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Abstract

:

In the water system, antibiotic pollution significantly impacts the human body and the environment. Therefore, it is essential to quickly identify the types of antibiotics in the system and detect their concentration. It has been reported that many metal ions interact with antibiotics, and some of them can also change the enzyme-like catalytic properties of gold clusters (AuNCs). In the experiments, we found significant differences in the experimental results when different antibiotics and metal ions were placed in a TMB-H2O2 system with AuNCs as catalysts. Based on this result, we devised a simple and sensitive colorimetric method for the simultaneous detection of multiple antibiotics using AuNCs-metal ions as the sensor, a multifunctional microplate detector as the detection instrument, and LDA as the analytical method. This method was successfully applied for the identification of antibiotics and the detection of their concentrations in river water.
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1. Introduction


Since the 20th century, the excessive use of antibiotics has led to residues of various antibiotics in water, food, and other environments. These antibiotics return to the human body through the action of biological circulation, causing harm to human health [1], such as loss of hearing, impairment of liver function, and kidney toxicity [2,3,4,5]. At the same time, the excessive residue of antibiotics also increases the resistance of bacteria, increasing the risk of disease transmission and difficulty of treatment [6,7]. Antibiotics can be divided into six categories according to their structure: aminoglycosides, quinolones, tetracyclines, polypeptides, β-lactams, and sulfonamides. At present, there are many methods for detecting antibiotics, such as microbiological methods [8], chromatography [9], spectral analysis [10], aptamer analysis [11], metal ion analysis [12], immunoassay [13], etc. Each of these methods has its advantages, but there are also some areas for improvement. For example, microbiological methods progress slowly [14]. High-performance liquid chromatography has high sensitivity and accuracy, but the pretreatment is complex and time-consuming [13]. Immunoassay and aptamer analysis have good sensitivity and specificity, but the prices of antibodies/aptamers are commonly high [15]. Therefore, it is essential to develop a rapid, low-cost, and straightforward method for detecting antibiotics. In detecting actual samples, it is necessary to detect multiple antibiotics simultaneously.



The metal ion method is an analysis method in which metal ions are used as the colorimetric reagent of the colorimetric sensor. A certain substance then reacts with the metal ions to cause color changes in the system [16,17,18,19]. Based on this principle, the complexation of antibiotics and metal ions allows for the detection of antibiotics. Chen et al. designed a new method for detecting ciprofloxacin (Cip) by recovering the fluorescence intensity of the AuNCs-Cu2+ system using Cip. The detection range is 0.4–50 ng mL−1 and the detection limit is 0.3 ng mL−1 [20]. Lu’s group used the complexation of Cu2+ with oxytetracycline (OTC), and Fe3+ with norfloxacin (NOR) on micro-PAD analysis equipment (μ PADs) successfully determined the OTC and NOR residues in pork [21]. All of these utilize the complexation between the metal ions and the antibiotics and have the characteristics of convenient operation and high sensitivity.



In addition, metal ions such as Fe3+, Cu2+, and Ag+, which interact with antibiotics, can affect the enzyme-like catalytic ability of gold nanoclusters (AuNCs) [22]. The catalytic performance of AuNCs can catalyze the decomposition of H2O2, and the generated reactive oxygen species (ROS) oxidize the peroxidase substrate 3,3′5,5′-tetramethylbenzidine (TMB) to blue ox1-TMB, which can be further oxidized to yellow ox2-TMB under the action of strong acid. Previous research by our group has shown that Cu2+ could significantly enhance the catalytic activity of AuNCs, and we successfully used this system to detect glucose [23] and ppi [24]. Zhao’s group constructed a detection method for Fe3+ and Cu2+ ions based on the effect of metal ions on the catalytic performance of glutathione-functionalized AuNCs [22]. Besides metal ions, the effect of antibiotics on the catalytic activity of AuNCs has also been reported: Song’s research group found that tetracycline could increase the catalytic ability of AuNCs, thus constructing an analytical method to detect tetracycline [25]. Therefore, based on the effect of different metal ions on the catalytic performance of AuNCs and the degree of influence of different antibiotics on the system, we tried to construct a simple method that can detect multiple antibiotics simultaneously.



