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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.

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 substantially improved the life expectancy and health of humans and animals by
combating a wide range of infectious diseases L. 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, B-lactams, fluoroquinolones, and macrolides . 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 Bl 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, B-lactams, fluoroquinolones, and sulphonamides, etc.,
are reported as possible environmental pollutants by the World Health Organization; these are public health threats
4. The emergence of antibiotic pollution has led to potential toxic effects on microorganisms, plants, animals, and
ultimately humans . 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 & 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 pharmaceutical

industries may contain traces of antibiotics that could mix with water resources if discharged without proper
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treatment [2l. Hospital wastes are considered a breeding spot of antibiotic-resistant bacteria (ARB) 19. ARB strains

can survive and multiply even in harsh conditions compared to wild strains 111,
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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.
Table 1. Major classes of antibiotics.
Class Examples References
Glycopeptides Vancomycin, Teicoplanin, Telavancin, Oritavancin, Dalbavancin [12]

] Sulfacetamide, Sulfadiazine, Sulfathiazole, Sulfapyridine, Sulfamerazine, -
Sulfonamides ) A L]
Sulfamethazine, Sulfamethoxazole, Sulfasoxazole, Sulfachloropyridazine

Tetracyclines Tetracycline, Oxytetracycline, Doxycycline, Chlorotetracycline, Methacycline [13]
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Class Examples References

Amikacin, Paramomycin, Dihydrostreptomycin, Hygromycin, Kanamycin,

Aminoglycosides  Netilmycin, Spectinomycin, Sisomycin, Streptomycin, Tobramycin, Gentamicin, [13]
Neomycin

B—Lactams Amoxicillin, Ampicillin, Cloxacillin, Penicillin G (23]

Macrolides Erythromycin, Clarithromycin, Tylosin [13]

Lomefloxacin, Ciprofloxacin, Enroflaxacin, Danofloxacin, Difloxacin
Fluoroquinolones _ _ _ [12][13]
hydrochloride, Clinafloxacin

Polyethers Lasalocid, Salinomycin, Monensin, Narasin, Nigericin L4 sulting in

osis, liver

problems, pneumonia, and even carcinogenicity in humans due to antibiotic-resistant bacteria 12116l 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 Commission 718l |n this connection, there have
been significant efforts in the development of robust analytical methods with a combination of techniques such as
High-Performance Liquid Chromatography (HPLC) coupled with Mass Spectrometry (MS), and Liquid
Chromatography 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 22, 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 29, Old-fashioned screening techniques, such as paper-based devices as pPAD, 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 221221,

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 23],
The sample pretreatment is a challenging process since many antibiotics are thermally unstable and have no
chromophore (e.g., aminoglycosides) [24. 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 [22l. SPE is also widely used for preconcentration and cleaning up steps since it is safer, easily
operated, and efficient (281271,
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| 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 8. 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 2. 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.

Conditioning Sample Addition Washing Elution

]
v

(_Analyte * Interferants A @ _)

Figure 3. Typical four steps of SPE procedure.

| 3. Separation and Detection of Antibiotics

3.1. Chromatography
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Previously, paper chromatography and thin-layer chromatography were fundamental tools for the separation,
identification, and quality control of antibiotics. Later advancements 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 determination of
different antibiotics in food and other biological samples BYBBE2 | jquid chromatography coupled with mass
spectrometry is being widely used in the detection of antibiotics B34 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 [B4I3SI36I37]  For antibiotics lacking a chromophore, an evaporative light
scattering detector (ELSD) is being used [B8. Such detectors 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
39

3.2. Capillary Electrophoresis

The chromatographic techniques require excess solvent, more time for sample preparation, and different types of
stationary phases, which make the techniques more cumbersome in laboratories with limited resources 241l
Capillary electrophoresis (CE) is cost-effective, is simple to operate, consumes fewer reagents, and provides high
separation 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. 4243, Similarly, various preconcentration techniques were employed to enhance

the sensitivity in CE. Apart from these, injection techniques were modified to optimize the CE [44],

