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Abstract

:

Aminoglycosides (AGs) are broad-spectrum antibiotics used in both human infection and animal medicine. The overuse of AGs causes undesirable residues in food, leading to serious health problems due to food chain accumulation. In recent years, various methods have been developed to determine AGs in food. Among these methods, fluorescent (FL), colorimetric and chemiluminescent (CL) optical methods possess advantages such as their simple instrumentation, low cost, simple operation, feasibility of realizing visualization, and smartphone imaging. This mini-review summarizes optical assays for the detection of AGs in food developed in recent years. The detection principles for different categories are discussed. Then, the amplification techniques for the ultrasensitive detection of AGs are introduced. We also discuss multiplex methods for the simultaneous detection of AGs. Finally, the challenges and future prospects are discussed in the Conclusions and Perspectives section.
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1. Introduction


Aminoglycosides (AGs), in their structure, contain two or more amino sugars connected with an aminocyclitol through glycosidic bonds. They are broad-spectrum antibiotics. AGs can affect several steps in bacterial ribosome cycling, including inhibiting the formation of 70S initiating complex, selectively binding to the target protein on the 30S subunit, inducing the mismatch of codons, and so on [1].



1.1. The History of Aminoglycosides


The history of AGs can be traced back to the discovery of streptomycin in the 1940s. Schaz and Waksman separated streptomycin from natural products successfully. Streptomycin is effective for the treatment of infections caused by most Gram-negative bacteria but is ineffective for Pseudomonas. The discovery of streptomycin inspired the world to screen antibiotics from natural products, and various AGs were discovered afterward. AGs that have a name with the suffix -mycin refer to those that are derived from Streptomyces genus, while those that have a name with the suffix -micin refer to those that are derived from Micromonospora. Neomycins, kanamycins, gentamicins, tobramycin, and ribostamycins are typical aminoglycosides containing 2-deoxystreptamine. They are produced from Streptomyces fradiae, Streptomyces kanamyceticus, Micromonospora purpurea, Streptomyces tenebrarius, and Streptomyces ribosidifcus, respectively [2]. Moreover, amikacin and netilmicin are presentive semi-synthetic aminoglycosides. Figure 1 shows the structures of typical AGs.




1.2. The Danger of Aminoglycosides


Because of their low price, good stability, and effective antibacterial activity, AGs have been used clinically in the treatment of Gram-negative bacteria, Monas and Staphylococcus infections, and tuberculosis [3]. In the treatment of animal disease, AGs are used to treat bovine mastitis, enteritis, metritis, peritonitis, sepsis, etc. In addition to being used as therapeutic drugs, AGs are also used for promoting the growth of animals [4], which inevitably causes the release of residues into the environment and undesirable residues in food. AGs have serious side effects including ototoxicity, toxicity to kidneys, damage of the vestibular nerve, muscle paralysis, etc. [5]. In severe cases, they can cause shock or even death. A small amount of antibiotics residue in food can induce antibiotic resistance cases, which will be a big problem in the future. Therefore, many countries and regions have set a maximum residue limit (MRL) for AG residues in animal products (Table 1). The simple and rapid detection of AGs with high sensitivity and selectivity is important for the routine detection of AGs.




1.3. Conventional Detection Methods


Since most of the AGs lack a chromophore and fluorophore, the detection of AGs is a big challenge. Traditional methods for the detection of AGs are based on microbial assays. Although these microbial assays are relatively cheap, the determination is time-consuming and the sensitivity and specificity are poor. Alternatively, high-performance liquid chromatography (HPLC), gas chromatography (GC), capillary electrophoresis (CE), etc., have been applied to the detection of AGs [6,7], among which HPLC is the most commonly used analysis method. Since AGs have no chromophore, HPLC coupled with all-purpose detection systems such as evaporative light-scattering detection (ELSD), pulsed amperometric detector (PAD), and mass spectrometry (MS) should be used [8]. Although these novel detection systems make the detection of AGs possible, their price is high and there are no conventional detectors equipped. By using ordinal UV absorption or fluorescent (FL) detectors, pre-column derivation and post-column derivation have been employed for the detection of AGs. The amino group contained in AGs can react with FL derivatization reagents, including o-phthalaldehyde, 1,2-naphthoquinone-4-sulfonate, dansyl chloride, 1-fluoro-2,4-dinitrobenzene, to form stable fluorescent derivatives of AGs. However, the pre-column derivation introduces new compounds such as derivation reagents and byproducts in the detection system, which may interfere with the analysis of target AGs. The incomplete derivation reaction may cause the loss of target AGs. Post-column derivation suffers from complex instrumentation because of the requirement for post-column reactors and additional pumps. Due to the complex instrumentation, time-consuming detection and sample preparation processes, these chromatographic methods are difficult to be applied to the point of care test (POCT) for AGs.




1.4. Recent Advances in Optical Detection of Aminoglycosides


In recent years, many optical assays including turn-on FL, turn-off FL, ratio FL, colorimetric and chemiluminescence (CL) assays, etc., have been established for the determination of AGs (Figure 2). Compared with other analytical methods, optical analysis methods such as FL, CL, colorimetry, etc., have the advantages of their simple instrumentation, easy operation, easily realized mobile phone imaging and visualization [9,10,11]. Some of the proposed methods can give responses to the presence of target AG within 30 min which are convenient for POCTs for AGs. These optical methods (or sensors) are established for the determination of AGs based on the recognition by antibodies, aptamers, metal ions, and imprinted polymers [12,13,14,15]. Antibodies are commonly used in the development of enzyme-linked immunosorbent assay (ELISA) kits for the detection of AGs. In recent years, the aptamer has become a powerful recognition element used in AG detection. Aptamers are single-stranded DNA or RNA selected by an in vitro systemic evolution of ligands by the exponential enrichment (SELEX) technique. Aptamers have a high affinity to their targets. Compared with antibodies, aptamers have many advantages, including a short in vitro synthesis process, good stability, easy modification, and long shelf life. In recent years, lots of aptamer-based assays have been developed for the determination of AGs. According to our literature research, about 70% of optical detection methods have employed aptamers as recognition elements for the detection of AGs.



In addition, various nanomaterials, including metal nanoparticles (NPs) [16], metal nanoclusters (NCs) [17], carbon dots (CDs) [18], quantum dots (QDs) [19], etc., have been employed to construct optical assays for AGs. Metal NPs such as Au NPs, Ag NPs, Pt NPs, etc., have a characteristic surface plasmon resonance (SPR) absorption peak located in the visible region. The SPR absorption wavelength is affected by the size, shape, and dispersed state of metal NPs. FL-emitting nanomaterials such as QDs and CDs have size-dependent FL properties. Their FL emission wavelength is affected by their size and their FL intensity may be affected by their surface state. Based on the unique property of these nanomaterials, various simple and convenient optical sensing methods have been developed for the detection of AGs. To improve detection sensitivity, several signal amplification techniques have been successfully applied to the design of sensitive methods for AGs. These amplification techniques include target recycle-assisted signal amplification, hybridization chain reaction (HCR), rolling circle amplification (RCA), etc. [20,21,22].





2. Fluorescent Assays


FL is one of the photoluminescence phenomena. Certain molecules, particularly with a chromophore and a rigid structure, can absorb ultraviolet-visible light and be brought into an excitation state. The fluorescence occurs when the excited molecules lose energy through the transition from the lowest vibration level of the first excited electronic state to the ground electronic state. Compounds containing aromatic groups, conjugated double bonds, or aliphatic and alicyclic carbonyl structures commonly have FL emission properties. This rigid structure is in favor of FL emission. FL analysis is a powerful quantitative method that can be employed to quantify strong FL molecules in non-fluorescent mediates and is employed as a detection strategy in HPLC and CE. Unfortunately, most of the aminoglycosides lack a chromophore or fluorophore. Only a few AGs were reported to have native FL or weak FL. For example, apramycin has been reported to have native fluorescence emission located at 388 nm with a maximum excitation wavelength at 335 nm [23]. To achieve the fast detection of AGs, both organic FL molecules and FL-emitting nanomaterials such as QDs, CDs, and metal NCs have been employed in the development of FL sensing methods in which antibodies, aptamers, molecular imprinting polymers (MIPs), and metal ions are employed as recognition elements. These FL methods include turn-off, turn-on, and ratio FL analysis methods. Table A1 (Appendix A) summarizes their assay performance, including the limit of detection, linear range, specificity, recovery, and detection time.



2.1. Turn-Off Fluorescent Analysis Strategies


The turn-off sensing strategy means the presence of a target analyte induces a decrease in FL intensity. The FL signals are inversely proportional to the centration of the target analyte.



