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Abstract: Antibiotics, nowadays, are not only used for the treatment of human diseases but also
used in animal and poultry farming to increase production. Overuse of antibiotics leads to their
circulation in the food chain due to unmanaged discharge. These circulating antibiotics and their
residues are a major cause of antimicrobial resistance (AMR), so comprehensive and multifaceted
measures aligning with the One Health approach are crucial to curb the emergence and dissemination
of antibiotic resistance through the food chain. Different chromatographic techniques and capillary
electrophoresis (CE) are being widely used for the separation and detection of antibiotics and their
residues from food samples. However, the matrix present in food samples interferes with the proper
detection of the antibiotics, which are present in trace concentrations. This review is focused on
the scientific literature published in the last decade devoted to the detection of antibiotics in food
products. Various extraction methods are employed for the enrichment of antibiotics from a wide
variety of food samples; however, solid-phase extraction (SPE) techniques are often used for the
extraction of antibiotics from food products and biological samples. In addition, this review has
scrutinized how changing instrumental composition, organization, and working parameters in
the chromatography and CE can greatly impact the identification and quantification of antibiotic
residues. This review also summarized recent advancements in other detection methods such as
immunological assays, surface-enhanced Raman spectroscopy (SERS)-based assays, and biosensors
which have emerged as rapid, sensitive, and selective tools for accurate detection and quantification
of traces of antibiotics.

Keywords: antibiotics; solid-phase extraction; chromatography; capillary electrophoresis;

surface-enhanced Raman scattering; biosensors

1. Introduction

Antibiotics are life-saving drugs, which have made a remarkable revolution in the
medical sector in the twentieth century, but many antibiotics are now “endangered species”
due to the global emergence of antibiotic resistance. These miracle drugs have substan-
tially improved the life expectancy and health of humans and animals by combating a
wide range of infectious diseases [1]. Most of the antibiotics are natural products that are
secreted primarily by Streptomyces spp. [2]. Most commonly prescribed antibiotics in clinics
are glycopeptides, polyethers, sulfonamides, tetracyclines, aminoglycosides, 3-lactams,
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fluoroquinolones, and macrolides [3]. Among the several classes of antibiotics, most of
them are classified based on their chemical structure, action mechanism, action spectrum,
and route of administration [4]. Figure 1 depicts the various sources of how antibiotics
reach up to our table [5,6]. Similarly, the structures of different classes of antibiotics are
shown in Figure 2, and the examples of antibiotics belonging to the different classes are
summarized in Table 1. Misuse and overuse of antibiotics in farming and subsequent
contamination of the surrounding environment have been significantly linked with the
emergence and spread of antimicrobial resistance (AMR). This increase also marks adverse
effects on the food chain. A wide array of antibiotics, such as aminoglycosides, 3-lactams,
fluoroquinolones, and sulphonamides, etc., are reported as possible environmental pollu-
tants by the World Health Organization; these are public health threats [7]. The emergence
of antibiotic pollution has led to potential toxic effects on microorganisms, plants, animals,
and ultimately humans [4]. When antibiotics are widely used, antibiotic-resistant bacteria
evolved due to genetic or mutational alterations, which are also considered a new type
of contaminant in the environment [7,8]. The uncontrolled use of antibiotics has made
their presence almost everywhere in the environment, including water resources and soils.
The wastewater and other biological wastes from farming soils, hospitals, and pharma-
ceutical industries may contain traces of antibiotics that could mix with water resources if
discharged without proper treatment [9]. Hospital wastes are considered a breeding spot
of antibiotic-resistant bacteria (ARB) [10]. ARB strains can survive and multiply even in
harsh conditions compared to wild strains [11].
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Figure 1. Pathways for antibiotic residues into the environment.
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Figure 2. Structures of some antibiotics isolated from food products.

The presence of antibiotic residues in food products causes unfavorable effects on
organ systems resulting in several health complications, such as immunopathological
effects, skin allergy, mutagenicity, tuberculosis, liver problems, pneumonia, and even
carcinogenicity in humans due to antibiotic-resistant bacteria [12,13]. To protect public
health, maximum residue limits (MRLs) of antibiotics and other pharmacologically active
substances in foodstuffs of animal origin were established by the European Commis-
sion [14,15]. In this connection, there have been significant efforts in the development of
robust analytical methods with a combination of techniques such as High-Performance
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Liquid Chromatography (HPLC) coupled with Mass Spectrometry (MS), and Liquid Chro-
matography coupled with tandem mass spectrometry (LC-MS/MS) to monitor antibiotic
residues in food products. Antibiotic residues may be present in food products, and it is
often difficult to detect because residues are found to be associated with matrices, which
interfere with their analysis [16]. In essence, a small portion of the initial antibiotics is likely
to be bioactive, which challenges extraction of antibiotic residues as well as detecting and
quantifying them [17]. Old-fashioned screening techniques, such as paper-based devices as
uPAD, are simple and affordable, but their sensitivity is not enough to capture antibiotic
traces in food samples. Therefore, this need has led to the research and development
of highly sensitive and selective analytical tools for the detection and quantification of
antibiotic residues in complex matrices [18,19].

The food consumed comprises nutrients including, however not limited to, lipids,
proteins, and carbohydrates that form a complex food matrix. This matrix may interfere
with the signals obtained for analysis; thus, the preconcentration step is carried out to
minimize matrix interferences and to increase the sensitivity of detection [20]. The sample
pretreatment is a challenging process since many antibiotics are thermally unstable and
have no chromophore (e.g., aminoglycosides) [21]. Before instrumental analysis, different
preconcentration/extraction processes, such as liquid-liquid extraction (LLE), SPE, liquid-
liquid microextraction (LLME), solid-phase microextraction (SPME), and magnetic solid-
phase extraction (MSPE), are used to isolate antibiotic residues from different samples [22].
SPE is also widely used for preconcentration and cleaning up steps since it is safer, easily
operated, and efficient [23,24].

Various analytical techniques such as chromatographic techniques (LC-MS/MS, UHPLC-
MS/MS, HPLC-ELSD), CE, immunological methods, SERS, and biosensors were employed
to detect antibiotic residues. Chromatographic techniques are commonly used for the
detection of antibiotic residues in food samples for a long period. A technique such as
LC-MS/MS has become a mainstream technique for detecting antibiotics accurately and
simultaneously in different environmental mediums [25]. Other determination techniques,
such as CE [26], Raman spectroscopy [27], and enzyme-linked immunosorbent assays, are
also employed in the detection of antibiotic residues [28]. Additionally, biosensors have
emerged as an alternative method for screening antibiotic residues in different environ-
mental, food, and biological samples. The use of biosensors in the detection of antibiotic
residues is rapidly increasing because biosensors are rapid, sensitive, specific, and require
little sample preparation. Additionally, they are affordable, simple to install, and can be
operated by personnel with minimal training [29,30].

Table 1. Major classes of antibiotics.

Class Examples References

Vancomycin, Teicoplanin, Telavancin, Oritavancin,

Dalbavancin [31]

Glycopeptides

Sulfacetamide, Sulfadiazine, Sulfathiazole,
Sulfapyridine, Sulfamerazine, Sulfamethazine,
Sulfamethoxazole, Sulfasoxazole,
Sulfachloropyridazine

Sulfonamides [32]

Tetracycline, Oxytetracycline, Doxycycline,

Tetracyclines Chlorotetracycline, Methacycline

Amikacin, Paramomycin, Dihydrostreptomycin,
Hygromycin, Kanamycin, Netilmycin, Spectinomycin,
Sisomycin, Streptomycin, Tobramycin, Gentamicin,
Neomycin

Aminoglycosides

B—Lactams Amoxicillin, Ampicillin, Cloxacillin, Penicillin G [32]

Macrolides Erythromyecin, Clarithromycin, Tylosin [32]
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Table 1. Cont.