When testing multiple antibiotics simultaneously, distinguishing between antibiotics and the interference between various antibiotics are the main issues [26]. Linear discriminant analysis (LDA), widely used in pattern recognition, is a quantitative statistical approach for supervised dimensionality reduction and for classification [27,28]. It can classify multiple dependent variables through the relationship between independent and dependent variables and predict the dependent variables. Mao’s team used the LDA method to distinguish between eight antibiotics tested simultaneously [29]. Yan’s research group developed a new colorimetric sensor array and realized the identification of a variety of bacteria through LDA, which has potential in the field of diagnosis of clinical urine and serum samples [30].



Herein, we report a method for the simultaneous detection of multiple antibiotics using AuNCs-metal ions as the sensor, a multifunctional microplate reader as the detection instrument, and LDA as the analytical method. Six antibiotics (TC, CTC, OTC, Cip, Van, and GM), belonging to tetracycline, quinolone, aminoglycoside, and polypeptide categories, were selected as the target analytes in this study. The experimental process was as follows (Scheme 1). Firstly, the metal ions that affected the AuNCs catalysis and the antibiotics that had complexation with metal ions were screened out. Secondly, the feasibility of the AuNCs-metal ions system for the detection of specific antibiotics was confirmed. Thirdly, the detection conditions of different systems were studied. Fourthly, LDA was used as an analytical tool to construct a method for detecting multiple antibiotics. Finally, the practical application prospect of this method was proved by the detection results of unknown antibiotics.




2. Materials and Methods


2.1. Materials


Gold chloride trihydrate (HAuCl4·3H2O, 99.9%), 3,3′5,5′-tetramethylbenzidine (TMB), and gentamycin sulfate (GM) were supplied by Aladdin Chemistry Co. Ltd. (Shanghai, China). Tetracycline hydrochloride (TC), chlortetracycline hydrochloride (CTC), oxytetracycline (OTC), ciprofloxacin hydrochloride (Cip), and vancomycin hydrochloride (Van) were purchased from Sangon Biotech Co. Ltd. (Shanghai, China). H2O2, Cu(NO3)2, AgNO3, FeCl3, FeSO4·4H2O, Al2(SO4)3·18H2O, Zn(NO3)2, Ce(NO3)3, Pb(NO3)2, CdSO4·8H2O, CrCl3·6H2O, and Ni(NO3)2 were obtained from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China).



Britton–Robinson (BR) buffer (pH = 3.0–5.0) was prepared with 0.04 M phosphoric acid, acetic acid, and boric acid, and the pH value was adjusted with 0.2 M NaOH.




2.2. Preparation of AuNCs


AuNCs were synthesized by the method reported in the literature [23] using Keratin as a template. According to the research group’s previous research on AuNCs, the particle size of AuNCs is about 2 nm. The prepared AuNCs were purified by size exclusion chromatography (Sephadex G25) and stored at 4 °C.




2.3. Selection and Optimization of the Reaction System of AuNCs-Metal Ions


TMB-H2O2 is a common enzyme-like catalytic system. When a catalyst with enzyme-like catalytic properties exists in the system, the catalyst can catalyze the decomposition of H2O2 into ROS. ROS can oxidize colorless TMB to blue ox1-TMB, thus changing the absorption of the solution. The blue ox1-TMB is further oxidized to yellow ox2-TMB under the action of strong acid.



The selection of the AuNCs-metal ions reaction system was based on the effect of different ions on the catalytic efficiency of AuNCs. When metal ions were added to the AuNCs-H2O2-TMB reaction system, a large change in the absorbance of the reaction solution was desirable. The experimental procedure was as follows. First, 78 μL AuNCs (5.79 mg mL−1), 10 μL different metal ions (Ag+, Fe3+, Fe2+, Al3+, Zn2+, Ce3+, Pb2+, Cd2+, Cr3+, Ni2+; 900 μM), and 773 μL BR buffer (pH = 4) were left at room temperature for 5 min, and then 30 μL H2O2 (3 mM or 300 mM) and 9 μL TMB (10 mg mL−1) were added and reacted at 40 °C for 30 min. Then, the reaction solution was centrifuged at 12,000 rpm for 2 min, and the precipitate was reconstituted with half of the original reaction volume of H2SO4 (2 M) solution and centrifuged again. The absorbance of the supernatant (452 nm) was measured by a multifunctional microplate reader (INFINITE 200 PRO, Mannedorf, Switzerland).



