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Abstract

:

Antibiotic resistance is a major health concern of the 21st century. The misuse of antibiotics over the years has led to their increasing presence in the environment, particularly in water resources, which can exacerbate the transmission of resistance genes and facilitate the emergence of resistant microorganisms. The objective of the present work is to develop a chemosensor for screening of sulfonamides in environmental waters, targeting sulfamethoxazole as the model analyte. The methodology was based on the retention of sulfamethoxazole in disks containing polystyrene divinylbenzene sulfonated sorbent particles and reaction with p-dimethylaminocinnamaldehyde, followed by colorimetric detection using a computer-vision algorithm. Several color spaces (RGB, HSV and CIELAB) were evaluated, with the coordinate a_star, from the CIELAB color space, providing the highest sensitivity. Moreover, in order to avoid possible errors due to variations in illumination, a color palette is included in the picture of the analytical disk, and a correction using the a_star value from one of the color patches is proposed. The methodology presented recoveries of 82–101% at 0.1 µg and 0.5 µg of sulfamethoxazole (25 mL), providing a detection limit of 0.08 µg and a quantification limit of 0.26 µg. As a proof of concept, application to in-field analysis was successfully implemented.
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1. Introduction


Antimicrobial agents are considered emerging pollutants in water due to their contribution to the spread of bacterial resistance genes and their harmful effect to ecosystems through death or inhibition of natural microbiota [1]. Sulfonamides comprise an important antimicrobial group and are widely used in treatment of bacterial infections both in human and in animals being raised for consumption, and are among the most-consumed antibiotics in food-producing species [2]. These compounds and their metabolites are frequently found in environmental water, and they can reach the aquatic medium through different pathways, such as wastewater discharges, contaminated manure and slurry [3]. Furthermore, these compounds seem to be quite resistant to biodegradation in surface water, which can lead to contamination of aquatic environments [4]. Hence, detection of sulfonamides in water matrices are demanded to assess their impact on the aquatic environment in order to establish action plans and regulatory policies. The European Medicines Agency (EMA) updated its scientific advice on the categorization of antimicrobials in 2019 in reaction to the risk that their use in animals causes to public health through the possible development of antimicrobial resistance. Sulfonamides were placed in the category D, meaning this class of antimicrobials can be used in animals in a prudent manner, while avoiding unnecessary use and long treatment periods [5]. Furthermore, these compounds are classified as Veterinary Highly Important Antimicrobials (according to the World Organization for Animal Health) and Highly Important Antimicrobials (according to the World Health Organization Critically Important Antimicrobials list) [6]. Additionally, pertaining to sulfonamides antibiotics, sulfamethoxazole was included in the 3rd Watch list of recommended substances for European Union-wide monitoring in the Water Framework Directive [7,8].



In the last decade, sulfamethoxazole has been quantified in high concentrations (microgram per liter) in wastewater in different countries [9]. In more recent reports, sulfamethoxazole was found in concentrations of up to 5.1 µg L−1 in wastewater treatment plants and up to 66.4 µg L−1 in a hospital’s wastewater effluent in Belgium [10]. Sulfamethoxazole has also been detected in maximum concentrations of 7.8 µg L−1 and 20.6 µg L−1 in ponds and hospital wastewater, respectively, in Kenya [11]. Furthermore, sulfamethoxazole levels were found to be from 1 to 5.6 µg L−1 in Lake Victoria, Uganda [12]. In the USA, this antibiotic was quantified up to 22 µg L−1 in wastewater treatment plants in the state of Pennsylvania [13]. Finally, sulfamethoxazole levels of 0.31 to 15.6 µg L−1 were detected in wastewater in Vietnam [14].



The current methods for determination of sulfonamides in water are mostly based on high-performance liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) [15,16,17], which is widely used due to its high sensitivity and specificity. Other approaches comprise electrochemical methods [18], and LC coupled to ultraviolet, diode array or fluorescence detectors [17]. Nevertheless, these strategies are unsuitable for screening purpose due to the high cost of equipment and its maintenance, need of trained personnel and high reagent consumption for sample pretreatment and extraction of target compounds.



Methods based on digital image colorimetry have been applied in point-of-care tests, forensic analysis and environmental monitoring [19,20,21,22]. Image sensors features, such as simplicity, sensitivity and portability [23,24], make them very promising as field screening techniques. The implementation of colorimetric sensors is based on image processing, and the color formation can occur in solution or on a solid support. The colorimetric reaction on a solid support has been mostly reported in paper-based format [25,26,27,28,29,30,31,32], with other types of solid supports including chitosan film [33], carbon dots-sodium alginate hydrogel [34], aerogel [35], modified wood [36] and microtube containing fiber glass [37]. Despite this, the association of preconcentration features and imaging analysis has been seldom exploited [31].