Class Examples References
Fluoroquinolones Lomefloxacin, Ciprofloxacin, Enroflaxacin, [31,32]
q Danofloxacin, Difloxacin hydrochloride, Clinafloxacin !
Polyethers Lasalocid, Salinomycin, Monensin, Narasin, Nigericin [33]

2. Extraction of Antibiotics from Food Samples

The selection of suitable pretreatment methods is important due to the complexity
of matrices and the low concentration of antibiotic residues in food samples. Solid-phase
extraction (SPE) is the most extensively used pretreatment approach for the isolation
and preconcentration of trace contaminants in complex samples (Figure 3). This is due
to its convenience of use, minimal organic solvent consumption, and high enrichment
factor [34]. The activation of the sorbent, percolation/sorption of the analyte in the sample
matrix into the sorbent, removal of matrix interferences, and elution and concentration of
the analyte with an appropriate technique are the key steps for a simple SPE procedure.
However, the mechanism of extraction can vary depending on the nature of the sorbent
used, and choosing an appropriate method of SPE for each application is vital [35]. The
analysis of numerous classes of compounds using SPE format has used cartridges, different
columns as classical SPE sorbents; however, the use of novel sorbent-based materials, such
as metal-organic frameworks (MOFs), carbon nanotubes (CNTs), graphene oxide (GO),
and molecularly imprinted polymers (MIPs) have brought about very good extraction
recoveries with smaller amounts of sorbents, which are discussed below.
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Figure 3. Typical four steps of SPE procedure.
2.1. Classical SPE Sorbents

During the analysis of antibiotics, the extraction and cleanup of target antibiotics
from the matrix is an important step. From milk, antibiotics are most commonly isolated
using liquid-liquid extraction (LLE) and SPE [36]. The isolation of low molecular mass
basic compounds and neutral compounds can be accomplished using carboxy (CX) SPE
cartridges and hydrophilic-lipophilic balance (HLB) SPE cartridges, respectively. A tandem
SPE cleanup method using mixed cation exchange (MCX) and HLB cartridges compared
with single cartridge methods provides significantly improved extraction efficiency with the
recoveries of 94% vancomycin, 95% teicoplanin, 99% telavancin, 89% oritavancin, and 91%
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dalbavancin, as shown by Deng et al. in their studies for the detection of five glycopeptide
antibiotics in milk [37]. Similarly, the extraction of polyether antibiotics including lasalocid,
salinomycin, monensin, narasin, and nigericin residues in milk, chicken, chicken livers, and
egg samples were performed with acetonitrile and purified by ENVI-Carb SPE columns
with an average recovery of the analytes fortified at three levels ranged from 68.2% to
114.3% and limit of quantification (LOQ) obtained for milk and chicken was 0.4 ug/kg,
and for chicken livers and eggs, it was 1 pug/kg [33]. Among several cleanup cartridges,
including HLB, ENVI-Carb, Silica, Neutral Alumina, and Florisil, ENVI-Carb was found
to be the best SPE cartridge for cleaning up the extracts from milk, chicken, egg, and
chicken liver. These cartridges were found to be efficient for removing background organic
compounds and also reduced operation and sample preparation time [33]. Likewise, for
the simultaneous determination of sulfonamides from fish, crab, and shrimp samples,
ultrasonic extraction and liquid extraction of n-hexane was used, in which an online SPE
cleanup equipped with a mixed cation exchange column (Oasis®MCX) connected with a
hydrophilic-lipophilic balance column (Oasis®HLB) was used for sample pretreatment to
remove interferences. As a result, the limit of detection (LOD) and LOQ obtained ranged
from 1.46 to 15.5 ng/kg, and 4.90 to 51.6 ng/kg, respectively [38].

2.2. New SPE Sorbents

The sorbent is a critical component in determining the performance of SPE and several
SPE sorbent materials, including metal-organic frameworks (MOFs), molecularly imprinted
polymers, porous organic polymers (POPs), carbon nanotubes, electrospun nanofibers,
magnetic nanocomposites, high internal phase emulsion polymers, and others were em-
ployed for the extraction of antibiotic residues from food samples [34,39,40]. Among POPs,
porous covalent organonitridic frameworks (PCONFs) are an ideal sorbent for sulfonamide
antibiotics as these sorbent materials possess high surface area and rich n-electron prop-
erties. This method, under optimized conditions, possesses the properties such as wide
linear ranges (2.5-1000 ng-L’l) and low limits of detection (0.14-2.0 ng-L’l) [34]. The
rapid extraction of sulfonamide residues (sulfacetamide, sulfadiazine, sulfathiazole, sul-
fapyridine, sulfamerazine, sulfamethazine, sulfamethoxazole, and sulfisoxazole) in chicken
meat and milk was carried out using PCONFs as SPE sorbents and methanol as an eluting
solvent, demonstrating the suitability of these materials for the enrichment of polar sulfon-
amides [34]. Likewise, for the extraction of tetracyclines in chicken, electrospun graphene
oxide-doped poly (acrylonitrile-co-maleic acid) nanofibers (E-spun-GO/PANCA-NFs) was
fabricated as a novel adsorbent for SPE, which exhibited good stability, large extraction
capacity, and excellent extraction efficiency. The result of which provided limits of detec-
tion from 20.4 to 44.8 ug/kg, and limits of quantification from 69.7 to 115.5 pg/kg [40].
Similarly, polyacrylonitrile@COFs (PAN@COF-SCU1) electrospun composite nanofibers
were developed and used as an absorbent in pipette tip SPE (PT-SPE) for high-efficient
extraction of tetracyclines in grass carp and duck samples in which LOD and LOQ were
ranged from 0.6 to 3 ng mL~! and 2 to 10 ng mL !, respectively [41].

Since the widely used SPE cartridges are weak cation-exchange and hydrophilic-
lipophilic columns, molecularly imprinted polymers (MIPs) emerged recently as novel
sorbents due to their selective extraction of target compounds as a result of strong in-
teraction between MIPs and the target molecules [42]. Yang et al. proposed a method
for simultaneous determination of 11 aminoglycoside residues, including amikacin, paro-
momycin, dihydrostreptomycin, gentamicin, hygromycin, kanamycin, netilmicin, specti-
nomycin, sisomicin, streptomycin, and tobramycin, in honey, milk, and pork samples
using a Supel MIP SPE-Aminoglycoside cartridge, proving it to be powerful and selec-
tive material for the extraction and cleanup of antibiotics in complex food matrices. The
method showed the LOD of 2-30 ug/kg and the LOQ of 7-100 ng/kg with the average
recovery ranged from 78.2 to 94.8% [43]. Similarly, the extraction of polyether ionophore
antibiotic residues in milk, eggs, and poultry meat and liver was performed by preparing
carbon-nanotube magnetic nanoparticles (CNT-MNPs) applied to magnetic solid-phase
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extraction (MSPE) [44]. It was demonstrated that these CNT-MNPs exhibited good ex-
traction efficiencies for polyether ionophore antibiotics, and the method is green, low

cost, and rapid [44]. Likewise, a variation to the MSPE method, namely, micro-solid-
phase extraction (M-pu-SPE), was developed by using TMCNTs (thiol-functionalized mag-
netic carbon nanotubes) as a sorbent and used for the extraction of four sulfonamides in

milk, eggs, and chicken meat samples [45]. The method under optimized TMCNTs-M-
u-SPE and HPLC-DAD conditions showed good linearity in the range of 0.1-500 ug L~}

(r? > 0.9950), low limits of detection (0.02-1.5 ug L™1), good analytes recovery (80.7-116.2%),
and acceptable RSDs (0.3-7.7%, n[M1] = 15). Since TMCNTs as a sorbent on M-u-SPE enable

analytes to be extracted and preconcentrated within 30 min, TMCNTs-M-u-SPE can be

regarded as a convenient method for identification of SAs in food samples [45].

