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Abstract

:

The detection of iodide ions (I−), despite challenges due to low concentrations and potential masking, is crucial for studying physiological processes and diagnosing diseases. A colorimetric sensor was developed to improve I− ion monitoring and facilitate on-site detection based on filter paper, which is a cost-effective platform. The sensor observed color changes in response to the exposure of hydrogen peroxide (H2O2), 3,3′,5,5′-tetramethylbenzidine (TMB), from colorless to yellowish brown. The sensor demonstrated a detection limit of 0.125 × 10−6 M for I− ions in a relatively wide range of 0.01 to 15 × 10−6 M under optimized conditions including gel concentration, temperature, incubation time, TMB and H2O2 concentration, and pH. Furthermore, the proposed sensor was successfully employed in a variety of applications, such as biological (urine and blood serum), food (egg yolk and snacks), and environmental samples (tap water). The study established effective recoveries in complex media for visual on-site I− ion monitoring, indicating the developed assay as a potent, affordable, and practical platform.
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1. Introduction


Iodine is a crucial micronutrient for metabolism and human growth [1]. Iodine plays an essential role in the healthy functioning of the thyroid gland and is necessary for normal human development [2]. The World Health Organization advises a regular iodide intake of 150 μg/day [3]. Iodide deficiency, also known as hypothyroidism [4], affects millions of people worldwide and may also result in spontaneous abortion, mental defects, and an increase in infant mortality. In contrast, hyperthyroidism [5] refers to an excess of iodine in our bodies. Hypo- and hyperthyroidisms can cause anxiety, goiter, confusion, weight loss, nervous agitation in dementia, and circulatory system disorders [6]. An excess or deficiency of I− ions in the human body and environmental samples have certain consequences, and therefore screening for I− ions via a simple approach with good sensitivity and selectivity is critical for both biological and environmental impacts [7].



Many approaches based on various principles have been suggested to determine low concentration levels of I− ions, including electrostatic ion chromatography [8], capillary electrophoresis [9], chemiluminescence [10], atomic absorption spectrometry [11], etc. Every technique has a unique set of benefits and drawbacks, and they are frequently designed to meet environmental and analytical needs. To better meet the needs of diverse applications across fields, scientists have worked to improve upon current techniques and create new ones through ongoing research and development. These optical sensors have opened new avenues for the investigation of simple, safe, quick, and distant mechanisms. They are especially well-suited for applications needing real-time monitoring in a variety of fields due to their flexibility and adaptability, i.e., industrial processes, biomedical diagnostics, and environmental monitoring [12].



A crucial aspect of the current global health strategy is the development of portable diagnostic tools for infectious and chronic illnesses [13]. Testing platforms that are quick and affordable are critical for efficiently managing the commencement, development, and spread of disease. Compared to other optical sensor approaches, the colorimetric assay has the advantage of being able to detect analytes with the naked eye [14]. The visible color change that indicates the existence or concentration of a target analyte is easily observed visually or, in more specialized cases, using ultraviolet–visible spectroscopy [15]. Colorimetric detection offers a practical and approachable solution for a wide range of analytical needs, including clinical diagnostics and environmental monitoring [16]. Recently, efforts have focused on developing smartphone-based methods for quantitative readouts of optical signals in an attempt to lower costs and simplify real-time biomarker analysis [17].