DNA-binding dyes including double-strand DNA (dsDNA)-binding dyes (such as Synergy Brands, Inc. (SYBR) Green I) and G-quadruplex structure-binding dyes (such as Thioflavin T) have been employed to construct turn-off FL sensing methods for AGs [24,25,26]. It has been reported that anti-kanamycin–aptamers can form intermolecular G-quadruplex structures [27,28]. Thus, G-quadruplex structure-sensitive dyes such as Thioflavin T, crystal violet, thiazole orange, N-methyl mesoporphyrin IX, etc., have been tested to develop FL sensing methods for kanamycin. Among them, Thioflavin T has the best performance and responds to the anti-kanamycin–aptamer specifically. The binding of kanamycin to the anti-kanamycin–aptamer disturbs the G-quadruplex structure, resulting in a decreased FL signal at 492 nm. For the detection of kanamycin, it took only 20 min and the limit of detection (LOD) was 0.3 nM [25]. SYBR Green I is a dsDNA-inserting FL molecule, which emits obvious FL in the presence of dsDNA. The hybridization of an aptamer with its complementary DNA forms a double-stranded helix. The binding of target aminoglycosides to aptamers transforms the hybrid dsDNA into single-strand DNA (ssDNA), causing a decrease in the FL signal (Figure 3A). Based on this sensing scheme, Yu’s group constructed a smartphone-based aptasensor for the point-of-care testing of streptomycin. A Touch Color application installed in a smartphone was employed to read the RGB values of the images, and the G value was used to quantify the streptomycin concentrations The POCT method was used to detect streptomycin in milk and the detection limit was 94 nM [26].



Almost all of the MIP-based sensing methods are turn-off mode FL sensors. MIPs are polymers processed using molecularly imprinted techniques that leave cavities in the polymer matrix and have an affinity for the template molecules. For the FL sensing of AGs, FL-emitting nanomaterials such as QDs [29,30,31] and FL-emitting metal-organic framework (MOF) NPs [32] have been employed as supports to construct MIPs. Typically, He and Du’s group fabricated a MIP-coated europium metal-organic framework by using 4-vinylpyridine as the main monomer, ethylene glycol dimethacrylate as the cross-linking monomer, and lincomycin as the template. The europium metal-organic framework has a long, persistent FL and the MIP layer provides specific binding sites for lincomycin. The adsorption of lincomycin into the cavities leads to a decrease in the FL intensity of the europium metal-organic framework. The LOD for lincomycin was calculated to be 16.2 nM [32]. In addition, dual recognition MIPs have been constructed for highly specific sensing of AGs [29,30]. For example, a dual-recognition MIP was constructed for the highly specific sensing of kanamycin by using CdSe QDs as supports, methacrylic acid, and thiol-modified aptamers as functional monomers. Through a thiol-ene click reaction, the aptamer was fixed into the polymer matrix. The prepared MIP had dual recognition functions from both aptamer and imprinted cavities, which improved the recognition ability of MIP toward kanamycin. The imprinting factor of the prepared MIPs was 3.51 for kanamycin. CdSe QDs have strong FL emissions around 530 nm; the binding of kanamycin to the MIP caused a decrease in the FL signal (Figure 3B). The MIP-based FL sensing platform showed a linear range from 85.7 nM to 17.16 µM for the detection of kanamycin, and the LOD was 1.1 nM [29].



In addition to these sensing methods, Topcu’s group established a whole-cell-based bioassay for the detection of antibiotics based on the inhibitory effect of antibiotics on the growth of sensitive bacteria. They employed green fluorescent protein (GFP)-expressing Escherichia coli cells as the recognition agent. The incubation of antibiotics with the GFP-expressing Escherichia coli caused the inhibition of viable cells and a subsequent decrease in fluorescent intensity. The whole-cell based FL assay was successfully applied to the detection of ampicillin, benzylpenicillin, gentamicin, neomycin, and tetracycline, respectively; however, it failed for the determination of bacitracin A, lincomycin, spiramycin, and sulfadiazine, probably due to the permeability barriers of the bacterial membrane. The proposed FL method could detect antibiotics in milk and appeared promising for use in milk quality monitoring [33].




2.2. Turn-On Fluorescent Analysis Strategies


The turn-on FL analysis strategy means the FL signal is enhanced in the presence of a target analyte. The FL signals are proportional to the concentration of the target analyte. Compared with turn-off FL analysis methods, the turn-on FL methods have a lower background.



Mesoporous silica NPs loaded with organic dye were prepared and applied to the turn-on FL sensing of kanamycin. The NH2-modified complementary DNA was conjugated on the surface of Rhodamine B, filling mesoporous silica nanoparticles. The hybridization of the kanamycin aptamer with the complementary DNA increased the steric hindrance and inhibited the release of Rhodamine B from the mesoporous silica nanoparticles. The binding of kanamycin to the aptamer dissociated the aptamer from the complementary DNA and triggered the release of Rhodamine B to the solution, causing the increase in FL intensity. The LOD for kanamycin was 7.5 nM [34]. In addition, the kanamycin–aptamer was employed as a template for the preparation of Ag NCs, which had weak FL intensity initially. In the presence of kanamycin, the Ag NCs exhibited an enhanced FL intensity due to the formation of a hairpin structure and following the closeness of G and C bases contained in the aptamer template to the silver nanoclusters. The enhanced FL ratio was employed for the detection of kanamycin, which showed a linear range of 0.075–8.0 µM with a LOD of 36 nM [35]. Despite the fact that these are strategies for turn-on FL sensing, the background of these methods is also very high because of the native FL emission of dye-loaded silica NPs and Ag NCs.



Fluorescence resonance energy transfer (FRET) has been employed to establish an FL sensing platform for AGs. In a FRET process, the energy of the donor molecules is transferred to the acceptor molecules. When FRET occurs, the FL intensity of acceptor molecules enhances, and at the same time, the FL intensity of the donor molecules decreases. The distance and the spectral overlap between the donor and the acceptor are two main factors affecting the FRET efficiency. Dabcyl and Black Hole Quencher (BHQ) are the most commonly used quenchers. The approach of quencher to fluorophore can cause the FRET between the fluorophore and the quencher, resulting in significant FL quenching. Zhang and Sun’s group designed a simple FL biosensor for kanamycin based on the signal transduction principle of FRET between the fluorophore carboxyfluorescein (FAM) and quencher Dabcyl. The kanamycin-aptamer was labeled with FAM and its complementary DNA was labeled with Dabcyl. The hybridization of complementary DNA with the aptamer brought the proximity of FAM and Dabcyl, leading to FL quenching, while the binding of kanamycin to the aptamer dissociated the complementary DNA from the aptamer, causing the departure of FAM from Dabcyl and subsequent FL recovery. They found that the complementary DNA, with a length of seven bases, showed the best performance in the sensing of kanamycin. The FRET-based sensing method showed a linear range from 100 nM to 600 nM for kanamycin in milk samples, and the LOD was 13.52 nM [36].



Nanomaterials such as Au NCs, Ag NCs, CDs, QDs, etc., have unique FL properties. These nanomaterials emit intense FL. Compared with traditional FL molecules, these nanomaterials have advantages such as size-dependent FL, good photostability, long FL lifetime, etc. FL-emitting nanomaterials have been employed in FRET assays to replace organic FL molecules. For example, Fan’s group synthesized graphene oxide quantum dots (GQDs) with a bottom-up method using citrate as the starting material. The GQDs with carboxyl groups on the surface were conjugated with single-stranded DNA-binding protein (SSB) through an EDC/NHS reaction. An FL sensing platform composed of SSB-modified GQDs and BHQ-labelled aptamers was constructed (Figure 4A). The binding of the BHQ-aptamer to the SSB-modified GQDs enabled the proximity of the quencher BHQ to the FL-emitter GQDs causing the FL quenching. The binding of kanamycin to the aptamer changed the aptamer structure into a folding state. Thus, the addition of kanamycin caused the aptamer to lose its binding ability to the SSB and led to the subsequent FL recovery. The GQDs-based FL sensing platform showed a linear range of 0.017–154.4 nM for the detection of kanamycin and a LOD of 0.01 nM [37]. Aucélio’s group prepared FL GQDs by using citrate and glutathione as the starting materials. Fe3+ showed a significant FL quenching effect on the GQDs due to the formation of a charge transfer complex with the GQDs. The coordination of Fe3+ with GQDs could be disrupted by neomycin, causing the turn-on of the FL intensity around 430 nm. Thus, the GQD-Fe3+ probe was employed as an FL probe for the sensing of neomycin sulfate. The linearized analytical response covered three orders of magnitude from 10−7 to 10−5 M and the LOD was 74 nM [38].