On the other hand, besides SPE, the extraction of nine sulfonamides from milk samples
by using dispersive liquid-liquid microextraction (DLLME) and modified Quick, Easy,
Cheap, Effective, Rugged, and Safe (QuEChERS) was reported; QUEChERS extraction
was more reproducible while DLLME gave lower LOD values and higher recoveries of
90.8-104.7% as compared to QUEChERS recoveries of 83.6-104.8% [46]. The main steps of
a typical QuUEChERS procedure are shown in Figure 4. Moreover, the extraction of eight
sulfonamides from butter samples was reported using an ionic liquid-magnetic bar-liquid-
phase microextraction (IL-MB-LPME) [47]. A large number of antibiotic residues from
different food samples such as milk products (cheese, butter), honey samples, chicken meat,
etc., could be extracted using various extraction methods, such as SPE, online SPE, MSPE,
LLE, mini-SAE, and many more. A summary of the extraction of different antibiotics from
various food products is depicted in Table 2.
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Figure 4. Schematic of a typical QUEChERS method.
Table 2. Extraction of antibiotics from different food samples.
Extraction Separation
Analytes Amount Antibiotics Adsorbent Elution and Year  References
Methods .
Detection
Water, milk, 1L,250 g, . . Methanol containing
pork, and 1000 g, and Sggggﬁ)ﬁﬁe Maég;lg tic @I;EZ% 1% ammonium I\I;Ilg}l\g[; 2020 [48]
fish 500 g 2 hydroxide
Water Quinolone TAPA-TFPB-
and food 5g antibiotics SPE COFs Methanol and water LC-MS 2020 [49]
Amoxicillin, Starch-based
Milk 5g Ampicillin, Micro-SPE arch-base Methanol HPLC-UV 2019 [50]
g polymer
and Cloxacillin
Molecularly 10% acetic acid in
Pork meat 1g Macrolides SPE imprinted ? LC-MS/MS 2018 [51]
methanol.
polymer
E-spun-GO- Ethanol /formic
Chicken 5.0 mL Tetracyclines SPE PANCMANTFs acid/dichloromethane, HPLC-FLD 2019 [40]

40/20/40(v/v/v)
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Table 2. Cont.

Extraction Separation
Analytes Amount Antibiotics Adsorbent Elution and Year  References
Methods .
Detection
Oxytetracycline,
tetracycline .
4mg . Multiwalled Methanol and
Honey and and Doxyeyclin, SPE carbon double-distilled UPLC- 2016 [52]
milk Cholrtetracy- QTOF/MS
20 mg . nanotubes water
cline,
Methacycline
Electrospun
graphene
Tetracycline oxide doped
Honey 100 mL yeune, Micro-SPE polyethylene Acetonitrile HPLC-UV 2018 [53]
cefotaxime
terephtha-
late
nanofibers
Tetracyclines, Ethanol, methanol,
Erythromycin, Molecularly acetonitrile, and
Raw milk 40mL Y yen, SPE imprinted A - a HPLC-ELSD 2018 [54]
Chlorampheni- 0.05% ammonium
polymer .
col acetate solution
Sep-Pak Vac
Milk 1.0 mL Tetracyclines SPE C18 Methanol LVSS-CE 2018 [55]
cartridges

Note: TAPA = Tris(4-aminophenyl)amine, TFPB = Tris(4-formylphenyl), COFs = Covalent organic frameworks, E-spun-GO-PANCMANTFs =
Electrospun graphene oxide-doped poly(acrylonitrile-co-maleic acid) nanofibers, SPE = Solid-phase extraction, HPLC = High Performance
Liquid Chromatography, MS = Mass Spectrometry, UV = Ultraviolet Spectroscopy, LC = Liquid Chromatography, LVSS-CE = Large Volume
Sample Stacking Capillary Electrophoresis, ELSD = Evaporative Light Scattering Detector, FLD-Fluorescence detection, UPLC-QTOF/MS-
ultra-performance liquid chromatography/quadrupole time-of-flight mass spectrometry.

3. Separation and Detection of Antibiotics
3.1. Chromatography

Previously, paper chromatography and thin-layer chromatography were fundamental
tools for the separation, identification, and quality control of antibiotics. Later advance-
ments of modern technology such as High-Performance Liquid Chromatography (HPLC),
Liquid Chromatography-Mass Spectrometry(LC-MS), Ultra-High Performance Liquid
Chromatography (UHPLC), and others have revolutionized the separation and deter-
mination of different antibiotics in food and other biological samples [38,49,56]. Liquid
chromatography coupled with mass spectrometry is being widely used in the detection
of antibiotics [48,51]. However, the high cost of a mass spectrometer limits its use in
small laboratories for routine analysis. As a result of which, the LC system coupled with
other detectors, mainly ultraviolet (UV), diode array detector (DAD), and fluorescence
detector (FLD), are considered as potential alternatives [51,57-59]. For antibiotics lacking a
chromophore, an evaporative light scattering detector (ELSD) is being used [60]. Such de-
tectors are used in the detection of polypeptide antibiotics, which showed better separation,
narrower peaks, and little peak tailing as compared to the traditional C18 column [61].

3.1.1. Column Selection

For optimal detection of desired antibiotics in the sample, the LC column must be
selected such that the compounds of interest should be separated. Under optimum con-
ditions, the Kinetex Biphenyl column was utilized in the separation of the polypeptide
antibiotics [61]. New columns based on the core-shell particle technology were found to be
effective in reducing the chromatographic run time and improving the resolution; Kinetex
C18 core-shell separated sulfonamides in less than 8 min in HPLC-UV/DAD method [57].
The utilization of cheaper Hypersil BDS C18 columns has helped in the separation and
retention of aminoglycosides through utilizing ion-pair reagents [62,63]. A Poroshell 120
SB-C18 column showed the most effective separation effect and the highest response for
total analytes for the separation of polypeptide antibiotics [64]. Figure 5 shows the differ-
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ent steps involved in the simultaneous determination of four polypeptide antibiotics in
infant formula powder by using HPLC-MS/MS; the separation was carried out by using
Poroshell 120 SC-C18 column.

Polymyxin B
miz 602.72233.3

Relative Intensity
o
3
T
|
it
f
|
1
i

Figure 5. Simultaneous determination of four polypeptide antibiotics (polymyxin B, polymyxin E, bacitracin, and
gramicidin S) in milk by HPLC-MS/MS (Reproduced with permission of the publisher) [64].