To account for the catalytic influence of enzyme mimics on the oxidation-reduction reaction of iodide, several innovative colorimetric reaction systems have also been reported and employed for I− ion detection. These approaches may be candidates for a simple and quick colorimetric method for determining I− ions [15]. It is important to note that many ions can modify or change the activity of nanozymes, highlighting their importance in ion sensing. Consequently, leveraging their inhibitory or enhancing effects on nanozyme activity, ions such as copper (Cu2+) [18], mercury (Hg2+) [19], sulfide (S2−) [20], and cyanide (CN−) [21] have been effectively detected and discerned. However, they still have several disadvantages, such as a complex preparation process and high detection limits. The development of analytical techniques for ion detection is crucial to enhance sensitivity, selectivity, and accuracy without the need for costly or complex instrumentation [22,23]. Optodes are a notable technological development in the modern world. They have demonstrated a high level of practical dependability, as an accessible and useful alternative to certain conventional analytical methods [24]. Different colorimetric methods have been reported for the detection of I− ions; for example, Muniyandi Maruthupandi et al. studied iodide detection by using polymer-capped silver nanoparticles. Although the detection limit of this method was commendable, but required expensive instrumentation and involved time-consuming procedures [25]. On the other hand, the study carried out by the Yasomasa Fukoshima group presented a different method for identifying I− ions in aqueous medium. These methods have several benefits, including affordability and ease of use, etc. Notably, absorption spectroscopy produced an even lower limit of detection at 1.31 µM, while visual observation (naked eye) yielded a 30 µM limit of detection. Colorimetric detection is useful for sensing I− ions and has real-world applications in various fields due to its enhanced availability and sensitivity [26]. Jung-Hwa Cho reported the colorimetric detection of I− ions in water [27]; however, the limit of detection was determined to be sufficiently sensitive. Sustained refinement and optimization of the methodology might result in solutions to these challenges, increasing its viability and applicability in a variety of analytical scenarios.



In this research work, the detection of I− ions was carried out in the presence of TMB and H2O2 through a simple colorimetric assay. The sensitivity was achieved under optimized experimental conditions like gel concentration, H2O2 and TMB concentration, incubation time (min), and pH. TMB was used, which is a widely utilized substrate in peroxidase-based detection systems because of its ability to yield solvent oxidized products and outstanding absorption coefficients, which allow for detectable color distinction that is visible to the human eye. The selectivity was carried out to check the potential of the proposed sensor in the presence of interfering species. The stability of the proposed sensor was also tested, and the sensor was successfully employed for applications in biological (blood serum and urine), food (egg yolk and snacks), and environmental samples (tap water) for detecting I− ions.




2. Materials and Methods


2.1. Chemicals


3,3,5,5-tetramethylbenzidine (TMB), potassium iodide (KI) (≥99%), hydrogen peroxide (H2O2) (30%), and sodium alginate (NaC6H7O6) were acquired from Sigma-Aldrich (St. Louis, MO, USA). Deionized water was prepared using the Milli-Q ultrapure water system (Merck Millipore, Darmstadt, Germany). The eggs for the real sample analysis were bought directly from local market. The snacks were carried directly from KIMS Food Industrial Estate Hattar, Haripur, Pakistan, whereas urine, blood, and water samples were collected from Ayub Teaching Hospital Abbottabad KPK, Pakistan.




2.2. Software Used


Image J software (version 1.54g) was used to calculate the RGB values by taking averages. Origin software (version 2022) was used for plotting the optimization graphs. End note X8.0.2 was used for the citation of articles. The filter paper images were taken with the help of a mobile phone camera, which was suitable to achieve better-quality images.



Image J was specifically chosen for colorimetric analysis due to its ease of use and broad applicability in image processing. Image J consists of the primary colors, red, blue, and green, providing a simple but reliable platform for obtaining quantitative data from the color changes on the filter paper. Its selection for the color analysis was further justified by its adaptability and experience with image display in LCD screens and computers, which assured a smooth transition into the experimental workflow and enabled the precise interpretation of the sensor output.




2.3. Designing a Filter-Paper-Based Colorimetric Sensor


The first step in the sensor fabrication process was to make a sol–gel solution, which was 0.3 g per 6 mL and was carefully prepared to obtain the best possible consistency and performance. The 0.6 mm diameter of filter paper substrate was cautiously coated with the sodium alginate gel, which was spread very carefully to produce a perfectly even surface. The prepared filter paper was first treated with 10 µL of a 25 µM solution of H2O2 and 16 mM solutions of TMB. These substrates were carefully dispensed onto the paper, and then 10 µL of a 1 mM iodide solution was added onto the filter paper. Careful series of additions assured the creation of a sensor platform for iodide detection at the highest possible sensitivity and reliability. After that, the analysis was undertaken using the advanced imaging capabilities of a high-resolution smartphone camera that was placed at a consistent distance of 10 cm from the sensor surface to quantify color and evaluate intensity. This methodological approach made it easier to measure and assess color changes accurately, which allowed a more accurate and reproducible quantification of iodide concentration.




