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Abstract

:

In this work, a label-free colorimetric assay was developed for the determination of urine glucose using smartphone ambient-light sensor (ALS). Using horseradish peroxidase—hydrogen peroxide—3,3′,5,5′-tetramethylbenzidine (HRP-H2O2-TMB) colored system, quantitative H2O2 was added to samples to-be-determined for deepest color. The presence of glucose oxidase in urine led to the formation of H2O2 and the reduction of TMBred. As a result of this, the color of the urine faded and the solution changed from deep blue to light blue. We measured the illuminance of the transmitted light by a smartphone ambient light sensor, and thereby color changes were used to calculate the content of urine glucose. After method validation, this colorimetric assay was practically applied for the determination of urine samples from diabetic patients. Good linearity was obtained in the range of 0.039–10.000 mg/mL (R2 = 0.998), and a limit of detection was 0.005 mg/mL. Our method was had high accuracy, sensitivity, simplicity, rapidity, and visualization, providing a new sensor to be potentially applicable for point-of-care detection of urine glucose.
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1. Introduction


Diabetes is a metabolic disease with high incidence rate in modern society, and there are globally millions of people suffering from this disease [1]. Although frequent blood-glucose monitoring can bring benefits to the health of diabetic patients [2], the disinfection process and stabbing pain during blood collection lead to very poor compliance. Besides blood glucose, the content of urine glucose is another important index for the clinical diagnosis and routine self-monitoring of the patients [3,4,5]. As urine glucose detection is non-invasive, patients’ compliance is good, and more emphasis was placed on urine glucose determination.



Colorimetric analysis is a method to determine the content of a substance to-be-measured by the color of the solution that features good stability, low cost, and implementation simplicity, making it widely applied to clinical diagnosis and detection, including in glucose analysis [3,6,7,8]. However, current liquid colorimetry primarily requires lab-based infrastructure, and its utility greatly increases the use of point-of-use deployment. Though colorimetric analysis is strongly dependent on measurement, specific equipment such as ultraviolet-visible spectrometer, fluorescence spectrometer, Raman spectrometer, or an electrochemical workstation is required for data collection. Smartphones are convenient, could be widely applied, and offer good users’ experience, making them effective instruments for on-site detection [9,10,11]. To date, most smartphone-based types of colorimetric analysis were reported using the phone’s camera for directly capturing images from samples [11,12,13,14]. For example, Xu [13] and our group [15] took photos with a smartphone camera for the quantitative detection of blood and urinary glucose through RGB image analysis. However, there are certain issues that arise when a camera is used as a detector, such as smartphone brand, focusing location, distance between camera and samples, and exogenous light pollution [10]. Ambient-light sensors have been a new smartphone part in recent years that could automatically adjust the brightness of smartphone screen according to the intensity of environmental light [16,17]. The brightness of the current smartphone display immediately changes with the intensity of external light, because the lighting sensor embedded in the smartphone responds to the integrated light intensity of a wide range of wavelengths. There was a study that showed that the ambient-light-based biosensor could be utilized without any light-source restrictions [17]. Thus, colorimetric analysis based on ambient-light sensor could effectively avoid the problems on photographs, especially focusing and taking photograph of ambient light [17,18,19].



Horseradish peroxidase—hydrogen peroxide—3,3′5,5′-tetramethylbenzidine (HRP-H2O2-TMB) is a coloring system that is commonly used in enzyme-linked immune-absorbent assay ELISA [20,21]. TMB is oxidized to blue in the presence of HRP and H2O2. We discovered the color-fading solution by excessive H2O2 color in the HRP–H2O2–TMB system and developed colorimetric detection capable of quantitative analysis with a regular smartphone. There have yet been no reports of quantitative urine sugar testing by the smartphone ambient-light sensor. Therefore, according to standard laboratory operation, we published the principle and protocol of this method that was carried out with a microplate to meet general analytic requirements and applicable universality. The change of blue and H2O2 concentration was very obvious. For this, in this work we developed a label-free colorimetric analytical method based on an HRP-H2O2-TMB coloring system using a smartphone ambient-light sensor as the data reader. First, quantitative H2O2 was added to urine to generate the deepest blue. Then, an amount of glucose oxidase (GOD) was added to generate H2O2 by glucose oxidation in the urine. The newly generated H2O2 could be faded, and the data could be read by the smartphone ambient-light sensor, realizing rapid determination of urine glucose. This proposed method has low cost, high accuracy, and offers material-free and equipment-free analysis, and a convenient, economical, and efficient detection method for diabetes.