At the same time, the concentration of H2O2 (100–400 μM or 10–40 mM) and the BR buffer solution (pH = 3.0–5.0) of the selected AuNCs-metal ions system were optimized.



Furthermore, as a critical detection instrument in this study, the multifunctional microplate reader has the characteristics of more convenient and faster detection compared with a traditional UV-visible spectrophotometer. The multifunctional microplate reader’s sensitivity, accuracy, and stability were tested. The results showed that the experimental data detected by the microplate reader were very stable, and the absorbance intensity detected by the microplate was about 0.4 times as much as the data detected by the spectrophotometer (Table S1 and Figure S1). Specific test parameters and experimental results are in the supporting information.




2.4. Detection of Antibiotics Based on AuNCs-Metal Ions Reaction System


According to the selected AuNCs-metal ions reaction system (AuNCs-Cu2+, AuNCs-Fe3+, AuNCs-Fe2+, and AuNCs-Ag+), six antibiotics (TC, CTC, OTC, Cip, Van, and GM) were selected as the target analytes in this study. Antibiotics detection was as follows: ten μL of metal ions (Cu2+, Fe3+, Fe2+: 450 μM; Ag+, 900 μM) and 450 μL of different concentrations of antibiotics were incubated with 323 μL of BR buffer (pH = 4 or 4.5) at room temperature for 5 min, and then the mixture was incubated with 78 μL of AuNCs (5.79 mg ml−1) at room temperature for 5 min. Then, 30 μL of H2O2 (9 mM or 600 mM) and 9 μL of TMB (10 mg mL−1) were added and reacted at 40 °C for 30 min. Then, the reaction solution was centrifuged, redissolved with H2SO4 (2 M) solution, and centrifuged again, and finally, the absorbance of the supernatant at 452 nm was detected by a multifunctional microplate reader.



The application of this sensing platform for multicomponent antibiotics was also investigated. The 11 antibiotic mixtures included 8 mixtures of two antibiotics, 2 mixtures of three antibiotics, and 1 mixture that included six antibiotics. The amount of antibiotics in the mixture was in equal proportion. For example, TC + CTC = 50% TC + 50% CTC, TC + OTC + CTC = 33.3% TC + 33.3% OTC + 33.3% CTC. The procedure was the same as that for single component antibiotic detection.




2.5. Antibiotics Identification


The LDA method was used for the identification of antibiotics. The values of I/I0 were analyzed by LDA, where I is the absorbance value of the AuNCs-metal ions reaction system after adding antibiotics, and I0 is the absorbance value of the system without antibiotics. With the six systems as independent variables and the type of antibiotic as a dependent variable, the processed data were imported into SPSS Statistics 17.0 software for LDA analysis.





3. Results and Discussion


3.1. Effects of Metal Ions on the Catalytic Performance of AuNCs


This study attempted to construct a multicomponent antibiotic detection method based on the interaction between metal ions, antibiotics, and AuNCs. Firstly, we used the TMB-H2O2 system to screen out the metal ions that affect the catalysis of AuNCs. In the current study of the TMB-H2O2 system, the range of H2O2 concentrations is wide (100 μM–50 mM), and the corresponding experimental results are quite different [31,32,33].



Therefore, we selected TMB-H2O2 systems with two H2O2 concentrations of 100 μM and 10 mM (L-H2O2 and H-H2O2) to screen some common metal ions (Cu2+, Fe3+, Fe2+, Ag+, Al3+, Zn2+, Ce3+, Pb2+, Cd2+, Cr3+, and Ni2+) in this experiment (Figure 1). As shown in Figure 1a, when the concentration of H2O2 is 100 μM, the absorbance of the reaction system containing Cu2+, Fe3+, and Fe2+ ions was greatly improved compared with the blank sample without metal ions, indicating that the presence of these three metal ions significantly improves the catalytic performance of AuNCs. The presence of Ag+ ions also resulted in a slight improvement in the catalytic performance of AuNCs. When the concentration of H2O2 was 10 mM, the experimental results were quite different (Figure 1b). The presence of Ag+ ions obviously inhibited the catalytic performance of AuNCs. The absorbance of the reaction system containing Fe3+ and Cd2+ ions also decreased slightly. According to the detection results of the TMB–H2O2 system under two different concentrations of H2O2, we chose AuNCs-Cu2+, AuNCs-Fe3+, AuNCs-Fe2+ (L-H2O2), and AuNCs-Ag+ (H-H2O2) as the reaction system for the subsequent detection of antibiotics.