2.4. Optimization of the Experimental Conditions for Iodide Detection


The experiment was optimized using different optimization parameters to obtain an accurate, reliable, and more sensitive output signal. Gel concentration, measurement time after reagent addition, H2O2, pH, and TMB concentration were the optimization parameters which affected the colorimetric response.




2.5. Selectivity of the Iodide Assay


To assess the selectivity of the proposed method, different potential interfering species were tested. For this purpose, 10 µL of each interfering compound solution such as Br−, Cl−, F−, CN−, Na+, Al3+, Zn2+, Cu2+, and Mg2+ were incubated with modified filter paper strips in the presence of 25 µM of H2O2 and 16 mM of TMB, respectively. The color shift of these mixtures was recorded using software to calculate the intensity of the photographs taken.




2.6. Application to Real Samples


To evaluate the sensor’s performance in practical applications, the egg yolk samples were procured straight from the local market. The urine, blood, and water samples were taken from Ayub Teaching Hospital in Abbottabad, KPK, Pakistan, while the snacks samples were bought from KIMS Food Industrial Estate Hattar, Haripur, Pakistan. Egg yolk samples were prepared by carefully separating the yolks from the whites, homogenizing them in a blender, and then diluting the homogenized yolk with deionized water. Following that, homogenized egg yolks, blood serum, urine, and snacks (crushed) were centrifuged for 10 min at 3000 rpm to remove particles and dilute them with deionized water. After that, the clear supernatant was transferred into a fresh container. The pH ranges for the samples mentioned above were between 6 and 7 and the assay conditions were the same as those mentioned above for detecting iodide.





3. Results


3.1. The Mechanism and Principle of the Iodide Detection Assay


The sensor demonstrated a remarkable colorimetric response; this was due to its exceptional characteristics, which enabled the efficient detection of I− ions in the presence of TMB and H2O2. The complex process that underlies this response, as shown in Figure 1, provided an insight into the basic working of the modified filter paper-based sensor. With TMB acting as a substrate for chromogenic peroxidase, the sensor effectively detected iodide by utilizing its built-in sensitivity. As shown in Figure 1, I− ions and H2O2 combined to form a catalytic reaction in which I− ions oxidized H2O2, thereby serving as a catalytic oxidizing agent. The color of the filter paper substrate changed significantly from being colorless to yellowish-brown due to the catalytic process.



This mechanistic pathway’s clarification highlights the sensor’s reliable operation and usefulness as an adaptable instrument for optical sensing applications. Target analytes can be detected quickly and sensitively to translate molecular interactions into visually perceptible signals, which is made possible by the synergistic interaction of key components such as iodide ions, TMB, and hydrogen peroxide. Our sensor stimulated the chromogenic reaction of H2O2 and TMB, enhancing the system’s colorimetric effect and suggesting that the proposed sensor was more intrinsically peroxidase-biomimetic and could be used to develop a sensor for iodide detection. I− ions were oxidized to IO−3 in the presence of H2O2, while TMB was oxidized to a colored product [28].




3.2. Optimization of Experimental Parameters


For the sensitive detection of I− ions using the proposed assay, several key parameters (gel concentration, H2O2 concentration, TMB concentration, time, and pH) were systematically investigated to determine the optimum reaction conditions to obtain maximum efficiency, enhance the sensitivity (the capability to detect low concentrations of the analyte) and specificity (the capability to differentiate the analyte from interference substances), and ensure reproducibility.



3.2.1. Effect of Gel Stability and Time


To optimize various experimental conditions, gels of five different concentrations (0.1 to 0.5 g) in 6 mL of distilled water were prepared. A 0.3 g/6 mL gel sample was found to be most suitable because of the smooth pattern, as upon the increased concentration of sodium alginate, the gel became hardened, became lower in porosity, and it became challenging to provide a proper colorimetric reaction, as shown in Figure S1a. The gel patterns turned out to be liquid-based while reducing the sodium alginate concentration and were incompatible on the filter paper, which was in good agreement with the previous study [29]. As a result, a 0.3 g/6 mL concentration was chosen for further optimization and experimentation.