3.1.2. Mobile Phase Selection

The mobile phase used in the separation of antibiotics influences the detection in
the chromatography. The additives and composition of the mobile phase were shown to
influence the peak shape, resolution, and retention time of the compounds as well as the
ionization efficiency of the compounds, which in turn, would affect the detection sensitivity
of the analytes [65]. Methanol, acetonitrile (ACN), formic acid (FA), etc., are the most
common mobile phases used in the separation of different antibiotics. Both methanol
and ACN are a common choice as the mobile phase; methanol is cheaper and shows
enhanced solubility of analytes which improves analytes detection, while acetonitrile
shortened the analysis time and maintained the resolution of the entire components of
the analytes [63,66]. Wang et al. used methanol or ACN with formic acid or acetic acid as
an organic phase and water with formic acid as an aqueous phase for the separation of
sulfonamides, quinolones, nitroimidazoles, pleuromutilins, and {3- lactams. Additionally,
it was demonstrated that the use of ACN provides better peak shapes, whereas the use of
methanol provides better separation [65]. Similarly, the use of additives such as formic acid
and ammonium acetate greatly improves the resolution for some classes of compounds,
for example, between sulfonamides and impurities, due to which the quantification of
antibiotics under optimized conditions is possible using HPLC-UV methods [58]. For the
separation of polypeptide antibiotics, formic acid is used as an additive in the mobile
phase, which improves the separation as formic acid not only increases the acidity but also
provides protons to improve the ionization efficiency in HPLC-MS/MS [64]. Moreover,
formic acid used in gradient elution mode for the separation of sulfonamides with similar
polarity helps in obtaining chromatographic peaks with no interference in Ultra-High
Performance Liquid Chromatography (UHPLC) [38].

Along with this, different buffers (ammonium acetate and ammonium formate) are
used for maintaining acidic pH, which not only generates high chromatographic resolution
but also results in improved ionization efficiency and signal intensity in LC-MS/MS [62].
In reversed-phase liquid chromatography, tetracyclines were found to give broad and
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unsymmetrical peaks due to ionic interactions of these analytes with ionic free silanol
groups and metal ions present in the silica-based stationary columns, and these frequently
observed limitations were solved by using methanesulfonic acid as an eluent additive; the
acid neutralizes the anionic silanol sites and electrostatic attractions with analytes [66].
Accordingly, heptafluorobutyric acid (HFBA) was used as an ion-pair reagent in the mobile
phase to form an ion-pair complex with aminoglycosides to retain well in the reverse
phase chromatographic column in High-Performance Liquid Chromatography-Evaporative
Light Scattering Diode (HPLC-ELSD) [63]. The major challenges during the detection of
antibiotics using the chromatographic technique are matrix interferences, polar differences,
and the low concentration of antibiotics in food samples [38,66,67]. Therefore, to assess
the effectiveness of the proposed method, the right analytical technique must be selected.
A summary of the detection of antibiotics using chromatographic techniques is shown in
Table 3.

Table 3. Detection of antibiotics using different chromatographic methods.

Detection

Extraction

Stationary

Recove
™Y References

Analytes Antibiotics Methods Methods Mobile Phase Phase LOD Year (%)
. 0.00146-
. 1) 0.1% formic
Fish, . UHPLC- . (101 C18 0.0155
shrimp, Sulfonamides MS/MS On-line SPE acid in water pentafluo- ng/mL 2020 71.5-102 [38]
and crab rophenyl 70 00490
(2) 0.1%formic ~ (F5 or PFP) 0.051 6_
acid in ACN column :
ng/mL
Sulfonamides,
quinolones,
tetracyclines,
macrolides,
Eggs lincosamide, LC- HILIC-SPE (1)H20 and Poroshell ~ 0.005—2.00 2017 70.8- [68]
nitrofurans, MS/MS ACN, 120 EC-C18 ng/mL 116.1
B-lactams, column
nitromidazoles, (2H20 and
and cloram- ACN 0.015--6.00
phenicols contalmngO.l% ng/mL
formic
Methanol and
ammonium Kinetex
Animal . HPLC- . acetate aqueous ) 72.0-
feed Cyclopolypeptide ELSD On-line SPE solution Biphenyl 2-5 pg/mL 2018 1054 [61]
. column
containing
formic acid (B)
Sulfonamides, 0.1% FA and
E 12 rom tilin,s B- UHPLC- Dispersive MeOH:ACN,2:8, BEH C18 0.1-1 2021 70.5— [65]
88s pleu u ’ MS/MS SPE v/v, containing column ng/mL 119.2
0.1% FA
lactams
Animal . . HPLC- Dispersive Acetonitrile Hypersil 0.2-0.7 61.2—
feeds ~ Aminoglycosides b op SPE and water BDS C18 ug/mL 2017 104.0 [63]
Mixtures of
Foods of acetonitrile, Inertsil 6.5-11.0
animal Sulfonamides HPLC-UV  Centrifugation  water, formic ’ : 2018 85-95 [58]
. - ODS-3 ng/mL
origin acid, and
ammonium
Acetate buffer
solution at pH
450 and a
Milk Sulfonamides HPLC/UV- Centrifugation mixture of C18 27-15 2018 55-86 [57]
DAD column ng/mL
methanol
acetonitrile
50:50 (v/v)

Note: UHPLC = Ultra-High Performace Liquid Chromatography, MS = Mass Spectrometry, LC = Liquid Chromatography, HILIC-SPE =
Hydrophilic Solid-Phase Extraction, ELSD = Evaporative Light Scattering Detection, ESI = Electro Spray lonization, UV-DAD = UV-Diode
Array Detection.
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3.2. Capillary Electrophoresis

The chromatographic techniques require excess solvent, more time for sample prepa-
ration, and different types of stationary phases, which make the techniques more cum-
bersome in laboratories with limited resources [67,69]. Capillary electrophoresis (CE) is
cost-effective, is simple to operate, consumes fewer reagents, and provides high separa-
tion efficiency; this technique was widely employed in the separation and detection of
antibiotics in a wide range of food samples. The performance of CE can be improved by
various means, such as changing buffer type, pH, voltage, mode of the CE, etc. [70,71].
Similarly, various preconcentration techniques were employed to enhance the sensitivity
in CE. Apart from these, injection techniques were modified to optimize the CE [72].

CE optimization can be achieved through maintaining buffer type, pH, and volt-
age [73]. Buffer composition not only enhances the separation but also improves the
electrophoretic characteristics of the target analytes; when electrolytes are mixed with
phosphate and borate, complex formation between borate anions (tetrahydroxyborate) and
tetracyclines occurs, resulting in the modification of electrophoretic characteristics and
thereby separation of tetracyclines [74]. With an increase in the buffer concentration under
the combined influence of the electro-osmotic flow and the electrophoretic force, the sepa-
ration of the sulfonamides in the milk sample was improved. However, with the increase
in the buffer concentration above optimum concentration, friction between the buffer and
the inner capillary wall increased. As a result, the temperature of the column increased,
resulting in the broadening of the peaks and reduction in the capillary lifetime [74,75]. It
was found that the migration rate and chemiluminescence signals of sulfonamides were
affected by the concentration of sodium borate buffer, and the signal intensity was found to
be inversely proportional to the buffer concentration [76]. Figure 6 depicts the synthesis of
PEG@MOoS2 and its application in the determination of eight sulfonamides in milk samples
by dispersive solid-phase extraction (DSPE)-Capillary zone electrophoresis (CZE).

180°C ﬁ” Lo adsorb elute
p

18 h centrifuge centrifuge

¢ms PEG@MoS, ® SAs

Figure 6. Schematic illustration of detection of eight sulfonamides by using DSPE-CZE [75] (Reproduced with permission

of the publisher).