Furthermore, nanomaterials can act as energy acceptors to construct FRET assays. These nanomaterials include Au NPs, Ag NPs, graphene oxide (GO), carbon nanotubes (CNTs), MoS2 nanosheet, etc. [40,41,42]. Au NP was employed in the establishment of a FRET-based assay for the detection of kanamycin by using Ag NCs and aptamers as the fluorophore and recognition elements, respectively. The well-dispersed Au NPs could quench the FL of Ag NCs efficiently, while the aggregated Au NPs had a weak quenching ability. The adsorption of aptamers on the surface of Au NPs protected the Au NPs from aggregation in a high-concentration of salt solution, leading to an efficient FRET between Au NPs and Ag NCs. The formation of the aptamer–kanamycin complex resulted in the aggregation of Au NPs in the salt solution and subsequent FL recovery. The fluorescence increased linearly with the increase in kanamycin in the 5–50 nM concentration range. The LOD was 1.0 nM [17].




2.3. Ratio Fluorescent Analysis Strategies


The ratio FL analytical method refers to the quantification of the analyte, achieved by determining the relationship between the concentrations of target analyte with the ratio of FL intensities at different wavelengths. Compared with single-wavelength analytical methods, the ratio FL methods have an inherent interior correction, thus showing better reproducibility and reliability. FRET is one of the ways to create a ratio FL analytical platform. For example, Su’s group established a ratio fluorescence method for the detection of bleomycin based on nitrogen-doped graphene quantum dots conjugated with gold nanoclusters (N-GQDs@Au NCs). The N-GQDs@Au NCs conjugate had fluorescent emission peaks located at 440 nm and 580 nm, respectively. Cu2+ quenched the FL of Au NCs at 580 nm, which was attributed to the aggregation-induced quenching mechanism. Bleomycin has a strong binding ability to Cu2+ and thus can make the quenched FL signal recover. The ratio of the FL intensity at 440 nm and 580 was employed for the quantitative detection of bleomycin. Compared with single-wavelength FL measurements, ratio fluorescence methods can provide built-in correction, thus having a stable fluorescence performance and strong anti-interference ability. The ratio fluorescence method showed a linear range for the detection of bleomycin in the range of 0.8–1800 nM and the LOD was 0.27 nM [43]. The Cy3 and Cy5 pair was employed to construct a FRET-based assay for the detection of AGs. Typically, Roy’s group employed Cy3 and Cy5 as a FRET donor and acceptor for the detection of kanamycin (Figure 4B). They used a sandwich-type hybridization reaction to assemble the kanamycin-aptamer on the glass slide surface and constructed a FRET sensing system by labeling the connector probe and kanamycin-aptamer with Cy5 and Cy3, respectively. In the absence of kanamycin, a high FRET efficiency between Cy3 and Cy5 was obtained, while the binding of kanamycin to the aptamer led to a low FRET efficiency. A homemade smartphone setup was used to obtain the ratio FL signal and showed a LOD of 28 nM for kanamycin [39].




2.4. Discussion


Although quantitative analysis can be achieved by using all of the established FL analysis strategies, each method has its advantages and disadvantages. DNA-binding dyes and MIPs are commonly employed for the development of turn-off FL sensing strategies. Both of them give responses to the presence of target AG rapidly and specifically. However, both methods suffer from a high background, which leads to relatively poor sensitivity. Compared with turn-off FL sensing methods, turn-on FL strategies showed a lower background and higher detection sensitivity. The graphene-based FRET aptasensor exhibited the highest sensitivity for the detection of kanamycin (1 pM) [44]. The high sensitivity may be attributed to the efficient quench ability of graphene, which leads to a low background, and a good binding ability of kanamycin to the aptamer. In terms of ratio FL analysis methods, compared with the turn-off FL sensing method, the ratio FL analysis methods exhibit moderate sensitivity, but better reliability because of the in-built correction. However, ratio FL analysis methods commonly need two kinds of FL molecules/nanomaterials, leading to a high experiment cost.





3. Colorimetric Assays


Colorimetric assays include visual colorimetry and photoelectric colorimetry. Both methods are based on the Lambert-Beer law (A = εbc). In terms of visual colorimetry, the color of the detection system changes with the concentration of the target analyte. Qualitative or semi-quantitative detection can be achieved by using naked-eye visual colorimetry. With the development of modern smartphones, the RGB color can be acquired and read by a smartphone. In addition, quantitative detection and higher sensitivity can be realized by photoelectric colorimetry. Colorimetric assays have the advantages of simple operation and instrumentation, and make it easy to realize on-site detection. Table A2 (Appendix A) summarizes the typical colorimetric assays developed for the detection of AGs.



3.1. Colorimetric Reactions Used in AG Detection


Peroxidase-catalyzed chromogenic reactions are commonly used in immunoassays of AGs. Tetramethyl benzidine (TMB), 2,2’-azinobis-(3-ethylbenzthiazoline-6-sulphonate) (ABTS), and o-phenylenediamine (OPD) are chromogenic substrates of peroxidases. The peroxidase-catalyzed redox reaction between these substrates and H2O2 leads to the production of colored products. After adding sulfuric acid to terminate the reaction, the color of TMB, ABTS, and OPD reactions are yellow, green, and orange, with maximum absorption wavelengths at 450, 405, and 492 nm, respectively. Horseradish peroxidase (HRP) is one of the most commonly used peroxidases and is commonly used as a label in competitive ELISAs for the detection of AGs [45]. In addition to HRP, DNAzyme with a G-quadruplex structure and nanoparticles such as Au NPs, Ag NPs, Fe3O4 NPs, Au NCs, etc., has been reported to have peroxidase-like activity [46]. These mimetic peroxidases have been employed for the development of colorimetric assays for AGs [47]. Typically, DNAzyme-catalyzed colorimetric reactions have been coupled with amplification methods to improve the detection sensitivity, which will be discussed in the section Amplification Strategies.



Phenanthroline (Phen) and its derivatives, with bidentate heterocyclic ligands, form metal complexes with stable transition metal ions in lower oxidation states, such as Ru(II), Cu(I), Co(II), and Fe (II). The Fe(II)-Phen complex shows an orange-red color in a pH 7.4 solution. The oxidation of Fe (II) to Fe (III) changes the color of the Fe(II)-Phen complex from orange-red to light yellow. The Fe(II)-Phen reaction can be coupled with a glucose oxidase–glucose reaction, in which glucose reacts with glucose oxidase to produce H2O2. The produced H2O2 oxidizes Fe (II) to Fe (III), leading to the color change of the complex ion [Fe(phen)3]2+ from orange-red to light yellow in pH 7.4 solution [48]. The application of the Fe(II)-Phen reaction will be discussed in the section Amplification Strategies.



Noble metal NPs, including Au NPs, Ag NPs, Pt NPs, etc., possess unique optical properties. For example, spherical Au NPs with a size of 15 nm has a wine-red color, and the characteristic SPR absorption band is located around 520 nm. The larger the Au NPs’ size, the longer the SPR absorption wavelength is. Au NPs have the property of distance-dependent color change. The color of Au NPs changes from red to blue since Au NPs approach each other at a distance shorter than a diameter of one nanoparticle. In other words, the well-dispersed Au NPs have a red color, while the aggregated Au NPs have a blue color [49]. Based on the aggregation-induced color change of Au NPs, various colorimetric assays of aminoglycosides have been developed. The following section discusses colorimetric strategies based on metal NPs.




3.2. Based on In Situ Generation of Nanoparticles


Au NPs have a red color; thus, the in situ generation of Au NPs was employed for the detection of aminoglycosides. Leng’s group established a colorimetric biotics identification method by taking advantage of microwave-assisted synthesis of multicolored gold nanoparticles. They found that different antibiotics resulted in the formation of Au NPs with different sizes and different colors. Thus, the RGB colors of the formed Au NPs were extracted and used to identify biotics with the aid of hierarchical clustering analysis (HCA) and principal component analysis (PCA) methods [13]. In addition, they also reported a colorimetric detection method for lincomycin based on the reaction between AuCl4− and lincomycin under a basic condition. Instead of the formation of Au NPs, the color change during the reaction was attributed to the formation of coordinates between AuO2− and the sulfur group of lincomycin [50].




