except for mentioned literatures, most of the literatures lack of
enough details [41,93,100,124,142]. Either not indicated the spiking
was performed before or after pretreatment, or did not specify the
dilution multiples. In conclusion, application of sensors for TCs in
real samples must have a exact pretreatment to avoid the inter-
ference. The spiked standard TCs should at the levels that are
relevant for TCs expected for amounts in the respective samples.
And the sample dilution factor during pretreatment needs to be
considered. To validate the results, we can use standard ELISA or
HPLC method. The recoveries and RSDs can direct response the
accuracy and reproducibility of the developed sensors.

6. Conclusion and future outlook

This review has given a brief overview about recent advances in
promising sensor for TCs detection. Two main tetracycline antibi-
otics sensors, i.e. electrochemical and optical sensors, are shown in
details. Optical detection methods including colorimetry, fluores-
cence, SPR, chemiluminescence, and SERS methods have been used
to design TCs sensors. Colorimetric method is the fastest and
simplest technique, which can recognize the presence of target
only by unaided eye. But it is easy interfered by the background
color of samples and suffers from relatively low sensitivity. To avoid
this, one can choose fluorescence technique which is one of the
most popular optical methods. Owing to its excellent characteris-
tics, like easy detection procedure and high sensitivity, fluorescence
method has been extensively used to TCs detection. However, the
fluorophore has a short life time. Chemiluminescence technique is
another attractive optical method. Compared with the fluorescence
technique, chemiluminescence method has several advantages
such as no requirement for an external light source, and longer life
time than that of fluorophore ones. In addition, SPR method has
been recommended for determination of TCs because it can detect
the analyte by label-free and can realize real time detection at the
same time with relative low LOD. Owing to the fast response of
optical sensors, the test time of optical sensors are usually shorter
than that of conventional methods. If there need to be detected at
very high sensitivity, more accurate and sensitive techniques are
required. On this occasion, electrochemical methods, such as vol-
tammetric, impedimetric, and amperometric are suitable choices.
Among the three electrochemical methods, voltammetry is the



Table 4
Compare detection methods for different applications in the area of quantitative detection of tetracycline.

Sensors type Advantages Shortcomings

Optical
Colorimetric Visual detection; Quick detection; Simple apparatus Low sensitivity; Easy influenced by external environment; Interference from the background

color of sample;
Fluorescent Convenient operation; Easy automation Short life time of fluorophore
SPR Label-free; Real time detection High cost of instrument
CL Wide dynamic range; Low cost; Simple operation; No real-time detection Labeling required
SERS Simplicity; Rapidity; High sensitivity Poor stability of substrates
Electrochemical
Voltammetric Easy detection; Method diversification Poor stability of electrode
Impedimetric Rapidity; Label-free detection; High sensitivity Complicated process for modeling the electrode
Amperometric High sensitivity; Automation; Miniaturisation Labeling of the analyte to increase the electrochemical reaction at the electrode
Others
PEC Simple apparatus; Easy miniaturization;

Fast response; Reduced background signal
Instability; High demand of flexible substrates

ECL Low cost; High sensitivity Easy influenced by external environment

SPR: surface Plasmon resonance; CL: chemiluminescence; SERS: surface-enhanced Raman scattering; PEC: photoelectrochemical; ECL: electrochemiluminescence.
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most common used technique, because of its easy detection,
excellent sensitivity and selectivity. Meanwhile voltammetry has a
lot of alternative techniques, such as DPV, and CV, etc.. Impedi-
metric method include EIS technique and it has more widely linear
range and lower LOD compared with DPV technique. In general,
electrochemical methods equip with high sensitivity and wide
detection range, but it suffered from poor repeatability, and the
electrodes are sensitive to external environment so they need
intricate sample pretreatment. The test time of electrochemical
sensors are longer than that of optical sensors but shorter than that
of conventional methods. Except for two main TCs sensors, i.e.
electrochemical and optical sensors, we also introduced other TCs
sensors, such as electrochemiluminescence and photo-
electrochemical methods in details. Electrochemiluminescence
method is a well-known high sensitivity detection assay which
combines the sensitivity of chemiluminescence with the advan-
tages of electrochemistry. Photoelectrochemical method has been
paid a growing attention because it reveals greater performance
than traditional electrochemical and optical sensors. Owing to
photoelectrochemical method combines the advantages of tradi-
tional electrochemical and optical sensors, it has some significant
advantages, such as easy miniaturization, simple apparatus, fast
response, ultrahigh sensitivity, and reduced background signal.
Therefore, each kind of TCs sensors possesses its own disadvan-
tages and advantages (see Table 4).

Despite some advantages of these sensors compared with con-
ventional detection methods, there are still some challenges for
further application of these advances sensors. For example, sensi-
tivity and selectivity in some designed methods depend on
measuring environment such as temperature, pH, ionic strength,
etc.. On the other hand, selection of receptor elements (such as
aptamer, MIPs, functional molecules, etc.) and signal transducer
(nanomaterial, substrate, etc.) is time-consuming and difficult
process. Therefore, an important challenge in antibiotics sensors is
the practical application, i.e. on-site analysis of targets in real world,
complex environments. That is, the final goal of all the sensing
devices should face to the end user. Unfortunately, till now the
innovation has been restricted to the laboratory scale and it has not
reached to end user who badly needs a smart quick sensing reliable
tool. Therefore, an effective technology, enabling rapid production
of large amounts of antibiotic sensors with high-quality specifica-
tions and relatively low cost, are still highly desired. Such a tech-
nique is the prerequisite for the successful commercial application
of any sensing devices. Future efforts should be made on devel-
oping multifunctional and environmentally friendly nanomaterials
and making the antibiotic sensors more robust. What's more, for
further application in real samples, the recognition elements
including bio-recognition and chemical-recognition elements, and
signal transducer should also be improved, because of the higher
tolerance to the more complex and harsh natural environmental
conditions. Nevertheless, we expect the research in TCs biosensors
and chemosensors will still continuous hot. We also hope that
sensors can be widely used in antibiotic detection or even drug
detection and eventually become effectively routine analysis tools
that could meet various challenges.
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