In CE, the pH value of the running buffer plays an important role in the separation
of analytes. In the separation of tetracyclines and quinolones, a basic condition was
maintained using ammonium acetate and ammonium carbonate buffers at pH 9.0 as the
basic condition was found to be suitable for effective separation of these antibiotics [73]. It
was also demonstrated that with an increase in pH, the separation between sulfadiazine
and sulfachlorpyridazine first increased and then decreased, with the optimum pH for
separation being 7.26 [75]. Similarly, the pH of the running buffer at about 9.5 was found
to provide good separation of sulfamethazine, sulfadiazine, and sulfathiazole [76].

The effect of pH was significant in the separation of five macrolides from a milk
sample; when the pH is less than 6.5, erythromycin and clarithromycin somewhat overlap.
However, when the pH is greater than 8.0, tylosin almost completely overlaps the negative
solvent peak, making it difficult to detect [77]. The baseline separation of macrolides was
accomplished when the pH was between 6.5 and 7.5; in addition, the shortest migration
time and the best peak shape were achieved at pH 7 [77]. Similarly, the applied voltage is
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another factor that affects the separation of analytes in CE; for example, adequate separation
of fluoroquinolones was observed at an applied voltage of 20 kV [78]. It should be noted
that the voltage applied on a certain range is better for the separation because higher
voltage increases Joule heating, which represses the capillary efficiency and viscosity of the
running buffer [78].

Detectors are a key component in CE, and an efficient combination of the separation
capillary and a detector is required for the optimal detection of separated analytes. For
effective detection of analytes using CE, the capillary was combined with various detectors
such as a mass spectrometer, UV detector, light-emitting diode, etc. [73,75]. The CZE
coupled with ion trap mass analyzer (for MS/MS analysis) was developed as an alternative
to LC-MS/MS for the separation and detection of twelve benzimidazoles in meat sam-
ples [79]. Employing MS/MS as a detection system improves the selectivity and sensitivity
of CE analysis [79]. Similarly, graphene quantum dots (GQDs) were used to enhance the
sensitivity of CE with fluorescence detectors for the quantitative determination of ofloxacin
in milk samples [78]. Sensitivity was determined in the presence and absence of GQDs,
and a significant enhancement in sensitivity was observed when GQDs are injected into the
capillary before sample loading [78]. Interestingly, it was observed that the GQDs enhance
the photoluminescence of hydrophobic antibiotics, such as lomefloxacin, norfloxacin, and
ofloxacin, an aqueous medium [78]. Moreover, a low-cost microchip CE system containing
an electrophoresis chip and fluorescence detector was constructed for the determination of
ciprofloxacin in milk samples [80]. Apart from these, CZE using online chemiluminescence
(CL) detector and CE-UV detector were used for the detection of the sulfonamides and
fluoroquinolones, respectively, in food samples [76,81]. Figure 7 depicts the schematic
representation of CZE with an online chemiluminescence detector.

Food Samples Separation Capillary Reagent Capillary

@ Chemiluminescent Reagent |
] Reaction

Capillary

/
_\

Solid Phase
Extraction

Figure 7. Schematic representation of CZE with chemiluminescence detection.

CE was used in various modes as per the need for samples to improve the separation
and detection of antibiotics. Among various techniques, field amplified sample injection-
capillary zone electrophoresis (FASI-CZE) is an operation mode in which the sample
is preconcentrated in a capillary as an effect of amplified electricity between a sample
and a running buffer [74]. While performing preconcentration of samples, it was found
that the greater the contrast between the buffer conductivity and the sample, the better
the preconcentration of the analytes of interest [74]. Similarly, electrokinetic injection
(EKI) and pressure-assisted electrokinetic injection (PAKEI) were employed as online
preconcentration techniques in CE for the effective stacking of anionic analytes. In the case
of PAKEI during injection, the velocity of electro-osmotic flow (EOF) is counterbalanced
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by the external pressure, thereby creating a stationary boundary between the sample zone
and background electrolyte (BGE) at the capillary inlet due to which a large number of
analytes are introduced into the capillary [70]. The different parameters and analytical
performance of the CE-based methods for the analysis of different antibiotics in food
samples are summarized in Table 4.

Table 4. Detection of different antibiotics in foods using capillary electrophoresis methods.

Extraction Limits of Voltage Recovery
Analytes Antibiotics Methods Buffer pH [:;a;lelc- V) (%) Year Reference
Sodium
phosphate + 0.07
Milk Oxytetracycline SPME EDTA 12 ./mL 14 - 2019 [72]
disodium salt &
+5% 2-propanol
Milk Tetragfchnesand SPE Mcllvaine’s 9.0 0.5-2.9 25 72.6-105.8 2017 (73]
Quinolones buffer ng/mL
. . Phosphate 0.03-0.20 60.52—
Milk Sulfonamides DSPE buffer 7.26 ug/mL 18 11091 2018 [75]
Milk, pork, .
and Sulfonamide SPE Sodium borate 9.5 065-3.14 18 79.5-112.4 2017 [76]
. buffer ug/mL
chicken
Fluoroquinolones 1.96
Water DLLME Borate buffer 10 ng/mL 15 83.3-98.7 2019 [70]
sulfonamides 4.06
ng/mL
Phosphate+
sodium 0.002—
Ultrasonic cholate+ 0.004
Milk Macrolides and cen-  cetyltrimethy- 7.0 ug/mL 10 72.8-93.7 2018 [77]
trifugation lammonium
bromide 2ng/mL
4 ng/mL
sodium tetrabo- 1.07
Milk Ofloxacin MEP rate+SDS+ 10% 75 n '/mL 20 _ 2019 [78]
(v/v) methanol &
- L >0.003
Meat Benzimidazoles DLLME Formic acid 22 ug/mL 20 70.1-95.5 2017 [79]

Note: HPLC = High Performance Liquid Chromatography, SPE = Solid-Phase Extraction, MS = Mass Spectrometry, MSPE = Magnetic Solid-
Phase Extraction, DLLME = Dispersive Liquid-Liquid Micro Extraction, PLE = Pressurized Liquid Extraction, LC = Liquid Chromatography,
PMME = Polymer Monolith Micro Extraction, SPME = Solid-phase micro-extraction, MEP = Microextraction by packed solvent, DSPE =
Dispersive solid-phase extraction.

3.3. Immunological Methods

Chromatographic and CE-based methods are specific, accurate, and can be used for
simultaneous determination of multiple antibiotics; however, these methods are limited by
high instrumental cost and long and complicated procedures due to which on-site detection
of antibiotics is not possible. Inmunological assays, on the other hand, are simple, highly
selective, rapid, and cost-effective; thus, they can be used for the on-site detection of
antibiotics [81]. Enzyme-linked immunosorbent assay (ELISA), indirect complete ELISA
(ic-ELISA), fluorescence polarization immunoassay (FPIA), immunochromatographic assay
(ICA), etc., are various immunological techniques currently in use [82-85]. The principle of
the immunoassays for the detection of antibiotics is shown in Figure 8.