3.3. Colorimetric Biosensor Strips


Lateral flow assays (LFA) are one of the rapid detection technologies and are based on immunochromatography. A typical LFA strip contains four parts, including a sample pad, conjugate pad, detection pad, and adsorbent pad. Au NPs are the most commonly used labels in LFA. Antibodies, as the recognition elements, are immobilized on the surface of Au NPs. The immuno-nanoparticles are prestored in the conjugate pad. Both the test line and the control line are located in the detection pad. For the detection of AGs, a competitive immunoassay is commonly employed. LFA strips for the rapid detection of AGs are commercially available. In recent years, aptamers have been employed in LFA, owing to their short synthesis procedure, easy modification, and good stability. The aptamers are conjugated on the surface of Au NPs, and the complementary strands are immobilized on the test line. In the absence of target AG, the hybridization of aptamers with complementary sequences leads to the accumulation of Au NPs on the test line. In contrast, the presence of AG results in competitive binding, which inhibits the accumulation of Au NPs in the test zone. To achieve higher sensitivity, Zhou’s group employed Ag NPs as signal amplification elements to carry Au NPs (Figure 5A). With the aid of a scanning reader, quantitative detection of kanamycin can be achieved based on the optical density (expressed as peak area) of the test zone. The LOD was 0.0778 nM in buffer solution, while the visual detection limits in food were higher at 50 nM, 100 nM, and 200 nM in honey, milk, and milk powder samples, respectively. The lateral flow strips avoid multiple incubation and washing steps. The detection can be completed within 10 min [51]. In addition to LFAs, Li and Wang’s group prepared a portable colorimetric biosensor strip for the determination of kanamycin by combining aptamer-immobilized electrospun nanofiber membranes with complementary single-stranded DNA-conjugated Au NPs. The competitive binding of kanamycin with the aptamer led to the dissociation of Au NPs and a decrease in the absorbance signal at 510 nm. The proposed colorimetric biosensor strips showed a low detection limit of 2.5 nM [52].




3.4. Based on Target-Induced Aggregation of Metal Nanoparticles


Metal NPs have specific colors. For example, well-dispersed spherical Au NPs (15 nm) have a wine-red color and a characteristic absorption band located around 520 nm. In terms of Ag NPs, the color is light yellow and the characteristic absorption band is around 420 nm. The aggregation of metal NPs leads to a hypochromic shift in the maximum absorption band. Based on the color change of metal NPs, various colorimetric sensors have been developed.



Citrate-capped metal NPs carry a negative charge, while the aminoglycosides have a positive charge under certain conditions. Thus, colorimetric methods for the determination of kanamycin were developed based on the electrostatic interaction between the negatively charged metal NPs and cationic AGs. For example, gentamicin could induce the aggregation of citrate-capped Ag NPs directly. The absorption ratio of 510 nm and 394 nm was employed for the quantitative detection of gentamicin with a LOD of 720 nM [54]. This direct method is simple; however, it suffers from low sensitivity and poor specificity.



In order to improve the specificity, kanamycin–aptamer has been employed. The aptamer, as single-strand DNA, can be adsorbed on the surface of Au NPs and prevent the slat-induced aggregation of Au NPs. The binding of antibiotics to the aptamer causes the dissociation of the aptamer from the Au NPs surface and subsequent aggregation in the salt solution. Thus, the addition of target antibiotics leads to the color of Au NPs changing from red to bluish violet. The employment of aptamers not only improves the detection specificity but also improves the detection sensitivity. The aptamer-based colorimetric sensing strategy has been developed for the detection of kanamycin, tobramycin, and neomycin with LODs of 8.1 nM, 23.1 nM, and 27 nM, respectively, in which the ratio A620/A520 was employed as the parameter for quantitative detection [55,56,57]. In order to improve the performance of the Au NP-based colorimetric aptasensor for the detection of antibiotics, Shayesteh’s group employed a polyA-tailed aptamer and poly(diallyl dimethyl ammonium chloride) (PDDA) to replace the original aptamer and salt, respectively, and constructed a colorimetric assay for the detection of kanamycin (Figure 5B). The polyA at the end of the aptamer as an anchor improved the affinity of the aptamer to the Au NPs surface and prevented the Au NPs from the PDDA-induced aggregation. The binding of kanamycin to the aptamer liberated the polyA-tailed aptamer from the Au NPs surface, causing the aggregation of Au NPs by the PDDA. The colorimetric assay based on PDDA-induced aggregation lowered the LOD to 0.05 nM [53].



AGs have hydroxyl groups and aliphatic amine groups in their structure. Cysteamine-modified Au NPs were employed instead of citrate-capped Au NPs for the development of the colorimetric determination of gentamicin based on the strong affinity of gentamicin to cysteamine through the hydrogen bonding interactions. As a result, gentamicin could directly cause the aggregation of cysteamine-modified Au NPs. The cysteamine-modified Au NPs showed a capability for the detection of gentamicin concentrations as low as 12.45 nM in water [58]. In recent years, various Ag NPs with different capping agents on the surface have been synthesized and employed for the determination of aminoglycosides. Typically, Mandal’s group developed a pH-triggered green synthesis method for the preparation of Ag NPs by using epigallocatechin gallate (EGCG) as both a reducing agent and a capping agent. The EGCG was oxidized by Ag+ and formed quinone moieties on the surface of Ag NPs. The amine group of kanamycin could react with the quinone moieties on the surface of Ag NPs, forming a Schiff base, which caused the aggregation of the Ag NPs and a color change from yellow to reddish pink, accompanying the decrease in the intensity of the SPR band at 415 nm. The LOD for kanamycin was 0.96 µM [59]. Other metal NPs include gallic acid-coated Ag NPs, methyl gallate conjugated Ag NPs, sodium dodecyl sulfate (SDS)-coated Ag NPs, and chlortetracycline-functionalized Ag NPs, chitosan-coated Au NPs, etc. These Ag NPs have been applied to the colorimetric detection of streptomycin [60,61], gentamicin [62], tobramycin [63], and kanamycin [64,65,66].




3.5. Discussion


Colorimetric assays have many advantages such as their low cost, rapidity, and the fact that there is no need for special equipment. In some situations, naked-eye observation can achieve semi-quantitative detection. So, the colorimetric assays are powerful tools for POCTs for AGs. Gallic acid-functionalized Ag NPs and chlortetracycline-functionalized Ag NPs exhibited good sensitivity for the detection of kanamycin (0.12 nM) and streptomycin (0.036 nM). However, other colorimetric assays suffer from poor sensitivity. In addition, a non-specific interaction between the target AG and recognition element immobilized on the surface of metal NPs was employed for the recognition of AGs. A non-specific interaction may induce poor selectivity in the proposed method because there are a large number of interferents contained in the real samples, which may also have non-specific interactions such as hydrogen bond interactions and electrostatic interactions with recognition molecules on the surface of metal NPs. To remove these interferents, sample pretreatment is needed.





4. Other Optical Assays


4.1. Chemiluminescence Assays


Chemiluminescence (CL) is a phenomenon of light radiation accompanied by chemical reactions. The CL analysis method is a widely applied trace analytical method with advantages such as its high sensitivity, wide linear range, simple equipment, and easy operation [67]. The CL of luminol was reported by Albrecht in 1928. Streptomycin was reported having an enhancement effect on the luminol-potassium periodate-Mn2+ CL reaction [68]. Luminol-H2O2 is one of the most investigated CL reactions. Without a catalyst, the CL emission of the luminol-H2O2 reaction is weak. Au NCs have been reported to have catalytic activity in the luminol-H2O2 CL reaction to produce enhanced CL signals [69]. Li’s group employed polyA-containing probe DNA as the template to synthesize Au NCs, which could catalyze the luminol-H2O2 CL reaction to emit light. The kanamycin-aptamer was immobilized on the surface of magnetic beads and then hybridized with the probe DNA-templated Au NCs. The hybridized composites were used for the CL detection of kanamycin. The binding to kanamycin to the aptamer immobilized on the magnetic beads surface resulted in the release of Au NCs in the solution phase. After an external magnetic separation, the released Au NPs contained in the supernatant triggered the luminol-H2O2 to emit light. The CL intensity was employed to quantify the concentration of kanamycin. The label-free CL assay showed a LOD of 0.035 nM for the detection of kanamycin [70]. The G-quadruplex DNAzyme with peroxidase-like properties can also catalyze the luminol-H2O2 CL reaction. In Luo and Wang’s work, beta-cyclodextrins and ionic liquid-functionalized graphene oxide aerogel (beta-CD/IL@GOGA) were employed as three-dimensional supports to assemble aptamers and DNAzyme. The graphene oxide aerogel provided a large surface area. Beta-CD and ionic liquids increased the biocompatibility and stability of the composite. The binding of streptomycin to the aptamer triggered the release of DNAzyme, which catalyzes the luminol-H2O2 CL reaction to emit light. The CL sensor showed a linear range of 1.4 × 10−12 to 2.8 × 10−9 M and a detection limit of 9.2 × 10−14 M. The CL assay was successfully used for streptomycin detection in cucumber and milk samples [71].