Figure S1b depicts the effect of time on I− ion concentration and the color intensity was measured after adding 15 × 10−6 M of I− ions at various time intervals. The color started to change from 1 to 4 min and then became intense at 12 min. Because the color was observed to be quite dark after 12 min, making it difficult to identify accurately [30], 12 min was determined to be the optimum incubation duration for the subsequent experimentation.




3.2.2. Effect of TMB and H2O2 Concentration


The optimum concentration of TMB, a crucial component of the colorimetric reaction mechanism, was determined through a methodical investigation in order to optimize the sensor’s performance. It was observed that an increase in TMB concentration was accompanied by an increase in color intensity. A quantitative correlation between TMB concentration and color intensity is demonstrated in Figure S1c, which offers a clear illustration of this phenomena. Following a comprehensive evaluation, it was concluded that 16 mM would be the optimal TMB concentration for further experimentation.



The impact of varying H2O2 concentrations was also examined with a fixed concentration of 10 µL of I− ions and H2O2 values ranging from 2 to 50 µM. After 2 µM, the color began to change from colorless to yellow, with the color intensity gradually increasing as the H2O2 concentration increased. The color reached its maximum intensity after 25 µM. As shown in Figure S1d, a noticeable color intensity was identified with a concentration of 25 µM, which was chosen for further experimentation because after 25 µM, the color intensity was not as accurate for consideration.




3.2.3. Effect of pH


We investigated the impact of pH on I− ion detection in the presence of TMB and H2O2. Figure S1e demonstrates that the catalytic oxidation rate of TMB by H2O2 in the presence of I− ions was significantly higher in slightly acidic medium compared to neutral and basic mediums. In the somewhat acidic solution, the reaction rate increased with increasing H2SO4 concentration up to 0.1 M and then decreased at higher concentrations. The creation of IO−3 may oxidize TMB to a colorful product, depending on the presence of H2O2 and H+. The presence of H+ ions promoted the reaction by stabilizing the iodine production process between I− ions and peroxide. Consequently, pH 5 was determined to be the optimal pH for further experimentation. At neutral and alkaline pHs, H2O2 can still oxidize I− ions, although it may not be as effective as it would be in an acidic conditions. Though reaction kinetics may be slower and total color intensity may be lower than in basic circumstances, TMB oxidation to its colored product might be reduced.




3.2.4. Detection of Iodide under Optimized Conditions


The quantitative detection of iodide was carried out under optimized conditions. Initially, the color intensity was increased steadily as the concentration of I− ions increased, and a significant intensification was observed after the addition of 4 µM of iodide, as shown in Figure 2. The sensing performance of the proposed sensor was observed in a broad linear range of 0.01 to 15 × 10−6 M and the limit of detection for I− ions was found to be as low as 0.125 × 10−6 M and could be compared well with the already-reported literature, as displayed in Table S1. The LOD of an analyte was calculated using the formula given,


LOD = 3.3 SD/Slope



(1)




where SD = Standard Deviation. The LOD is vital for determining the minimum concentration or amount of I− ions. This assessment is important for evaluating the sensitivity of the method, and particularly its ability to detect trace levels of the I− ions with certainty. The linear curve demonstrated a good linear relationship between I− ions with a correlation coefficient (R2) of 0.999. This indicates the reliability of the proposed sensor and suggests that the concentration of I− ions can be accurately determined based on the observed response.




3.2.5. Selectivity of Iodide Assay


Achieving high chemical selectivity is an essential goal for any sensing platform, especially in situations where possible interference could exist and make detection difficult. As can be seen from Figure 3, except for I− ions, none of the ions tested produced a noticeable color change. Moreover, this response was selective and consistent with what is known about the behavior of halide ions during catalytic oxidation; I− ions are more catalytically active than fluoride (F−), chloride (Cl−), bromide (Br−), cyanide (CN−), sodium (Na+), aluminum (Al3+), magnesium (Mg2+), copper (Cu2+), and zinc (Zn2+) ions. I− ions are superior reducing agents because they are larger in size and have a greater tendency to donate electrons. Iodide functions as a reducing agent in the reaction between oxidized TMB and iodide ions, causing the oxidized TMB to return to its original state while the iodide itself oxidizes to produce iodine (I2).