The antibody is the most important factor for the development of efficient immuno-
logical assays. Immunoglobulin G (IgG)-derived antibodies from rabbit and mouse was
traditionally used for the development of immunoassays. Recently, there were several
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studies in the use of immunoglobulin Y (IgY), a chicken egg yolk antibody, as a superior
alternative to IgG. Liang et al. compared under parallel conditions to know the sensitivity,
specificity, and matrix effects in the detection of sulfamethazine in milk samples and found
that IgY can be an alternative to IgG for the detection of antibiotic residues in food prod-
ucts [86]. Similarly, Li et al. evaluated immunoglobulin Y (IgY) using FPIA and ic-ELISA to
detect gentamicins/kanamycin and found that the LOD and ICs, values for the ic-ELISA
are better than FPIA, which indicated the suitability of ic-ELISA over FPIA for detecting
antibiotics in animal-derived samples [83].
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Figure 8. Schematic representation for detection of antibiotics by immunoassay methods.

Moreover, the use of monoclonal antibodies (mAbs) has widened the scope of the
immunological assays; Li et al. developed an ultra-high sensitive ic-ELISA based on
the broad-specificity mAbs for simultaneous detection of five antibacterial synergists
(trimethoprim, diaveridine, brodimoprim, ormetoprim, and baquiloprim) in chicken and
milk samples [83]. The traditional ELISA requires a time-consuming multi-step separation
process, and to overcome this limitation, fluorescence polarization immunoassay (FPIA)
was developed, which obviates the need for a separation step [87].

A simple fluoroimmunoassay was developed to detect tetracyclines, in which the receptor
of tetracyclines, Tet repressor protein (TetR), was directionally mutated to produce two mutants
that exhibited high affinity and high sensitivity for the detection of tetracyclines; the mutants
were combined with fluorescence-labeled tracers for simultaneous detection of nine tetracy-
clines in egg samples [88]. The assay process of the Tet repressor protein (TetR) mutant-based
fluoroimmunoassay for the detection of antibiotics is shown in Figure 9.

Similarly, a magneto immunofluorescence assay was developed to improve the selec-
tivity and sensitivity of immunoassays; the use of magnetic beads (MB) combined with
antigens or antibodies provides more surface area for efficient capture of target analytes [82].
Kergaravat et al. found a competitive step between free quinolones in samples and immo-
bilized quinolones on MB for anti-quinone antibody (Ab1), as a result of which non-specific
adsorption was reduced, thereby minimizing matrix effects [82]. The structure of a tracer
could greatly influence the performance of a fluorescence polarization immunoassay; a
heterologous tracer is recognized weakly by an antibody than a homologous tracer so that
a heterologous tracer provides higher sensitivity than a homologous tracer. Considering
this is a highly sensitive fluorescence polarization immunoassay, it was designed for the
detection of clinafloxacin in goat milk [89]. Moreover, immunochromatographic assay
(ICA) was developed employing time-resolved fluorescent nanobeads (TRFN) as a label for
ultrasensitive detection of sulfamethazine in egg, honey, and pork samples; the accuracy
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of this assay was confirmed by the use of HPLC-MS/MS [85]. For the detection of fluoro-
quinolone, anti-pefloxacin (PEF)-monoclonal antibody(mAb), ic-ELISA, and lateral flow
test strips were developed, and it was demonstrated that the methods based on ic-ELISA
and lateral flow test strips are capable of sensitive and simultaneous detection of nine fluo-
roquinolones in chicken muscle samples [90]. Various immunological methods and their
analytical performance for the detection of antibiotics in food samples are summarized in
Table 5.
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Figure 9. Schematic of the assay process of the Tet repressor protein (TetR) mutant based fluoroim-
munoassay for the detection of antibiotics (Reproduced with permission of the publisher) [88].
Table 5. Detection of antibiotics by immunological methods.
Analytes Antibiotics Detection Extraction ICsg LOD Re:‘(’;\;ery Year References
6.70 ng/mL
4.76 ng/mL 86.1-131.8
ic-ELISA Centrifugation  1.66 ng/mL
Milk Sulfamethazine FPIA and dilution 2529 ng/mL 2018 [86]
23.92 ng/mL 81.8-120.2
10.60 ng/mL
7.70 £ 0.6 0.17
.. FPIA
Gentamicins ic-ELISA ug /mL ug /mL
Animal- 0.32 +0.06 0.001
derived ug/mL ug/mL
food FPIA preci;Eif;tion 7.97 %09 0.007 2 1
K .
anamycin i-ELISA ug/mL ug/mL
0.15 £ 0.01 0.001
ng/mL pug/mL
Egg yolk Gentamicins ic-ELISA Centrifugation 2.69 ng/mL ng./(ﬁlL ---- 2016 [91]
Pork and . . . 1.68
chicken Enrofloxacin FPIA Centrifugation 21.49 ng/mL ng/mL 91.3-112.9 2019 [871]
. . . . 3.1-17.2 0.3-5.8
Egg Tetracyclines Fluoroimmunoassay Centrifugation ng/mL ng/mL - 2019 [88]
Goat milk Clinafloxacin FPIA Centrifugation ~ 29.3 ug/L 41 ug/L 86.8-104.5 2015 [89]
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Table 5. Cont.

Analytes Antibiotics Detection Extraction ICsg LOD Rei‘(’;‘;ery Year References
0.016
ng/mL 90.5-113.9
Egg, Sulfamethazine Immunochromatographic Centrifugation ---- 0.049 82.4-112.0 2020 [85]
honey, and assay ng/mL ’ ’
pork 0.029
ng/mL 79.8-93.4
Chicken . ic-ELISA . . 0.082
muscle Fluoroquinolones Lateral Flow Test Strip Centrifugation 0.2 ng/mL ng/mL ---- 2017 [90]

Note: ic-ELISA = Indirect complete enzyme-linked immunosorbent assay, FPIA = Fluorescence polarization immunoassay, PEG Precipitation
= Polyethylene Glycol Precipitation.

3.4. Surface-Enhanced Raman Spectroscopy (SERS)-Based Methods

SERS is a new technique developed based on Raman spectroscopy; this technique
has benefits of high detection speed, low detection cost, and simple operation, and the
high statistical binding of target analytes to active sites or “hot spots” of noble metal
nanostructures is crucial for enhanced detection sensitivity [92]. The core components of
a SERS-based method are a target molecule, a metal nanostructure, and electromagnetic
radiation [93]. Previously, metal or metal oxide film layers were deposited on the surface to
enhance the Raman signal to detect antibiotics. Recently, the majority of SERS-based sensor
substrates were modified with metal nanoparticles [94], primarily gold or silver colloids.
For instance, ciprofloxacin was physically adsorbed on a self-assembling gold nanofilm for
quantitative detection, and SERS was utilized to detect it in fish [95]. A schematic of the
pretreatment of fish samples followed by SERS detection on the gold nanofilm is shown in
Figure 10. Jiang et al. assembled silver nanoparticles on a glass substrate to prepare SERS
substrate to detect benzylpenicillin sodium [96].
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Figure 10. Schematic of the pretreatment of fish samples with SERS detection of ciprofloxacin on a
self-assembled gold nanofilm (Reproduced with permission of the publisher) [95].

Recently, a unique methodology based on SERS combined with gold nanoparticles
was devised for rapid detection of amoxicillin residues in duck flesh [97]. Similarly, another
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method was devised that uses gold nanoparticles/porous silicon (AuNPs/PSi) as a SERS
active substrate for rapid and precise detection of ultra-low concentrations of penicillin
G [98]; porous silicon surface modification enhances the density of hot spots and specific
surface area of nanoparticles, resulting in improved performance and reproducibility [99].
Likewise, Ali et al. used Psi/ AulNPs SERS sensors with a mud-like structure to detect
ultra-low concentrations of amoxicillin, and enhanced SERS activity were obtained due to
a higher density of small sizes of hot spot regions [100]. SERS substrates made of nanopar-
ticles are extensively utilized for signal enhancement; however, inconsistencies of SERS
signals were observed in some cases due to random distribution of nanoparticles, difficul-
ties in controlling interparticle gap, and difficulties in fabrication of metal nanoparticles
with high uniformity [101,102].