4.2. Electrochemiluminescence


Electrogenerated chemiluminescence (ECL) analysis is a trace analytical technology combining electrochemical technology with chemiluminescence technology. Luminol is one of the ECL substrates and H2O2 can act as a co-reactant in the luminol ECL reaction [72]. Platinum electrodes adsorbed with Ag NPs on the surface showed a significantly enhanced luminol-H2O2 ECL signal compared with the naked platinum electrode. Through the Ag-S or Pt-S bond, the SH-aptamer was immobilized on the electrode surface. The recognition of kanamycin by the aptamer caused an obvious decrease in the ECL signal. The label-free ECL sensing platform displayed a wide linear range from 0.8–170 nM, with a limit of detection of 0.1 nM [73]. Higher sensitivity (0.16 pM) was obtained based on ECL-resonance energy transfer between CDs and Au-GO composite [74].




4.3. Surface-Enhanced Raman Spectroscopy


A significant Raman signal is observed when Raman probes are located between two metal NPs, which are also called hotspots. Metal NPs such as Au NPs and Ag NPs are employed in surface-enhanced Raman spectroscopy (SERS), which is widely applied for the sensing of small molecules, biomolecules, and pollutants [75,76,77]. Both homogeneous and heterogeneous SERS have been developed for the detection of aminoglycosides. Typically, Shi et al. prepared an immunoprobe by conjugating a monoclonal antibody against neomycin and the Raman probe molecule 4-aminothiophenol (PATP) with Au NPs. The immunoprobes were employed in a lateral flow immunoassay strip for the competitive detection of neomycin. The Raman intensity of peak at 1078 cm−1 on the test line was determined and used for the quantitative determination of neomycin. The whole process could be completed within 15 min with a LOD of 0.216 pg mL−1 and good specificity [78]. Homogeneous SERS was developed for the detection of kanamycin in milk samples based on bimetallic Au@Ag NPs. The complementary DNA on the surface of Au@Ag NPs hybridized with kanamycin–aptamer with Raman reporter Cy3 at one end. The Raman intensity of Cy3 decreased with the increase in the kanamycin concentration. A LOD of 1.5 pM for kanamycin was achieved [79]. In the opto-microfluidic systems, metal NPs can absorb the high thermal radiation during the laser excitation, causing a blinking effect in SERS spectra. The nanocomposite of GO and Au NPs was employed to overcome the blinking effect. The thermal generated by laser excitation on the surface of the nanoparticles was transferred and absorbed by the nanocomposites through the GO matrix. Nguyen et al. constructed a GO-based microfluidic system and conjugated an aptamer-based switchable probe with GO. The binding of kanamycin to the aptamer changed the structure of the probe, facilitating the hybridization of complementary DNA and Texas Red-modified Au NPs. The microfluidic-based sensor was reusable, and its limit of detection was 0.75 nM [80].




4.4. Resonance Rayleigh Scattering


Resonance Rayleigh scattering (RRS), determined by using a commonly used fluorescence meter, has been applied to determine biomolecules and inorganic ions [81]. Metal NPs have RRS effects and the resonance scattering peak is correlated with the size of the NPs. A higher signal is obtained with a larger size of NPs. Cu2O nanocubes have been reported to have a good RRS response at 370 nm. Well-dispersed Au NPs can catalyze the Fehling reaction in which Cu2+ is reduced by glucose to form small particles of Cu2O, while the aggregated Au NPs do not have such effects. Based on the recognition of aptamers and the salt-induced aggregation of Au NPs, the in situ generation of the Cu2O strategy was employed for the RRS detection of tobramycin with a LOD of 0.19 nM [82]. RRS energy transfer (RRS-ET) refers to the resonance energy transfer process between the RRS and the acceptor. Jiang’s group established an RRS-ET method for the detection of neomycin. neomycin could induce the formation of blue-black Cu(II)-NEO complexes with a strong absorption peak at 350 nm, which acted as an acceptor to adsorb the scattering light from Cu2O nanocubes. The RRS signal of Cu2O at 370 nm decreased with the increase of neomycin concentration. The detection limit was 0.4 µM [83].




4.5. Discussion


Table A3 (Appendix A) summarizes the assay performance of these optical methods for the detection of AGs. Compared with FL and colorimetric assays, which have been introduced in previous sections, the above methods exhibit a higher sensitivity. Amounts of streptomycin as low as 9.2 fM could be sensitively detected by the DNAzyme-based CL method using aptamers as the recognition elements. Other methods also showed a LOD down to pM levels. Commonly, recognition elements such as aptamers and antibodies are involved in the detection system. Combining the inherent high sensitivity of these methods with the good specific binding ability of the recognition element shows that optical methods have exhibited both good sensitivity and specificity. However, specific detection machines are required. The development of handheld devices will facilitate the development of POCT for AGs by using the above optical methods.





5. Amplification Strategies


Well-designed amplification strategies can improve the detection sensitivity and achieve the detection of trace AGs. Here, some typical amplification strategies are discussed. Table A4 (Appendix A) summarizes the assay performance of these AG assay methods with amplification strategies.



5.1. Nanomaterials as the Signal Amplification Carrier


Nanomaterials have a large surface area and thus have been employed as a carrier to load a large amount of signaling molecules. Miao’s group employed a magnetic separation technique and Au NPs for signal amplification. By taking advantage of Au NPs with a large surface-specific area, a large amount of HRP can be carried on the surface of Au NPs. Thus, the proposed colorimetric method exhibited a LOD for kanamycin as low as 1.7 fM [84]. Liposomes with a large cavity were employed to encapsulate a large amount of signaling molecules. Tang’s group established a signal-on competitive colorimetric immunoassay for the detection of streptomycin, in which an anti-streptomycin antibody-coated microplate and glucose-capsulated liposomes were employed as the immunoreaction carrier and signal-generation tags, respectively. In the absence of target streptomycin, the signal generation tag, coupled with streptomycin–bovine serum albumin (BSA) conjugate, formed an immunocomplex with the anti-streptomycin antibody coated on the microplate. After the rupture of liposomes with Triton X-100, glucose was released and reacted with glucose oxidase to produce H2O2, which oxidized Fe (II) to Fe (III), leading to the color change of the complex ion [Fe(phen)3]2+ from orange-red to light yellow in pH 7.4 solution. In contrast, the addition of target streptomycin caused an orange-red color. Based on the liposome-based amplification strategy, a good linear correlation between the absorbance at 510 nm and the logarithm of the streptomycin concentration was achieved in the dynamic range from 1.7 nM to 34 µM with a LOD of 0.68 nM [85].




5.2. Exonuclease III-Assisted Target Recycling


Target recycling is one of the amplification techniques in which an automatic target binding and release circle are ongoing until the starting materials run out. Target recycling produces more signaling molecules; thus, it can improve the detection sensitivity. Exonuclease (Exo) III has a 3′→5′ exodeoxyribonuclease activity specific to dsDNA. ExoIII can digest the target–aptamer complex, leading to the release of the target into the solution, which initiates the automatic target recycle. Lai and Yu’s group developed a colorimetric homogenous bioassay for the determination of kanamycin based on aptamer biorecognition and ExoIII-assisted target recycling (Figure 6A) [20]. An extended DNAzyme sequence (S1) containing both a DNAzyme sequence and a complementary sequence for kanamycin–aptamer was employed in the bioassay. Interestingly, the DNA hybridization between sequence S1 and kanamycin–aptamer (S2) inhibited the catalytic activity of the peroxidase-mimicking DNAzyme. The specific binding of kanamycin to its aptamer led to the release of single-strand S1 and the subsequent recovery of catalytic activity in the colorimetric TMB reaction. In other words, the aptamer recognition of its target analyte triggered the ‘signal-on’ state of the DNAzye sequence. With the aid of the Exo III-assisted target recycling technique for signal amplification, the homogeneous bioassay achieved the sensitive and selective detection of kanamycin with a LOD of 0.077 nM.