2. Materials and Methods


2.1. Reagents


Glucose oxidase (GOD, ≥300 U/g), 3,3′5,5′-tetramethylbenzidine (TMB) and horseradish peroxidase (HRP) were purchased from Shanghai Aladdin Bio-Chem Technology Co., Ltd. (Shanghai, China). Hydrogen peroxide (H2O2), citric acid, potassium chloride (KCl), sodium chloride (NaCl), dipotassium hydrogen phosphate (K2H(PO4)3), potassium dihydrogen phosphate (KH2(PO4)3) and D−(+)-glucose were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). The led lamp (LED) was purchased from the supermarket (Miniso, 2.4 W,10 × 19 × 35 cm).




2.2. Data Acquisition and Processing


We placed a smartphone (MIX6X, Xiaomi Technology Co. Ltd., Beijing, China) flatly onto a table and under an LED, then placed the microplate on the smartphone screen for the ambient-light-sensor target of each microplate pole to-be-determined for data reading. The vertical distance between smartphone lamp-light center and ambient-light sensor was 20 cm. Data processing was conducted with the LuxMeter application (Version 20180110).




2.3. Method Optimization


2.3.1. TMB and HRP Amount, and Reaction-Time Optimization


A 4 × 5 hole microplate was selected as the experiment platform. Then, 30 μL of TMB solution with concentrations of 1 mg/mL, 2 mg/mL, 3 mg/mL, and 4 mg/mL was added in each horizontal line, and 30 μL of HRP solutions with concentrations of 25 ng/mL, 50 ng/mL, 100 ng/mL, 200 ng/mL, and 400 ng/mL was added in each vertical line, respectively. Then 10 μL of H2O2 solution (0.75%) and 130 μL of the buffer were mixed together in each hole. After shaking slightly, we placed them until still and measured them at 1 min, 5 min, 10 min, 15 min, and 20 min respectively.




2.3.2. Additional H2O2 Quality Optimization


First, 10 μL H2O2 solution, in concentrations 0, 0.005%, 0.01%, 0.015%, 0.02%, 0.026%, 0.039%, 0.078%, 0.156%, 0.313%, 0.625%, 1.25%, 2.5%, and 5% was added into 14 microplate holes, respectively. Then 30 μL of the TMB solution (2 mg/mL), 10 μL of the HRP solution (100 ng/mL), and 130 μL of the buffer were added. After shaking slightly, we placed them until still and measured them at 10 min.




2.3.3. GOD Quality Optimization


First, 50 μL of the GOD solution, in concentrations of 1 mg/mL, 5 mg/mL, 10 mg/mL, and 15 mg/mL was added into the 4 microplate holes, respectively. Then, 30 μL of TMB solution (2 mg/mL), 10 μL of HRP solution (100 ng/mL), 10 μL of H2O2 solution (0.75%), and 130 μL of the buffer were added. After shaking slightly, we placed them until still and measured them at 10 min.





2.4. Urine Glucose Determination


We mixed together 50 μL of the urine sample, 30 μL of the TMB solution (2 mg/mL), 30 μL of the HRP solution (100 ng/mL), 10 μL of H2O2 solution (0.078%), 50 μL of GOD solution (10 mg/mL), and 130 μL of the buffer, shook slightly, placed them until still, and measured at 10 min.