3.2. Optimization of the Reaction System of AuNCs-Metal Ions


In the four selected reaction systems, the H2O2 concentration and pH value were optimized, respectively, to improve the sensitivity of the detection method. The optimization principle was to select conditions with greater variation compared to the control AuNCs system. The detection results of AuNCs-Cu2+, AuNCs-Fe3+ and AuNCs-Fe2+ reaction systems with low H2O2 concentration are shown in Figure S2. The detection results of AuNCs-Ag+ with high H2O2 concentration are shown in Figure S3. The detection conditions of each reaction system were as follows: AuNCs-Cu2+ (CH2O2 = 300 μM, pH = 4.5), AuNCs-Fe3+ (CH2O2 = 300 μM, pH = 4), AuNCs-Fe3+ (CH2O2 = 300 μM, pH = 4), and AuNCs-Ag+ (CH2O2 = 20 mM, pH = 4.5).




3.3. The Feasibility and Proposed Mechanism of Detecting Antibiotics with AuNCs-Metal Ions Reaction System


For four AuNCs-metal ions reaction systems, six antibiotics (TC, OTC, CTC, Cip, Van, and GM) were selected as detection targets based on the literature review [3,34,35,36,37,38,39,40,41] of the interaction between metal ions and antibiotics (Table S2). Six antibiotics were added to four AuNCs-metal ions reaction systems and two control AuNCs reaction systems to verify the feasibility of this method (Figure 2). I is the absorbance value of the reaction solution in the presence of the antibiotic and I0 is the absorbance value of the same system without the antibiotic. I/I0 > 1 indicates that the addition of the antibiotic increased the absorbance of the reaction system. I/I0 < 1 represents that the addition of the antibiotic reduced the absorbance of the reaction system. The results in Figure 2b indicate that most of the antibiotics affected the absorbance of the AuNCs-metal ions reaction system.



However, the effects of some antibiotics on the AuNCs-metal ions system were different from our expectations. We expected that antibiotics would complex with metal ions and then weaken the effect of metal ions on the catalytic ability of AuNCs. The only antibiotics that met our expectations were Van and GM. According to the literature [36,38], Fe3+ and Ag+ combine with amino nitrogen atoms and carbonyl oxygen atoms in antibiotic molecules to form stable complexes (Fe3+-Van, Ag+-GM), which can reduce the concentration of Fe3+ and Ag+ in the solution, leading to the weakening of the influence of metal ions on the catalytic activity of AuNCs. In addition, the catalytic performance of AuNCs decreased when Van was present in the AuNCs-Fe2+ reaction system, which may be due to the presence of Fe3+ ions in the AuNCs-Fe2+ reaction system due to the Fenton reaction.



To verify the interaction mechanism of the other four antibiotics with AuNCs and metal ions, the fluorescence intensity of each system was also characterized (Figure 3). In Figure 3, each system contains 0.25 mg mL−1 AuNCs, 10 μM metal ions and 15 μM target antibiotics. According to the variety of absorbance value and fluorescence intensity of each reaction system and the records of related literature, we believe that antibiotics not only interacted with metal ions but also interacted with AuNCs, and there were not only competitive but also synergistic relationships among them. The proposed mechanism is shown in Scheme 2.



TC, OTC, and CTC were all tetracyclines (TCs) with similar structures and had the same effect on the reaction systems. The absorbance of the AuNCs (L-H2O2) system increased when tetracyclines were present in the system, indicating that tetracycline could enhance the catalytic performance of AuNCs. Liu et al. showed by Zate potential that there was a strong electrostatic interaction between tetracyclines and AuNCs, resulting in electron transfer between the two, which increased the amount of Au3+ on the surface of AuNCs and enhanced the catalytic activity of AuNCs [25,42]. In Figure 2, the catalytic performance of AuNCs was increased when tetracyclines existed in the AuNCs-Fe3+, AuNCs-Fe2+, and AuNCs-Ag+ reaction systems, indicating the interaction between tetracyclines and AuNCs was more significant than that between tetracyclines and Fe2+, Fe3+, and Ag+ ions. The AuNCs-Cu2+ reaction system was an exception, because tetracyclines have a higher complexation constant with Cu2+ ions [35], resulting in a decrease in the catalytic performance of AuNCs.