5.3. Hybridization Chain Reaction


The hybridization chain reaction (HCR), as one of the non-enzymatic amplification techniques, requires two hairpin species that are stable in the absence of a single-strand DNA initiator. The single-strand DNA initiator hybridizes with one of the hairpin DNA, leading to the opening of the hairpin structure. This process initiates the hybridization reaction between the two hairpin DNAs and leads to the formation of a long-chained double-helix until the hairpin DNAs are exhausted (Figure 6B). HCR has been employed in colorimetric assays to improve the detection sensitivity of AGs. Ping’s group tried to integrate an Au NP-based colorimetric aptasensor with HCR-assisted amplification to improve the detection sensitivity for kanamycin. The kanamycin–aptamer was contained in a hairpin DNA sequence that had a sticky end to absorb onto the AuNPs surface. The binding of kanamycin to its aptamer exposed parts of the hairpin DNA sequence and triggered a cascade of hybridization chain reactions with the formation of numerous dsDNAs, which have a weak binding ability to the Au NPs’ surface. Thus, the binding caused the salt-induced aggregation of Au NPs. By monitoring the ratio of absorbance at 520 and 630 nm, the LOD for kanamycin was 0.68 μM. Although the amplification method was employed, the sensitivity is poorer than the previous colorimetric assays with amplification techniques. One possible reason may be that the integration of the aptamer in the hairpin DNA sequence may decrease the binding ability of the aptamer to the target kanamycin, thus leading to a decreased detection sensitivity [87].




5.4. Rolling Circle Amplification


Rolling circle amplification (RCA) is an isothermal enzymatic amplification technique in which circular DNA, as a template, hybridizes with primer DNA, triggering the RCA reaction in the presence of polymerase and deoxy-ribonucleoside triphosphate (dNTP). The primer DNA can be prolonged using the circular DNA as a template and can form long-chain single-strand DNA with repeating sequences complementary to the circular DNA (Figure 6C). The RCA product can react or bind with more signaling probes or molecules. The RCA technique was employed to achieve the sensitive detection of the target analyte. Gan and Wu’s group developed a sensitive microfluidic chip-based FL assay for kanamycin by combining the RCA technique with stir bar extraction. SYBR orange, as the ssDNA-binding dye, was employed in the assay and the LOD was 0.51 nM for kanamycin [88].




5.5. Double Amplification Strategies


Recently, some double amplification strategies were developed. Tang’s group combined target-assisted recycling with HCR amplification and developed a turn-on FL assay for kanamycin (Figure 6D) [86]. Au NCs had obvious FL emission. However, the Au NC-functionalized MnO2 nanosheets showed a quenched FL signal due to the quenching effect of MnO2 on the FL of Au NCs. Tang’s group employed Au NC-functionalized MnO2 as the signaling component to construct a turn-on FL analysis method for kanamycin. The addition of kanamycin to the solution triggered the HCR and target-assisted recycling reaction. Therefore, a large amount of alkaline phosphatase (ALP) was captured on the surface of the magnetic beads. The enzymatic hydrolysis of ascorbic acid 2-phosphate by ALP lead to the production of ascorbic acid, which could reduce MnO2, resulting in the release of Au NCs and FL recovery. Under the optimal conditions, kanamycin at concentrations as low as 1.2 pM could be sensitively detected.




5.6. Discussion


The detection sensitivity can be improved significantly by coupling the detection with amplification strategies. The ultrasensitive detection of kanamycin has been realized by using HRP as the label and Au NPs as the signal amplification carriers. Amounts of kanamycin as low as 1.7 aM could be sensitively detected. The proposed method also showed good selectivity and recovery in real sample detection. However, dual-functionalized Au NPs were employed. It is very difficult to ensure that the two kinds of DNA strands are immobilized on the surface of Au NPs uniformly. The inhomogeneous label may induce poor repeatability in the proposed method. We have noticed that enzymes are involved in various amplification strategies such as RCA and Exo III-assisted target recycling. The use of enzymes may increase the experimental cost. In addition, the activity of enzymes is sensitive to the environment and thus may also affect the repeatability of the proposed method. Although HCR shows a moderate signal amplification effect among these amplification strategies, the enzyme is not involved in the HCR technique. The presence of the target can trigger the hybridization of two hairpin DNAs automatically, which leads to amplified signals. By comparing these amplification technologies, we believe that HCR is a simple and convenient signal amplification technique. The careful design of hairpin DNA sequences is important to improve the assay performance, including sensitivity, selectivity, and reproducibility.





6. Multiplex Detection of Antibiotics


Multiplex detection achieves the simultaneous detection of antibiotics in one test. Compared with single component detection, the multiplex detection technique needs fewer samples and has a shorter testing time. Various multiplex detection techniques have been developed based on multiplex labels, spatial resolution, and so on.



6.1. Based on Multiplex Labels


Various nanomaterials such as graphene oxide and MoS2 nanosheets were reported to have an efficient FL quenching effect. These nanomaterials have been employed as quenchers to construct FRET-based biosensing platforms for the detection of antibiotics. For example, Panneerselvam’s group employed metal polydopamine frameworks (MPDAs) as an efficient quencher to construct a FRET-based sensing system for the simultaneous detection of kanamycin and oxytetracycline. The kanamycin–aptamer and oxytetracycline–aptamer were labeled as FAM and carboxytetramethylrhodamine (TAMRA), respectively. The MPDAs showed a strong binding ability to single-strand DNA or free aptamer, while they had a weak interaction with double-stranded DNA and the complex of the aptamer and target molecule. Therefore, quenched FL signals were observed in the absence of the target antibiotics, while the binding of target antibiotics to the aptamer resulted in turn-on FL signals. FL emissions at 525 and 583 nm were monitored for the simultaneous determination of kanamycin and oxytetracycline. In the case of kanamycin, the LOD was 0.3 nM [89]. Two-dimensional MOF Cu-tetrakis(4-carboxyphenyl)porphyrin (TCPP) showed a similar property to MPDAs and has been employed as an efficient quencher to construct a multiplex sensing platform for the simultaneous detection of three kinds of antibiotics. Fluorophore-labeled probes adsorbed on the surface of Cu-TCPP caused the FL quenching. Differing from the former work, Y-shaped hybridized DNA strands were employed to assemble aptamers on the surface of a gold bar, and another gold bar that has immobilized complementary probes was employed to initiate target recycling and the release of the aptamer. The released aptamer hybridized with the adsorbed probes, leading to the full recovery of FL signals. The developed aptasensor was sufficiently sensitive to detect antibiotic residues as low as 1.5, 2.4, and 1 pM for chloramphenicol, oxytetracycline, and kanamycin, respectively [90]. Youn et al. employed GO as an FL quencher and developed a signal-on FL method for the simultaneous detection of sulfadimethoxine, kanamycin, and ampicillin by using Cy3, Cy5, and FAM-labeled aptamers. With the aid of the DNAse I-assisted cyclic enzymatic signal amplification method, the aptasensor detected antibiotics in solution with limits of detection of 6.4, 4.5, and 6.7 nM for sulfadimethoxine, kanamycin, and ampicillin, respectively [91].



Semiconductor quantum dots have unique emission properties such as size-dependent FL emission, a wide excitation spectrum, and a narrow emission spectrum. Therefore, semiconductor QDs have been employed for multiplex sensing platforms. Peng and Ni’s group employed green-emitting QDs and red-emitting QDs as support materials and prepared two kinds of MIP-coated QDs using aminopropyltriethoxysilane (APTES) a functional monomer, tetraethoxysilane (TEOS) as a cross-linker, and antibiotics as the monomers. The two kinds of MIP-coated QDs were used to establish a NAND molecular logic gate for the simultaneous detection of streptomycin sulfate and kanamycin sulfate. The green-emitting QDs responded with streptomycin sulfate, while the red-emitting QDs had a response to kanamycin sulfate. The LOD was 0.22 mM and 0.24 mM for streptomycin sulfate and kanamycin sulfate, respectively [92].




6.2. Based on Spatial Resolution


Zeng’s group developed a simultaneous detection method for kanamycin and streptomycin by using CL imaging. Anti-kanamycin antibodies and anti-streptomycin antibodies were spotted in different areas of a nitrocellulose membrane. A competitive-type CL imaging immunoassay was developed for the simultaneous detection of kanamycin and streptomycin by using the microarray on the nitrocellulose membrane. By using HRP as the label, CL images were recorded by a cooled low-light CCD with a high resolution. For qualitative analysis, the LOD was 0.86 nM for kanamycin and 5.4 nM for streptomycin [93]. In addition, lateral flow assay strips with two test regions were constructed for the simultaneous detection of neomycin and quinolone antibiotics with LODs down to 0.6 pM and 1.5 pM by using SERS [94]. A microchip electrophoresis array combined with aptamer recognition and polymerase chain reaction (PCR) amplification were employed for the simultaneous detection of kanamycin and chloramphenicol [95].