Most of the methods have been developed with controlled illumination [25,26,30,31,32,33,34,37,38,39,40], as lighting conditions can influence color perception [23]. However, algorithms have been developed to ensure color constancy under uncontrolled illumination, and/or to simplify the retrieval of the color. For instance, by using a paper-based device and an algorithm developed in MATLAB, Sankar et al. [41] developed a method to quantify chlorpyrifos in water resulting from washing fruits and vegetables. The algorithm was able to establish a region of interest (ROI) and to subtract the background (different area from the paper device) from the mean values of ROI to determine change in color. In another example, Sicard et al. [42] proposed a colorimetric sensor for on-site quantification of organophosphate pesticides in natural water. They accomplished this by combining a colorimetric reaction on a paper-based sensor with a mobile phone application that processed the image based on an algorithm which used the ratios between different pixel values in the RGB space.



In this work, a smartphone-based colorimetric sensor for screening of sulfamethoxazole (SMZ) in water is proposed, based on miniaturized solid-phase extraction, followed by a computer vision algorithm for color quantification. The color identifies the product of the reaction between the colorimetric reagent p-dimethylaminocinnamaldehyde (DMACA) and SMZ on the disk surface where the target analyte is retained. Studies concerning the image processing algorithm under ambient light are pursued, with the aim of validating screening tests in both lab and field environments.




2. Materials and Methods


All chemicals and solvents were of analytical grade. Sulfamethoxazole (SMZ) and p-dimethylaminocinnamaldehyde (DMACA) were purchased from Sigma Aldrich (St. Louis, MO, USA). All solutions were prepared with ultrapure water from Arium water purification systems (resistivity > 18 MΩ cm; Sartorius, Goettingen, Germany).



The sulfuric acid solution (5 mM) was prepared by appropriate dilution of sulfuric acid 96% (w/w, Sigma Aldrich) solution. All sulfonamide solutions were prepared daily. The stock solution (250 mg L−1) was prepared by dissolution of the appropriate mass in methanol. The sulfonamide intermediate solution (1 mg L−1) was prepared by dilution of the respective stock solution in sulfuric acid 5 mM. Sulfonamide working solutions (from 5–150 µg L−1) were prepared by dilution of appropriate volumes of intermediate solution in sulfuric acid 5 mM. Hydrochloric acid solution (6.0 M) was prepared by appropriate dilution of commercial hydrochloric acid 37% (w/w; VWR International, Fontenay-sous-Bois, France) in water. For the preparation of DMACA stock solution 0.44 g L−1 (25 mL), 11 mg were dissolved in 3.5 mL of 0.6 M HCl, and the volume was completed with methanol (VWR International). DMACA working solution 0.22 g L−1 was prepared by dilution of DMACA stock solution in methanol:chloroform (1:1; v/v).



The extraction procedure consisted in conditioning, cutting and fitting the polystyrene divinylbenzene sulfonated (SDB-RPS) disks into a polypropylene holder for 13-mm diameter disks (Swinnex®, filter holder, SX0001300, Millipore-Billerica, MA, USA). Disks from different suppliers were tested, namely AttractSPE™ Disks (from AFFINISEP, Val de Reuil, France) and SDB-RPS Disks (from Empore™, Bellefonte, PA, USA).



For the AttractSPE™ disks, disks were conditioned following the manufacturer’s instructions: contact with 10 mL of acetone, followed by washing with 10 mL of isopropanol. After cutting and housing, disks were also conditioned with 2 mL of methanol and 8 mL of water. If the surface of the disk became dry before the sample was added, these two steps of the conditioning procedure were repeated. For Empore™ disks, no conditioning was required [43].



To perform the retention of SMZ in the disks for lab experiments, an extraction system composed of a peristaltic pump (Gilson Minipuls 2, Villiers-le-Bel, France), able to connect four disk units in parallel to propulsion tubes (Tygon®, 1.02 mm i.d.), was used (Figure S1). Standards and samples (10 to 50 mL) were loaded at 822 rpm (2.0 mL min−1), though other flow rates (1–4 mL min−1) were tested in preliminary studies. After sending the total volume through the disks, the disks were dried for 10 min by passing air through them at a pumping rate of 900 rpm. The disks were subsequently removed from the holders. For experiment-in-field set-ups, samples and all solutions sent through the disks were manipulated using 10 mL glass syringes (Hamilton, Bonaduz, Switzerland).