In recent years, a combination method between SERS and lateral flow assay (LFA) has
been used. Shi et al. used gold nanoparticles (AuNPs) conjugated to the Raman active
molecule 4-amino thiophenol (PATP) and to monoclonal antibodies against neomycin and
norfloxacin to develop multiple immuno-nanoprobes based on SERS for ultrasensitive de-
tection of neomycin and quinolones via LFA, and these exhibited high detection sensitivity
and satisfactory recovery from spiked milk samples [103]. In addition, Fan et al. employed
a SERS-based lateral flow immunosensor method for simultaneous determination of tetra-
cycline and penicillin residues in milk with the use of synthesized Au@Ag nanoparticles
labeled with Raman molecules as a SERS substrate [104]. Besides this, with the emergence
of novel materials such as carbon nanotubes and graphene oxide (GO), the adsorption
capacity and sensitivity of SERS sensors can be boosted by incorporating these materials
into sensing devices [93]. For the enrichment and SERS detection of antibiotics from water
samples, silver nanoparticles (AgNPs) and carbon nanotube-intercalated graphene oxide
laminar membranes (Ag NPs/CNT-GO membranes) were successfully fabricated [105].
The produced AgNPs/CNT-GO membranes displayed a high enrichment ability due to
the 7-7t- stacking and electrostatic interactions of GO with antibiotic molecules, which
increased the sensitivity of SERS measurements allowing the detection of antibiotics at
sub-nM concentration levels [105].

Likewise, a method of integrating SPME and SERS by co-deposition of reduced
graphene oxide (RGO) and silver on silver—copper (Ag—Cu) alloy fibers was developed
for detection of sulfadiazine and sulfamethoxazole in spiked tissue mimics, and such a
hybrid coating exhibits a high SERS enhancement factor [106]. On the other hand, newly
developed semiconductor SERS-active substrates (TiO,, CuTe, etc.) attracted increased
interest [107], and such semiconductor SERS substrates have an ultra-sensitive detection
potential under low concentrations and remarkable stability with a high SERS effect due
to charge transfer (CT) phenomena as compared to the electromagnetic enhancement of
metal SERS substrates [108]. For instance, Wang et al. developed a SERS strategy based
on a semiconducting Ag-TiO, substrate for ultrasensitive detection of five quinolones
(difloxacin hydrochloride, ciprofloxacin, enoxacin, enrofloxacin, and danofloxacin) in water
samples [109]. Moreover, Ag-TiO, nanoparticles can also act as an efficient photocatalyst
for antibiotic residues degradation, thereby showing excellent potential for simultaneous
detection and degradation of antibiotic residues in the real environment [109].

For further improving sensing performance, a transparent SERS substrate was devel-
oped. Muhammad et al. fabricated and optimized a transparent SERS substrate composed
of highly ordered AgNP arrays through anodic aluminum oxide (AAQ) template-assisted
electrochemical deposition approach for highly sensitive detection of tetracycline and
dicyandiamide residues in milk samples [101]. A schematic of the experimental procedure
of using transparent SERS substrate for the determination of antibiotics in milk samples is
shown in Figure 11.
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Figure 11. Schematic of the experimental procedure of using transparent SERS substrate for the
determination of antibiotics in milk samples. (Reproduced with permission of the publisher) [101].

Xie et al. used a combination of molecularly imprinted polymers with Au as a SERS
substrate to detect chloramphenicol in milk samples [110]. Likewise, Ashley et al. employed
magnetic molecularly imprinted polymer (MMIP) microspheres for selective extraction,
and vertical gold (Au) capped silicon nanopillars as a SERS active substrate to detect
cloxacillin in pig plasma [111]. Additionally, hybrid nanomaterials were prepared using
magnetite nanoparticles (MNPs) and by decorating them with gold nanostars (AulNSs),
and these hybrid nanostructures were found to serve as colloidal nano sorbent for SERS-
based detection of tetracyclines in water samples [112]. A schematic of the procedure
for the magnetic separation and SERS detection of antibiotics by using MNP-AuNS is
illustrated in Figure 12. Thus, the key of SERS-based detection of antibiotics is primarily
focused on enhancing SERS signals, repeatability, and stability of SERS measurements [94].
Different SERS-based methods, along with their analytical performance for the detection of
antibiotics in different food samples, are summarized in Table 6.
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Figure 12. Schematic representation of SERS-based detection of antibiotics using Magnetite NPS-AuNSs.
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Table 6. The surface-enhanced Raman spectra (SERS)-based methods for antibiotics detection.
SERs Target . Recoveries
Analytes Activenanomaterial Antibiotics Extraction LOD (%) Year References
Centrifugation
. e and
Milk Ag-AgNPs Penicillin G Acetonitrile 0.85 ug/kg 76-97 2017 [113]
extraction
Fish Gold nanofilm Ciprofloxacin Ceg;fg%;“o“ 019 pg/mL  84.6-103.8 2019 [95]
Duck AuNPs Amoxicillin Centrifugation 0.2 mg/L 96-139 2017 [97]
. Tetracyclines 0.015 ng/mL
Milk Au@AgNPs Penicillins -- 0.010 ng /mL 88.8-111.3 2020 [104]
. . . . 3.16 x 1071
Water Ag-TiO; Danofloxacin Centrifugation mol/L >80.8 2019 [109]
Animal Sulfonamide 1.9 ng/mL
tissue mimics RGO/Ag Sulfamethoxazole o 44 ng/mL T 2018 [106]
Chicken and . . . . . 2x 1077 M
water Au-Ag composites Ciprofloxacin Centrifugation 8 x 10-8 M 91-105 2017 [114]

Note: Ag-AgNPs = Silver-Silver nanoparticles, SPE = Solid-phase extraction, AuNPs = Gold nanoparticles, Ag-TiO, = Silver-Titanium
dioxide, RGO/Ag = Reduced graphene oxide

3.5. Biosensors

A biosensor is a functional integrated device that combines a biological recognition
element or bioreceptor for generating signals that vary as a function of the concentration
of analytes present in a sample [115]. Biosensors emerged as an innovative alternative
tool for rapid, sensitive, and on-site screening of antibiotic residues in food products [19].
Currently, fluorescent, electrochemical, colorimetric, surface plasmon resonance (SPR),
and quartz crystal microbalance (QCM) biosensor techniques are most commonly used
for the screening of antibiotic residues [30,116]. Fluorescent biosensors are powerful
analytical tools for the detection of antibiotics present in different matrices due to their
inherent advantages, such as high sensitivity, high selectivity, operation convenience, rapid
hybridization kinetics, and ease of automation [117]. Fluorescent biosensors based on GO
and AuNPs nanomaterial-based quenchers are used for antibiotics detection. Tan et al.
designed a GO hydrogel-based fluorescence aptasensor with ssDNA as the recognition
element for oxytetracycline detection, and the limit of quantitation (LOQ) of 25 ug/L was
achieved [118]. In other studies, an aptamer-based fluorescent biosensor was developed to
detect chloramphenicol using MNPs and UCNPs [29,119]. Similarly, Yue et al. reported
sensitive fluorescent biosensors based on UCNPs for the detection of kanamycin [120]. The
schematic representation of biosensor-based detection of antibiotics is shown in Figure 13.