7. Conclusions and Perspectives


This review summarizes various optical assays, including colorimetric, FL, CL, ECL, SERS, and RRS, for the detection of AGs developed in recent years. Colorimetric assays based on HRP, DNAzyme, and metal NPs were constructed for the detection of AGs. Most AGs do not have fluorophores. Derivative reactions have been employed to generate FL AG derivatives, which can be used to quantitatively detect AGs. For the rapid detection of AGs, FL organic molecules such as Cy3, Cy5, FAM, DNA-binding FL dyes, etc., and FL-emitting nanomaterials have been employed to develop FL assays for AGs using antibodies, aptamers, metal ions, and MIPs as recognition elements. Various well-designed amplification techniques including PCR, RCA, HCR, etc., have been developed to improve the detection sensitivity for AGs. FL assays with aptamers as recognition elements performed well in the quantitative detection of AGs, with both good sensitivity and selectivity. However, FL readouts require a fluorophotometer. Alternatively, the results of colorimetric assays can be obtained without a specific instrument. For example, colorimetric results can be obtained through naked eye observation or smartphone images with an RGB color analyzer. Thus, the colorimetric assay should be a good choice in the development of on-site detection methods. Further improvements in the detection efficiency, sensitivity, and selectivity are needed to meet the requirement of the on-site detection of trace AGs in complex matrices.
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Abbreviations




	ABTS
	2,2’-Azinobis-(3-ethylbenzthiazoline-6-sulphonate)



	AGs
	Aminoglycosides



	Ag NCs
	Silver nanoclusters



	ALP
	Alkaline phosphatase



	Ag NPs
	Silver nanoparticles



	APTES
	Aminopropyltriethoxysilane



	Au NCs
	Gold nanoclusters



	Au NPs
	Gold nanoparticles



	BSA
	Bovine serum albumin



	CDs
	Carbon dots



	CE
	Capillary electrophoresis



	CL
	Chemiluminescent



	CNTs
	Carbon nanotubes



	dsDNA
	Double-strand DNA



	dNTP
	Deoxy-ribonucleoside triphosphate



	ECL
	Electrogenerated chemiluminescence



	EGCG
	Epigallocatechin gallate



	ELISA
	Enzyme-linked immunosorbent assay



	ELSD
	Evaporative light-scattering detection



	Exo III
	Exonuclease III



	FAM
	Carboxyfluorescein



	FL
	Fluorescence



	FRET
	Fluorescence resonance energy transfer



	GC
	Gas chromatography



	GFP
	Fluorescent protein



	GO
	Graphene oxide



	GQDs
	Graphene oxide quantum dots



	HCA
	Hierarchical clustering analysis



	HCR
	Hybridization chain reaction



	HPLC
	High-performance liquid chromatography



	HRP
	Horseradish peroxidase



	LOD
	Limit of detection



	LFA
	Lateral flow assay



	MIPs
	Molecular imprinting polymers



	MOFs
	Metal-organic frameworks



	MRL
	Maximum residue limit



	MS
	Mass spectrometry



	OPD
	o-phenylenediamine



	PAD
	Pulsed amperometric detectors



	PATP
	4-aminothiophenol



	PCA
	Principal component analysis



	PCR
	Polymerase chain reaction



	PDDA
	Poly(diallyl dimethyl ammonium chloride)



	POCT
	Point of care test



	QDs
	Quantum dots



	RCA
	Rolling circle amplification



	RRS
	Resonance Rayleigh scattering



	RRS-ET
	Resonance Rayleigh scattering-energy transfer



	SDS
	Sodium dodecyl sulfate



	SELEX
	Systemic evolution of ligands by exponential enrichment



	SERS
	Surface-enhanced Raman spectroscopy



	SPR
	Surface plasmon resonance



	SSB
	Single-stranded DNA-binding protein



	ssDNA
	Single-strand DNA



	TAMRA
	Carboxytetramethylrhodamine



	TCPP
	Tetrakis(4-carboxyphenyl)porphyrin



	TEOS
	Tetraethoxysilane



	TMB
	Tetramethyl benzidine
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Table A1. Assay performance of typical FL methods for the detection of AGs in food *.






Table A1. Assay performance of typical FL methods for the detection of AGs in food *.





	
Target

	
Recognition Element

	
Detection Mode/Principle

	
Linear Range

(nM)

	
LOD (nM)

	
Time

(min)

	
** Selectivity

	
Real Sample

(Recovery, %)

	
Ref




	
A

	
B

	
C






	
Kanamycin

	
Aptamer

	
OFF/based on DNA-binding Dye

	
0.6–20.0

	
0.33

	
65

	
◯

	
◯

	
-

	
Milk (-)

	
[24]




	
OFF/based on DNA-binding Dye

	
1–300,000

	
0.3

	
20

	
-

	
◯

	
◯

	
Milk (94–105)

	
[25]




	
OFF/evanescent wave aptasensor

	
200–200,000

	
26

	
10

	
×

	
◯

	
-

	
Milk (91–97)

	
[27]




	
MIP and aptamer

	
OFF/target-induced FL quenching

	
85.8–17,160

	
1.1

	
15–25

	
◯

	
◯

	
◯

	
Milk (88–116)

	
[29]




	
Aptamer

	
ON/FERT between CDs and MoS2

	
4000–25,000

	
1100

	
-

	
◯

	
◯

	
◯

	
Milk (85–102)

	
[40]




	
ON/FERT between Ag NCs and Au NPs

	
5–50

	
1.0

	
30

	
-

	
◯

	
-

	
Milk (90–95)

	
[17]




	
ON/FERT between FAM and Au NPs

	
0.8–350

	
0.3

	
140

	
◯

	
◯

	
-

	
Milk (99–105)

	
[41]




	
ON/FERT between FAM and CNTs

	
1–50

	
0.4

	
75

	
◯

	
◯

	
-

	
Milk (98–103)

	
[42]




	
ON/FERT between FAM and graphene

	
0.001–0.020

	
0.001

	
55

	
◯

	
◯

	
-

	
Milk (99–103)

	
[44]




	
ON/FRET between FAM and Dabcyl

	
100–600

	
13.52

	
32

	
◯

	
◯

	
◯

	
Milk (101–109)

	
[36]




	
ON/FRET between GQDs and BHQ1

	
0.017–154.4

	
0.01

	
95

	
◯

	
◯

	
◯

	
Milk (97–103)

	
[37]




	
ON/in situ generation of fluorophore

	
75–8000

	
36

	
80

	
×

	
◯

	
-

	
Milk and honey (92–103)

	
[35]




	
Aptamer

	
RATIO/FRET between Cy3 and Cy5

	
0.18–5

	
0.18

	
-

	
◯

	
◯

	
◯

	
Milk (-)

	
[38]




	
Streptomycin

	
Aptamer

	
OFF/based on DNA-binding dye

	
100–100,000

	
94

	
24

	
◯

	
◯

	
◯

	
Milk and chicken (94–110)

	
[26]




	
Neomycin

	
MIPs

	
OFF/target-induced FL quenching

	
3.3–1627

	
0.26

	
60

	
◯

	
-

	
◯

	
Milk (77–94)

	
[30]




	
Lincomycin

	
MIPs

	
OFF/target induced FL quenching

	
22.5–225

	
16.2

	
120

	
-

	
◯

	
◯

	
Egg (96–99)

	
[32]








* See abbreviation list for the abbreviations in the Table. ** Selectivity A, B and C means the interference effect of other AGs, other antibiotics, and other molecules, respectively. ◯: no interference effect; ×: interference effect; -: no data.
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Table A2. Assay performance of typical colorimetric assays for the detection of AGs in food *.






Table A2. Assay performance of typical colorimetric assays for the detection of AGs in food *.