For image acquisition, an official classic chart with 24 patches of different colors arranged in a 6 by 4 grid (Colorchecker, X-rite, Grand Rapids, MI, USA) was placed on a white, A4 paper sheet (Figure 1). The disks, previously removed from each holder, were placed beside the color chart. Images were acquired 90 s (SDB-RPS Empore™ disks) or 5 min (AttractSPE™ disks) after reagent addition (10 μL of DMACA 1.25 mM) with a smartphone (Xiaomi (Beijing, China), model A1, 12 MP, f/2.2 + 12 MP, f/2.6) under ambient light. The acquired images were used to develop an automatic image processing algorithm for color quantification, considering three color spaces: CIELAB, RGB and HSV. The color chart allowed for calibration of the image to account for variations in lighting conditions, enabling the extraction of the correct color from the disk.



For the algorithm development, an image dataset was built [44]. For this, 10 mL of SMZ standards (0, 5, 10, 15, 20, 25, 40, 50, 100 and 150 μg L−1) were loaded through the disks (Empore™), the color reagent was added, and images of the colored products were acquired under ambient light, using the color chart as reference for color correction. Four disks for each concentration were prepared, and duplicate images of each disk were acquired, providing a total of 80 measurements.



To achieve results independent of environmental light [45], color correction was performed by finding the color correction matrix T, which minimized the difference between the measured RGB values of the color checker patches, MRGB, in each image, and the corresponding ground truth XYZ values, MXYZ, see Equation (1). This is a minimization problem and T is found with the Least Squares Method, see Equation (2). Transforming the image using T will result in a color corrected image in the XYZ color space, which is then converted back to RGB.


  T = a r g   min  T  ∥  M  X Y Z   − T ·  M  R G B    ∥ 2   



(1)
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(2)







For the study of the influence of light conditions on the algorithm response, experiments under indoor lighting and outdoors under natural light were performed using SMZ standards containing 10 and 25 µg L−1 in triplicate, and blanks (sulfuric acid 5 mM with no SMZ).



The Student’s t-test was carried out at 95% confidence limit to compare results from the light conditions study. First, an F-test was applied to verify if the variances of the groups were significantly different. When the Ftab > Fcalc, a t-test assuming that the variances were similar was applied. If Ftab < Fcalc, a t-test assuming that the variances were different was implemented.




3. Results and Discussion


3.1. Reaction Conditions


The colorimetric reaction between DMACA and aromatic amines, including sulfonamides, is based on the condensation between the formyl group of DMACA and the amino group of sulfonamides, which results in a violet-red, stable-colored product corresponding to a Schiff base (Figure 2) [43,46,47,48]. Several working parameters related to DMACA and SMZ reactions were evaluated previously [43], where it was found that the color intensity of the reaction product was proportional to the concentration of sulfonamides, as depicted in the spectrum shown in Figure 2. In the present work, this relation was evaluated upon probing at the disk surface, where the reaction product was immobilized and concentrated.




3.2. Solid Phase Extraction Support


A membrane-based solid support was chosen to perform solid-phase extraction and as a platform for color development. SDB-RPS is a resin that has been modified with sulfonic acid groups to make it hydrophilic and prone to cationic exchange. The aromatic nature of the styrene divinylbenzene allows π-π electron interactions with analytes containing the aromatic functionality, while the sulfonic acid group aids the retention of positively charged species.



The influence of the AttractSPE™ and Empore™ disk conditioning on analyte retention was evaluated. For this, SMZ standard working solutions of 10 and 15 μg L−1 were loaded through both conditioned and unconditioned disks. Regarding the AttractSPE™ disks, as no colored product was seen after adding the color reagent, no detectable SMZ recovery was observed. In fact, the sorbent particles and the PTFE components of the disk are both hydrophobic when dry, therefore an aqueous solution cannot properly wet the surface. Thus, the disk conditioning with organic solvents (acetone, isopropanol and methanol) allows the reduction of surface tension and the solvation of the hydrocarbon chains. On the other hand, the colored product of the SMZ and DMACA reaction was visualized on the surface of the Empore™ disks even without conditioning, as demonstrated in previous research [43]. Despite the general composition of the AttractSPE™ and Empore™ disks being the same (sulfonated styrene divinylbenzene entrapped in a matrix of inert PTFE), the fabrication of the AttractSPE™ and the Empore™ membranes differ, in the latter leading to a lower surface tension and higher availability of the hydrocarbon chains even without conditioning.