The interaction between Cip and AuNCs was unique. Cip can decompose AuNCs to generate ROS and promote the oxidation of TMB [43]. As shown in Figure 3, the addition of Cip resulted in a large blue shift in the fluorescence emission peak of AuNCs, indicating that the size of AuNCs was getting smaller. In the presence of Cu2+, Fe2+, and Fe3+ ions, metal ions could react with the keto and the carboxylic acid oxygen in Cip ligand to form the corresponding complexes, which could weaken this phenomenon [34,39]. However, in general, the influence of Cip on the catalysis of AuNCs was more significant than that of other metal ions.




3.4. Detection of Antibiotics with AuNCs-Metal Ions Reaction System


In Figure 2, the sensor array, which is composed of a AuNCs-metal ions reaction system, shows unique absorbance recognition patterns for six selected antibiotics. The LDA method was used to analyze the relevant data to study the pattern recognition ability of the sensor array for various antibiotics. The absorbance values of each reaction system were analyzed by LDA, which transformed the training matrix (6 systems × 6 antibiotics × 5 concentrations) into canonical scores and had a visual two-dimensional (2D) plot under the 95% confidence ellipses. The six systems were AuNCs, AuNCs-Cu2+, AuNCs-Fe3+ and AuNCs-Fe2+ (L-H2O2) and AuNCs, and AuNCs-Ag+ (H-H2O2) reaction systems. The six antibiotics were TC, OTC, CTC, Cip, Van, and GM. The five concentrations of antibiotics were 50, 250, 500, 2500, and 5000 nM. The detailed data are in Table S3. The data matrix was imported into the SPSS Statistics 17.0 data processor for LDA discriminant analysis. The analysis shows that the data matrix is analyzed using five typical discriminant functions and transformed into five functional factors. They accounted for 68.4%, 23.6%, 6.4%, 1.2%, and 0.4%, respectively. Each factor represents its contribution to the overall classification. The combined contribution of factor 1 and factor 2 was 92%, so factor 1 and factor 2 could be used to construct a visual two-dimensional (2D) map (Figure 4a). In Figure 4a, all target antibiotics were separated without any overlap. The two-dimensional (2D) plot for colorimetric response patterns demonstrated the excellent ability of this sensor array in multiple antibiotics discrimination.



After identifying the antibiotics, it was also important to quantitatively detect them. Therefore, we used a multifunctional microplate reader to detect the absorbance values of different concentrations of antibiotics in each system, and the results are shown in Figures S4–S9. There were six sets of absorbance–concentration data for each antibiotic in different reaction systems. For the convenience and accuracy of data processing, the data of two reaction systems related to each antibiotic were selected to draw and fit the standard curves. The selection criterion was to choose the two most sensitive systems. If there were different response trends (positive and negative), then we selected the sensitive system in each of the two response trends. The associated fitting formulas are listed in Table S4, where Y is the absorbance of the sample solution at 452 nm, and X is the concentration of antibiotics. The detection range of each antibiotic was from 5 to 15,000 nM.



To verify the feasibility of the AuNCs-metal ions system for the analysis of unknown antibiotics, the recognition and determination of antibiotic levels in river water were performed. River water was collected from Zhangjiabang River on the campus of the Shanghai University of Engineering Science. The river water was treated at 12,000 rpm for 5 min and further filtered with a 0.22 μm membrane [44]. Then, various antibiotics with different concentrations (80, 800, and 8000 nM) were mixed into the river water for detection and analysis. Figure 4b shows that all the samples were correctly identified with 100% accuracy for the six unknown antibiotics with different concentrations. Specific data and identification results are shown in Table S5. At the same time, the concentration of antibiotic samples was detected based on the obtained standard curve. The recovery data in Table 1 were the average calculated results of two selected standard curves (Table S6). In Table 1, the recoveries of 18 unknown samples ranged from 93.39% to 108.67%, indicating that the colorimetric method based on the AuNCs-metal ions system had great potential for detecting antibiotics in river water.