	
Target

	
Recognition Element

	
Detection Mechanism

(Quantitative Parameters)

	
Linear Range

(nM)

	
LOD

(nM)

	
Time

(min)

	
Selectivity **

	
Sample (Recovery, %)

	
Ref




	
A

	
B

	
C






	
Kanamycin

	
Aptamer

	
Lateral flow strip biosensor based on Au NPs (Optical density)

	
1–30

	
0.0778

	
10

	
◯

	
◯

	
-

	
Honey, milk and milk powder (-)

	
[51]




	
Aptamer

	
Salt-induced aggregation of Ag NPs (A404-A600)

	
85–1000

	
4.5

	
20

	
◯

	
◯

	
-

	
Milk (100–102)

	
[64]




	
ECGG

	
Target-induced aggregation of Ag NPs (ΔA415)

	
960–20,000

	
960

	
1

	
-

	
◯

	
-

	
Milk (-)

	
[59]




	
Chlortetracycline

	
Target-induced aggregation of Ag NPs (A540/400)

	
0.12–0.48

	
0.12

	
20

	
-

	
-

	
-

	
Water (-)

	
[61]




	
Chitosan

	
Target-induced aggregation of Au NPs (A650/520)

	
10–40,000

	
8

	
10

	
-

	
◯

	
◯

	
Milk (100–101)

	
[65]




	
AHMT

	
Target-induced aggregation of Au NPs (A650/520)

	
5–100,100–2000

	
4

	
10

	
-

	
◯

	
◯

	
Water and milk (98–120)

	
[66]




	
Tobramycin

	
Aptamer

	
Salt-induced aggregation of Au NPs (A620/520)

	
40–200

	
23.3

	
35

	
◯

	
◯

	
◯

	
Milk and egg (93–105)

	
[56]




	
Aptamer

	
Salt-induced aggregation of Au NPs (ΔA520)

	
100–1400

	
37.9

	
110

	
-

	
-

	
-

	
Honey (98–99)

	
[57]




	
Streptomycin

	
Gallic acid

	
Target-induced aggregation of Ag NPs (A560/A400)

	
0.05–0.65

	
0.036

	
20

	
×

	
◯

	
-

	
Milk (-)

	
[60]




	
Chlortetracycline

	
Target-induced aggregation of Ag NPs (A540/A400)

	
2–11

	
2

	
20

	
-

	
-

	
-

	
Water (-)

	
[61]




	
Gentamicin

	
Cysteamine

	
Target-induced aggregation of Au NPs (A680/A520)

	
12.45–200

	
12.45

	
15

	
-

	
-

	
◯

	
Milk (-)

	
[58]








* See abbreviation list for the abbreviations in the Table. ** Selectivity A, B, and C means the interference effect of other AGs, other antibiotics, and other molecules, respectively. ◯: no interference effect; ×: interference effect; -: no data.
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Table A3. Assay performance of other optical methods for the detection of AGs *.
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Target

	
Recognition Element

	
Detection Mechanism

	
Linear Range

(nM)

	
LOD

(nM)

	
Time

(min)

	
Selectivity **

	
Sample (Recovery, %)

	
Ref




	
A

	
B

	
C






	
Kanamycin

	
Aptamer

	
Au NCs-catalyzed luminol CL reaction

	
0.2–4.4

	
0.035

	
150

	
◯

	
◯

	
◯

	
Milk (99–105)

	
[70]




	
Aptamer

	
Ag NPs-enhanced ECL reaction

	
0.8–170

	
0.1

	
60

	
◯

	
◯

	
-

	
Milk (96–107)

	
[73]




	
Aptamer

	
SERS

	
0.017–170

	
0.0015

	
40

	
◯

	
◯

	
-

	
Milk (90–114)

	
[79]




	
Aptamer

	
Opto-microfluidic system combined with SERS

	
1–100

	
0.75

	
80

	
◯

	
◯

	
-

	
Milk, orange juice, water (97–103)

	
[80]




	
Streptomycin

	
Aptamer

	
DNAzyme-catalyzed luminol CL reaction

	
0.0014–2.8

	
0.000092

	
-

	
-

	
◯

	
◯

	
Cucumber and milk (97–103)

	
[71]




	
-

	
Strep–luminol–NaIO4–Mn2+ CL reaction

	
10–1700

	
5.16

	
-

	
-

	
-

	
◯

	
Milk (87–122)

	
[68]




	
Lincomycin

	
Aptamer and MIPs

	
ECL-RET between CDs and Au-GO

	
0.005–1

	
0.00016

	
10

	
◯

	
◯

	
◯

	
Meat (90–105)

	
[74]




	
Neomycin

	
Antibody

	
SERS based on LFA

	
1.4–140

	
0.0003

	
15

	
◯

	
◯

	
◯

	
Milk (90–106)

	
[78]




	
Tobramycin

	
Aptamer

	
RRS-based on Cu2O

	
0.50–17

	
0.19

	
26

	
◯

	
◯

	
◯

	
Milk (98–103)

	
[82]








* See abbreviation list for the abbreviations in the Table. ** Selectivity A, B, and C means the interference effect of other AGs, other antibiotics, and other molecules, respectively. ◯: no interference effect; -: no data.
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Table A4. Assay performance of the optical detection methods for AGs with amplification strategies *.






Table A4. Assay performance of the optical detection methods for AGs with amplification strategies *.





	
Target

	
Principle

/Mode

	
Amplification Method

	
Linear Range

(nM)

	
LOD

(nM)

	
Time

(min)

	
Selectivity **

	
Sample (Recovery, %)

	
Ref




	
A

	
B

	
C






	
Kanamycin

	
HRP-catalyzed TMB reaction

	
Au NPs as amplification carrier

	
1.7 × 10−6–1.7 × 105

	
1.7 × 10−6

	
150

	
-

	
◯

	
◯

	
Milk (100–104)

	
[84]




	
Microfluidic chip combined with label-free FL

	
RCA

	
1.36–17,000

	
0.51

	
160

	
◯

	
◯

	
◯

	
Milk and fish (90–106)

	
[88]




	
Turn-on FL

	
Target-assisted recycling and HCR

	
2–5000

	
1.2

	
385

	
◯

	
◯

	
-

	
Milk (-)

	
[86]




	
DNAzyme-catalyzed colorimetric reaction

	
Exo III-assisted target recycling

	
0.17–17,000

	
0.077

	
125

	
◯

	
◯

	
-

	
Milk (91–109)

	
[20]




	
Spilt G-

Quadruplex DNAzyme catalyzed ABTS colorimetric reaction

	
Dual nicking enzyme signal amplification

	
50–500,000

	
14.7

	
360

	
◯

	
◯

	
◯

	
Milk (93–105)

	
[21]




	
Label-free FL

	
Target recycling and HCR

	
1.7–170,000

	
0.77

	
65

	
◯

	
◯

	
◯

	
Milk, fish, and pork (90–114)

	
[22]




	
Streptomycin

	
Colorimetric immunoassay based on [Fe(II)-Phen] system

	
Liposome

	
1.7–34,000

	
0.68

	
130

	
◯

	
◯

	
-

	
Milk, honey, muscle and kidney (86–114)

	
[85]








* See abbreviation list for the abbreviations in the Table. ** Selectivity A, B, and C means the interference effect of other AGs, other antibiotics, and other molecules, respectively. ◯: no interference effect; -: no data.
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Figure 1. Structures of typical aminoglycosides (AGs). 
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Figure 2. Illustration of optical detection methods for AGs. 
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Figure 3. Typical turn-off fluorescent (FL) assays for the detection of AGs (reprinted with permission from [29] Copyright (2018) Elsevier). 
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Figure 4. Representative (A) turn-on (reprinted with permission from [37] Copyright (2018) Elsevier) and (B) ratio FL detection for kanamycin based on fluorescence resonance energy transfer (FRET) (reproduced with permission from [39] Copyright (2019) Royal Society of Chemistry). 
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Figure 5. Typical colorimetric assays (reprinted with permission from [51] Copyright (2018) Royal Society of Chemistry and [53] Copyright (2020) Royal Society of Chemistry). 
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Figure 6. Schematic illustration of amplification strategies to improve the detection sensitivity of AGs (reprinted with permission from [20] Copyright (2019) Royal Society of Chemistry and [86] Copyright (2018) Royal Society of Chemistry). 
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Table 1. Maximum residue limits (MRLs) of some AGs in different foods.
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Name of AGs

	
Animals

	
Detection Object

	
MRLs (µg kg−1)




	
U.S.

	
E.U.

	
China

	
Japan






	
Streptomycin

	
Cattle

	
Muscle/fat/liver

	
500

	
500

	
600

	
600




	

	

	
Milk

	
-

	
200

	
200

	
200




	
Neomycin

	
Cattle/pork

	
Muscle/fat/liver

	
1200/-

	
500

	
500

	
500




	

	

	
Milk

	
150

	
1500

	
500

	
500




	

	
Chicken

	
Egg

	
-

	
500

	
500

	
500




	
Kanamycin

	
Cattle

	
Muscle/fat

	
-

	
100

	
-

	
40




	

	

	
liver

	
-

	
600

	
-

	
40




	

	

	
Milk

	
-

	
150

	
-

	
400




	

	
Pork

	
Muscle

	
-

	
100

	
-

	




	

	

	
fat

	
-

	
100

	
-

	
100




	

	

	
liver

	
-

	
600

	
-

	
100




	

	
Chicken

	
Egg

	
-

	
-

	
-

	
500




	
Gentamicin

	
Cattle/pork

	
Muscle/fat

	
100

	
50

	
100/400

	
100




	

	

	
liver

	
300

	
200

	
2000

	
2000




	

	

	
Milk

	
-

	
100

	
200

	
200
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