Likewise, DNA and nanoparticle colorimetric biosensors have gained significant
interest in antibiotic detection because of the inherent optical properties of nanomaterials,
and the signal can be detected using smartphones and UV-Vis spectrophotometers [121,122].
Several colorimetric reagents, including metallic nanoparticles, visible dyes, enzymes,
and metal ions, were employed to fabricate sensor arrays for the analysis of different
types of antibiotics in various samples [123]. A chemiluminescent (CL)-based biosensor
was developed for simultaneous detection of three antibiotics, including oxytetracycline,
tetracyclines, and kanamycin in milk samples [124]. Emrani et al. developed a colorimetric
aptasensor, based on aqueous gold nanoparticles and double-stranded DNA (dsDNA),
for the detection of streptomycin in milk and serum samples [125]. In the absence of
streptomycin, there is a salt-induced aggregation of gold nanoparticles resulting in blue
color, while in the presence of streptomycin, the gold nanoparticles are dispersed, showing
a wine-red color [125].
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Figure 13. Biosensor-based detection of antibiotics.

Additionally, electrochemiluminescent biosensors (ECL) are very sensitive tools for
the detection of antibiotics in different samples; ECL is based on the principle of production
of light from an electrochemical reaction [126]. Yang et al. developed a chemiluminescence
aptasensor for sensitive and selective detection of sulfamethazine in milk samples by
employing a supernormal aptamer [127]. The aptamers were developed based on in vitro
selection and were further analyzed by molecular docking [127]. The detection limit
obtained was 0.92 ng/mL [127]. Similarly, surface plasmon resonance (SPR) biosensors
belong to a powerful optical technology whose working principle is based on oscillation at
the interface between two materials that can be generated by photons and electrons [128].
A label-free SPR aptasensor was developed by immobilizing a specific aptamer on a gold
surface, and the aptasensor was used for real-time detection of ampicillin with a linear
range of 2.5-1000 pmol L1 and a limit of detection of 1 umol L~ [129].

High Fundamental Frequency Quartz Crystal Microbalance (HFF-QCMD) has the
potential for simultaneous detection of several samples in a single analysis by integrating
several sensors, thereby saving time and minimizing sample consumption. Sulfathiazole in
honey was detected using a piezoelectric immunosensor based on HFF-QCMD technology
with a LOD that was 40-50 times lower than those reported by other techniques [130].
The HFF-QCMD immunosensor was envisioned to be a feasible alternative to current
techniques for the highly sensitive and rapid determination of sulfathiazole in honey with
minimum sample preparation [130]. Electrochemical biosensor (ECB) is one of the most
remarkable devices, and the working principle of ECB is based on chemical reactions
occurring between immobilized biomolecules and target analytes that convert chemical
information into measurable electrical signals [131]. A highly sensitive and specific ho-
mogeneous electrochemical aptasensor for ampicillin detection was developed by Wang
et al. using target-induced and T7 exonuclease-assisted dual recycling signal amplification
strategy, and the detection limit obtained was 4.0 ppm [132]. The principle of the assay and
the differential pulse voltammetric (DPV) response as a function of ampicillin concentration
are shown in Figure 14. A brief description and the analytical performance of various
biosensors are outlined in Table 7.
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Figure 14. (a) Schematic showing the principle of homogeneous electrochemical strategy for highly

sensitive detection of ampicillin and (b) differential pulse voltammetric response as a function of

ampicillin concentration (reproduced with permission of the publisher) [132].

Table 7. Different types of biosensors for the detection of antibiotics.

Biosensor

Detection
Method

Target
Antibiotics

Bioreceptor

Sample

LOD

Year

References

Electrochemical
biosensor

Amperometry

Sulfapyridine

Antibody

Milk

2.4 ng/mL

2018

[133]

Electrochemical
impedance
spectroscopy
(EIS)

Tetracyclines

Antibody

Water

12.4ng/mL

2020

[134]

Differential
pulse

voltammetry
(DPV)

Ampicillin

Aptamer

Milk

38 x107*
ng/mL

2015

[135]

Amperometry

Chloramphenicol

Antibody

Pork,
chicken, beef

0.045 ng/mL

2016

[136]

Optical
biosensor

Colorimetric

Tobramycin

Aptamer

Milk, chicken,
cgg

10.89 ng/mL

2018

[122]

Chemi-
luminescent

(CL)

Sulfamethazine

Aptamer

Milk

0.92 ng/mL

2019

[127]

Surface
plasmon
resonance
(SPR)

Enrofloxacin

Antibody

Milk

0.07 ng/mL

2017

[137]

Mass sensitive
biosensors

Piezoelectric
quartz crystal
microbalance

(QCM)

Streptomycin

Antibody

Milk

0.3 ng/mL

2015

[138]

Piezoelectric
surface
acoustic wave
(SAW)

Penicillin G

Antibody

Milk

2.2ng/mL

2016

[139]

Cantilever

Oxytetracycline

Aptamer

Meat, egg

0.85 ng/mL

2015

[140]

4. Conclusions and Future Perspectives

The use of antibiotics in animals can result in antibiotic residues in food products such
as milk, meat, and eggs. These antibiotic residues can have adverse health effects, and to
protect public health, MRLs of antibiotics in food products were established. A wide range
of analytical methods was therefore developed for highly sensitive and selective detection
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and quantification of antibiotic residues in food samples. The LOD and LOQ values are
found to depend on the antibiotics and the method employed for their detection, and these
values are found to be lower than their MRLs. Mass spectrometry is a highly sensitive
and selective technique, but the instrument is expensive, bulky, and consumes high power;
thus, the recent research is more focused on developing an alternative. The optimization of
the mass spectrometry has provided a better response for the quantification of antibiotic
residues. To achieve good analytical results, sample pretreatment is an essential step
where SPE is extensively used as a pretreatment approach in antibiotics detection. The
development of highly selective SPE sorbents, such as magnetic sorbents, molecularly
imprinted sorbents, etc., will enhance the performance of the chromatography and CE-
based methods in the future towards detection of antibiotic residues. The selection of
column and mobile phase is crucial while separating antibiotics using chromatography
for the effective separation of specific antibiotics from a complex mixture. Similarly, in the
case of CE, buffer type, pH, and voltage need to be adjusted properly such that targeted
antibiotics could be separated from interfering species. Future development of online or
automatic extraction and detection will make chromatography and CE more applicable in
the places such as animal farms where antibiotics need to be detected quickly.

Recently, advancements were made in immunological assays, SERS, and biosensors
for the detection of antibiotics. These techniques use monoclonal antibodies, nanopar-
ticles, DNA, etc., and are found to be comparatively sensitive, selective, and accurate.
Immunological methods can also be used as on-the-spot tools for the detection of antibi-
otics. In the future, research should be directed towards the production of directionally
mutated proteins or antibodies that can specifically detect particular antibiotics. Further
research should be focused on fabricating more uniform nanoparticles so that consistent
SERS signals can be observed during analysis. Moreover, another avenue for research
could be the development of more effective biosensors, which are promising tools for the
detection and quantification of antibiotics in food products. The analytical performance
of these biosensors can be enhanced by improving electrode materials, transducers, and
biorecognition elements.
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