CE optimization can be achieved through maintaining buffer type, pH, and voltage 2. 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 48, With an increase in the buffer concentration under the combined influence of the electro-osmotic
flow and the electrophoretic force, the separation 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 2847 |t 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 8. Figure 4 depicts the synthesis of PEG@MoS2
and its application in the determination of eight sulfonamides in milk samples by dispersive solid-phase extraction

(DSPE)-Capillary zone electrophoresis (CZE).
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Figure 4. Schematic illustration of detection of eight sulfonamides by using DSPE-CZE 2 (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 2. |t 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 47,
Similarly, the pH of the running buffer at about 9.5 was found to provide good separation of sulfamethazine,

sulfadiazine, and sulfathiazole 48],

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 22, 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 [42. Similarly, the applied voltage is 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 B9, |t 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 B2,

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. #3471,
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 samples 21, Employing MS/MS as a detection
system improves the selectivity and sensitivity of CE analysis Bl 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 BY. 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 B9,
Interestingly, it was observed that the GQDs enhance the photoluminescence of hydrophobic antibiotics, such as

lomefloxacin, norfloxacin, and ofloxacin, an aqueous medium 3%, Moreover, a low-cost microchip CE system
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containing an electrophoresis chip and fluorescence detector was constructed for the determination of ciprofloxacin
in milk samples B2 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 28531 Figure

5 depicts the schematic representation of CZE with an online chemiluminescence detector.
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Figure 5. Schematic representation of CZE with chemiluminescence detection.

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. Immunological 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
B3l 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 BABSIBSILT The principle of the immunoassays for the detection of antibiotics is shown in Figure 6.
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Figure 6. Schematic representation for detection of antibiotics by immunoassay methods.

The antibody is the most important factor for the development of efficient immunological assays. Immunoglobulin G
(IgG)-derived antibodies from rabbit and mouse was traditionally used for the development of immunoassays.
Recently, there were several studies in the use of immunoglobulin Y (IgY), a chicken egg yolk antibody, as a
superior alternative to 1gG. 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 1gG for
the detection of antibiotic residues in food products B8l Similarly, Li et al. evaluated immunoglobulin Y (IgY) using
FPIA and ic-ELISA to detect gentamicins/kanamycin and found that the LOD and ICsq 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 2],

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 B2l 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 22,

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 tetracyclines in egg samples 9. The assay process of the Tet repressor protein

(TetR) mutant-based fluoroimmunoassay for the detection of antibiotics is shown in Figure 7.
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Figure 7. Schematic of the assay process of the Tet repressor protein (TetR) mutant based fluoroimmunoassay for

the detection of antibiotics (Reproduced with permission of the publisher) 62,

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 1. The core components of
a SERS-based method are a target molecule, a metal nanostructure, and electromagnetic radiation 2. 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 31, 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 4. A schematic of the pretreatment of fish
samples followed by SERS detection on the gold nanofilm is shown in Figure 8. Jiang et al. assembled silver

nanoparticles on a glass substrate to prepare SERS substrate to detect benzylpenicillin sodium 2],
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Figure 8. Schematic of the pretreatment of fish samples with SERS detection of ciprofloxacin on a self-assembled

gold nanofilm (Reproduced with permission of the publisher) 4],
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 8. Biosensors
emerged as an innovative alternative tool for rapid, sensitive, and on-site screening of antibiotic residues in food
products 22 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
(671681 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 9. 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 pg/L was achieved 9. In other studies, an aptamer-based fluorescent biosensor was developed to detect
chloramphenicol using MNPs and UCNPs 172l Similarly, Yue et al. reported sensitive fluorescent biosensors
based on UCNPs for the detection of kanamycin (23, The schematic representation of biosensor-based detection of

antibiotics is shown in Figure 9.
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Figure 9. Biosensor-based detection of antibiotics.
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