Additionally, with respect to the AttractSPE™ disks, the color stability study showed that the images should be acquired from 1 to 5 min after DMACA addition, because after that period the color (probed as a_star coordinate) response started to decrease, providing values under 80%. The color instability may be promoted by the solid membrane characteristics; the interaction with SMZ might be weaker, or the hygroscopic capacity of the disk could be high, leading to a higher water content on the disk surface that can evaporate after DMACA addition, promoting color degradation. Otherwise, the Empore™ disks showed lower color degradation than the AttractSPE™ disks, as 10 min after DMACA reagent addition there was only a 13% decrease from the initial values. The Empore™ disks were used for further method development, providing <10% color bleach within the first 3 min of reaction.




3.3. Image Acquisition and Data Processing Features


Prior to performing the color correction, a method to automatically detect the ROIs (patches of the color chart and the colored product on the disk surface) was applied. First, segmentation of the color chart and the color patches was performed. Then, the disk and the region containing the colored product were also segmented. The details about the segmentation method have been described in more detail elsewhere [44].



The relation between color and SMZ concentration in the range of 0 to 150 μg L−1 was evaluated using RGB (Red, Green, Blue), HSV (Hue, Saturation, Value) and CIELAB (L, a_star, b_star) color spaces (Figure 3). The RGB results demonstrated a smaller variation in the Blue and Red coordinates, while a decrease of the Green component was observed according to the SMZ concentration. This trend can be correlated with the CIELAB coordinates. The a_star values increased as the concentration of SMZ increased (positive slope). This coordinate is related to the red and green components of the color, being expressed as an axis. The red component of the color is in the positive direction of the axis. An increasing a_star value means that a higher SMZ concentration is present, causing the development of a reddish color. By data analysis, one specific coordinate was selected for further evaluation due to its higher sensitivity.



The influence of light conditions on the algorithm response was also evaluated. In a first experiment, images of the colored product on the disks were acquired inside the laboratory, and in a second experiment, image acquisition was performed outdoors. Color values at the different light conditions were significantly different for SMZ at 10 µg L−1 (tcalc = 3.29, ttab = 2.78, α = 0.05) but similar for SMZ at 25 µg L−1 (tcalc = 1.54, ttab = 2.78, α = 0.05), indicating that the algorithm was not able to correct for illumination conditions for the target concentrations.



Hence, a strategy based on the ratio between the a_star coordinate obtained for the colored product and for each color patch (from the color chart) was considered, with the aim of enhancing detection performance. From the 24 evaluated color patches, seven of them improved the similarity between the color readings obtained under different illumination conditions (see Table 1), as tcalc < ttab, indicating that the mean value for each condition was not significantly different. For the selection of the most appropriate color patch (Figure S2), we compared the regression equations of the seven color patch ratios. We observed a higher sensitivity to color patches 1 (slope 0.028 ± 0.002) and 2 (slope 0.034 ± 0.002) for the SMZ calibration curve from 0 to 40 µg L−1. Although the correction using patch 2 showed a higher sensitivity, results corrected by patch 1 provided a better correlation from concentration values and signals (R2 = 0.967 for patch 1 vs. R2 = 0.958 for patch 2) and this was selected for further assessments.




3.4. Figures of Merit and Application to Environmental Screening


The influence of different sample volumes on the retention of sulfamethoxazole in the disks was studied in order to try to attain the lower detection limits compatible with environmental analysis. Considering this purpose, the retention of the same amount of SMZ (0.1 and 0.5 μg), using different sample volumes (10, 25 and 50 mL) was performed. For data treatment purposes, the coordinate a_star from CIELAB spaces was considered after correction from the patch 1 value as described above, with recovery results summarized in Table 2.



In general, recoveries close to 80–120% were observed, with the values of 161% and 63% being outliers. In both situations, extreme experimental conditions were tested. For the lowest recovery of 63%, this corresponded to the largest volume tested (50 mL) with the highest concentration tested for this volume (10 µg L−1). In this case, it is possible that analyte pre-elution occurred, justifying the low recovery. The other extreme situation corresponded to the loading of 10 mL of a 10 µg L−1 SMZ solution, where the target SMZ mass is close to the LOD (please see below). This situation is seen in two other experiments, where larger volumes were used for lower concentrations, thus providing acceptable recoveries (>77%). For the overestimated result of 161%, it is possible that an error in image acquisition or processing has occurred, and due to the closeness of the expected value regarding the LOD, this should be considered as possibly causing a large deviation from the expected value.



The limit of detection (LOD) and limit of quantification (LOQ) were estimated based on the standard deviation of the signal obtained for disks processed with the standard matrix (0 μg L−1, n = 10), and corresponded to 3 × and 10 ×, respectively. Values of 0.08 and 0.26 µg were obtained, corresponding to 8 and 26 µg L−1 for a 10 mL sample and to 3.2 and 10 µg L−1 for 25 mL.