In comparison, other halogens are poor reducing agents and they are smaller in size, and less likely to donate electrons in a redox reaction due to their high electronegativity. Because of differences in their chemical reactivity, metals like Na+, Mg2+, and others usually do not react immediately with TMB or H2O2. Highly electropositive cations, such as Na+ and Mg2+ ions, are able to donate electrons with ease to form stable ionic bonds with negatively charged ions or molecules. The minimal reaction induced by the inspected interferants highlighted the exceptional specificity of the suggested sensor to I− ions, thus validating its significant potential for implementation in intricate media encountered in industrial, medicinal, or food sample examination.




3.2.6. Stability Test for the Proposed Sensor


Stability makes an assay feasible and economical by guaranteeing its precision, sensitivity, repeatability, and reliability. Reliable data from stable colorimetric detection systems is necessary for environmental, medical, and scientific applications. The stability of the proposed sensor was evaluated by observing changes in the intensity of the color over a period of seven days under already-optimized conditions. The proposed sensor (Figure 4) revealed minimal performance changes, signifying its reasonable stability with an RSD value of less than 5%.




3.2.7. Real Sample Analysis


Over the course of the study, an accurate assessment of the potential and reliability of the suggested sensing platform was carried out, taking into account a variety of real-world samples including biological samples like blood serum and urine, food samples like egg yolks and snacks, and tap water. As indicated in Table 1, to evaluate the sensor selectivity in real mediums, these samples were spiked with a known amount of I− ions. The suggested sensing platform was shown to be highly efficient in detecting I− ions based on the good range of percentage recoveries from these investigations (91.2% to 101.1%). This impressive recovery rate shows the sensor’s precision and durability in monitoring I− ion concentrations across a range of sample matrices, confirming its suitability for practical applications.



The accuracy and reliability of the suggested sensor makes it an excellent tool for addressing significant challenges in environmental management, industrial quality control, and healthcare sectors.






4. Conclusions


The system’s colorimetric response significantly improved as a result of the proposed sensor’s successful catalysis of the chromogenic reaction between TMB and H2O2. This result highlighted the intrinsic biomimetic peroxidase-like activity of the sensor, suggesting that it may be a flexible and dependable analytical instrument. Several factors, such as pH, reaction time, gel concentration, H2O2 concentration, and TMB concentration, were carefully adjusted in order to maximize the sensor’s performance for the best results. The sensor was critical for its broad range of linear detection, with a low limit of detection. The sensor’s high accuracy and sensitivity in detecting target analytes showed a wide range of applications. Its remarkable sensitivity and selectivity allowed it to accurately identify I− ions in a variety of samples including biological specimens, food matrices, and environmental samples. Validation experiments with good recovery percentages ranging from 91.2% to 101.1% exhibited consistent performance and the potential use of the sensor for onsite monitoring.
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Figure 1. Proposed mechanism for I− ion detection. 
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Figure 2. Detection of I− ions under optimal conditions. 
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Figure 3. Specificity against the interfering compounds. 
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Figure 4. Stability test of the proposed sensor. 
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Table 1. Real samples’ analysis and their recovery percentages obtained with the designed sensor.
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Samples

	
I− Ions Spiked (μM)

	
I− Ions Found (μM)

	
Relative % Recovery






	
Blood serum

	
5

	
4.94

	
98.8 ± 0.2




	
10

	
9.51

	
95.1 ± 0.3




	
15

	
14.3

	
95.3 ± 0.4




	
Tap water

	
5

	
4.79

	
95.8 ± 0.3




	
10

	
9.52

	
95.2 ± 0.4




	
15

	
14.44

	
96.2 ± 0.2




	
Urine

	
5

	
4.56

	
91.2 ± 0.3




	
10

	
9.32

	
93.2 ± 0.2




	
15

	
14.09

	
93.9 ± 0.3




	
Egg yolk

	
5

	
5.09

	
100.8 ± 0.3




	
10

	
10.11

	
101.1 ± 0.4




	
15

	
15.14

	
100.9 ± 0.