3.5. Classification and Identification of Multicomponent Antibiotics


In addition, we further evaluated the potential ability of this AuNCs-metal ions sensor array to discriminate complex antibiotic mixtures. As shown in Figure 5a, the colorimetric response patterns for 11 antibiotic mixtures and 6 pure antibiotics were clearly distinguished in the LDA plot. The original data are shown in Table S7. As shown in Figure 5b, mixed antibiotics (800 nM) were added to the river water for detection. The results showed that the method performed well in the simultaneous identification of 11 antibiotic mixtures, and the classification accuracy was 100%. The specific data and identification results are shown in Table S8.





4. Conclusions


In this research, a colorimetric sensor array for antibiotic detection was successfully developed based on the interaction between AuNCs, metal ions, and antibiotics in a TMB-H2O2 reaction system. The accurate identification of unknown antibiotics can be achieved by analyzing the absorbance values of the sensing array through the LDA method. Then, the concentration of the identified antibiotic can be accurately detected by matching with its standard curve. Furthermore, the sensor array can be used to determine antibiotic mixtures in river water. The colorimetric strategy of combining AuNCs, antibiotics, and other ions that interact with them is expected to be applied to identifying and detecting antibiotics in water.
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Scheme 1. The schematic diagram of recognition and detection of antibiotics by metal ions and AuNCs based on TMB-H2O2 system. 
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Figure 1. Effects of metal ions on the catalytic activity of AuNCs using the TMB–H2O2 system with two H2O2 concentrations of 100 μM (a) and 10 mM (b). Insets are photos of samples of different reaction systems under visible light. 
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Figure 2. (a) Color changes of 6 antibiotics in different AuNCs-metal ions reaction systems under visible light. (b) The absorbance response at 452 nm (I/I0) of sensor array against various antibiotics. Reaction conditions: AuNCs, 0.5 mg mL−1; Cu2+, Fe3+, Fe2+, 5 μM; Ag+, 10 μM; antibiotics, 15 μM; H2O2, 300 μM (L-H2O2); TMB, 0.1 mg mL−1 and 20 mM (H-H2O2). 
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Figure 3. Photographs of the color change of 6 antibiotics in different AuNCs-metal ions systems under UV light (302 nm). Reaction conditions: AuNCs, 0.25 mg mL−1; metal ions, 10 μM; antibiotics, 15 μM. 
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Scheme 2. The schematic diagram of the interaction mechanism of antibiotics with AuNCs and metal ions in TMB-H2O2 system. 
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Figure 4. (a) LDA plot for the discrimination result with 95% confidence ellipses. Each point represents the response pattern for a single antibiotics sample against AuNCs-metal ions reaction systems. (b) Identification results of unknown antibiotics in river water. 
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Figure 5. (a) LDA plot for the discrimination result of antibiotics mixtures with 95% confidence ellipses. (b) Identification results of unknown mixed antibiotics in river water. 
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Table 1. Recovery results for antibiotic detection in river water. See Table S6 for detailed data.
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Antibiotics

	
Original (nM)

	
Spiked (nM)

	
Found (nM)

	
Recovery (%)






	
TC

	
not detected

	
80

	
82.85

	
103.56




	
not detected

	
800

	
868.04

	
108.51




	
not detected

	
8000

	
7695.51

	
96.19




	
OTC

	
not detected

	
80

	
76.80

	
96.00




	
not detected

	
800

	
748.15

	
93.52




	
not detected

	
8000

	
7907.34

	
98.84




	
CTC

	
not detected

	
80

	
84.58

	
105.72




	
not detected

	
800

	
859.27

	
107.41




	
not detected

	
8000

	
8088.48

	
101.12




	
Cip

	
not detected

	
80

	
82.18

	
102.72




	
not detected

	
800

	
834.51

	
104.31




	
not detected

	
8000

	
8693.04

	
108.67




	
Van

	
not detected

	
80

	
85.33

	
106.66




	
not detected

	
800

	
847.50

	
105.94




	
not detected

	
8000

	
7892.36

	
98.65




	
GM

	
not detected

	
80

	
85.56

	
106.93




	
not detected

	
800

	
747.14

	
93.39




	
not detected

	
8000

	
7787.14

	
97.34
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