To demonstrate the applicability of the proposed methodology, experiments were performed under lab and field conditions. Using a 25 mL sample, a mean recovery of 94.8% was attained for standards containing 10 or 25 µg L−1 of SMZ. For a sample collected from Douro River, SMZ was not detected and recoveries of 90.4% and 58.1% were observed with the addition of 10 or 25 µg L−1 of SMZ, respectively. As an acceptable recovery was obtained for the lowest concentration, pre-elution effects by matrix components may justify the lower recovery observed for the highest concentration. Additionally, a field experiment was undertaken as proof of concept, and SMZ was not detected in the tested samples, as depicted in Figure 4. An Android application is currently under final development [49] which will allow users to automatically process a picture of the disk taken close to the color palette and will return the estimated concentration of sulfamethoxazole in the sample without requiring either an internet connection or specific analysis equipment.



Other methods proposed for evaluation of sulfonamides in environmental waters using the same colorimetric reaction either require a dedicated automated manifold that is not commercially available [47,50] or involve a desorption step of the retained SMZ in the solid support, making the analytical process longer and requiring more organic solvent and the use of microplate equipment [43]. Moreover, compared to other methods developed for screening [43,50,51], the present method offers similar LOD values, particularly when using 25 mL of sample. Finally, there are methods that provided lower LOD values, but they require chromatographic equipment connected to fluorimeters [52] or mass spectrometry detectors [53,54,55], and this type of technology cannot be applied in the field in the manner of our proposed mobile device sensor.





4. Conclusions


Screening for antibiotics in the environment can help prevent the surge of antibiotic resistance by detecting contaminated sites for further remediation. The proposed methodology using a commercially available disk sorbent to preconcentrate SMZ as a model of sulfonamides antibiotics with associated image analysis was shown to be useful for screening purposes, providing quantitative results at the microgram per liter level using only 10 mL of sample. The proposed methodology enables the screening of potential samples to identify those that require further, detailed, laboratorial analysis. The use of a rapid, on-site, user-friendly and low-cost methodology allows for extensive spatial-temporal monitoring of aquatic ecosystems, particularly those subject to heavy anthropogenic contamination. Therefore, the application of the methodology in-field will help ensure on-time/on-site implementation of mitigation strategies in accordance with national, WHO and United Nations directives.



The present work is a clear example of the benefits of the association of technology, particularly computer vision-based algorithms, to separation science and colorimetry. The availability of a dedicated app is envisioned, which can also contribute to the implementation of citizen science, where non-scientist members of the community can engage in environmental contamination data collection.
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Figure 1. Experimental apparatus for image acquisition (A). Color chart; (B,C). Representation of the placement of the disk beside the color chart; (D). Disks after loading of SMZ (0–50 µg L−1) and color development. 
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Figure 2. Scheme of colorimetric reaction between DMACA and sulfonamides in acid medium: (A). DMACA; (B). Sulfonamide; (C). Colored Schiff base product. Followed by the absorbance spectrum between 430 and 700 nm. Green line: no SMZ; red line: 10 µM SMZ; blue line: 20 µM SMZ. 
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Figure 3. Relation between color and SMZ concentration in the range of 0 to 150 μg L−1 using the coordinates from the color spaces RGB (Red, Green, Blue), HSV (Hue, Saturation, Value) and CIELAB (Lightness, a_star, b_star). 
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Figure 4. Set-up for in-field screening of SMZ and results from a test sample S (A—negative control, absence of SMZ; B—positive control, SMZ at 25 µg L−1). 
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Table 1. Values (Student’s t-test) for the color patches that provided no significantly different reading under various illumination conditions (ttab = 2.78, α = 0.05).
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	Color Patch Number
	Color Patch
	SMZ 10 µg L−1
	SMZ 25 µg L−1





	#1
	
	0.36
	0.70



	#2
	
	0.60
	0.93



	#7
	
	−0.33
	0.20



	#9
	
	2.45
	1.44



	#11
	
	−1.89
	−0.03



	#14
	
	−0.66
	0.67



	#15
	
	1.58
	0.33
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Table 2. Recovery results for loading SMZ using different concentrations and volumes.






Table 2. Recovery results for loading SMZ using different concentrations and volumes.











	Mass SMZ/µg
	Volume/mL
	Concentration/µg L−1
	Recovery (%)





	0.100
	10
	10
	161



	
	25
	4
	82.3



	
	50
	2
	77.1



	0.500
	10
	50
	89.1



	
	25
	20
	101.4



	
	50
	10
	63.4
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