2.5. Validation Procedure


Five solutions with respective concentrations of 0.039 mg/mL, 0.078 mg/mL, 0.313 mg/mL, 5.000 mg/mL, and 10.000 mg/mL were prepared by glucose standard. After the Section 2.4 procedure, the calibration curve was calculated by linear regression between response value and glucose concentration, which is defined as follows: ordinates (Ln Lux) was the intensity logarithm of transmitted light, and abscissa (Ln Glu) was the concentration logarithm. The limit of detection (LOD) was calculated by three-fold standard deviations (SD) of normal urine (blank sample). Precision was evaluated by intra- and inter-day precision, respectively. Intra- and inter-day precision was defined as the coefficient of variation (CV) by nine replicates of three standard glucose solutions (0.156 mg/mL, 1.250 mg/mL, and 5.000 mg/mL) within a day and in three days, respectively. Repeatability was evaluated through six independent determinations of a sample following Section 2.4 procedures. Recovery was evaluated by spiking 0.56 mg/mL, 0.70 mg/mL, and 0.84 mg/mL of glucose solution (equivalent to 80%, 100%, and 120% of glucose in sample) to a sample. After testing through the procedure of Section 2.4, recovery was calculated by the ratio of the detected added amounts.





3. Results and Discussion


3.1. Analysis Principle


The ambient-light sensor can automatically adjust screen brightness through sensing environmental light in which the smartphone is. Smartphone app LuxMeter is analytical software for light intensity that can measure the illuminance of the incident light. Thus, a smartphone can be used as a tool for quantitative measurement. Quantitative analysis became light-intensity analysis. The darker the solution was, the weaker the transmitted light intensity; and vice versa. In the present study, as there was correlation between glucose content in the sample solution and light intensity acquired by the smartphone, the transformation of solution color to light intensity could be the basis for quantitative calculation. Through analysis of 16 glucose solutions with different concentrations (0.000 mg/mL, 0.002 mg/mL, 0.039 mg/mL, 0.078 mg/mL, 0.156 mg/mL, 0.313 mg/mL, 0.625 mg/mL, 1.250 mg/mL, 1.880 mg/mL, 2.500 mg/mL, 3.750 mg/mL, 5.000 mg/mL,10.000 mg/mL,15.00 mg/mL, 20.000 mg/mL, and 30.000 mg/mL), it was revealed that glucose content was inversely correlated with solution color, which is shown in Figure 1A. By further analyzing the glucose concentration within a certain range and its corresponding intensity of transmission light, the functional relations between them could apply to achieve quantitative analysis. The relationship graphs between the logarithm of transmitted light intensity (Ln Lux) and logarithm of glucose concentration (Ln Glu) are shown in Figure 1. When glucose concentration was in the range of 0–30 mg/mL, LnLux is positively correlated with LnGlu, but there was no linear relationship between LnLux and LnGlu (Figure 1B), which can only be used for qualitative analysis. While when glucose concentration was in the range of 0.039–10 mg/mL, LnLux and LnGlu have good linearity (Figure 1C) and can be used for quantitative analysis.



Hydrogen peroxide (H2O2) was generated by the oxidation of glucose in the urine sample under glucose oxidase (GOD) catalysis. Then, the white 3,3′,5,5′-tetramethylbenzidine (TMBred) was oxidized by horseradish peroxidase (HRP) to its blue oxidized product (TMBox) with the participation of H2O2 [22]. Since H2O2 was also the enzyme inhibitor of HRP [23], it could be observed that, with the concentration increase of H2O2, the blue color of the solution first deepened, then lightened, until it was finally colorless. The color-fading stage was a continuous and gradual process with a long concentration range of H2O2. With the help of this phenomenon, not only could the qualitative analysis be visualized, but quantitative analysis can also be carried out by using the smartphone. In the present study, quantitative H2O2 was first added to urine to generate the deepest blue. Then, an amount of GOD was added to generate H2O2 by glucose oxidation in the urine. The newly generated H2O2 could shallow the solution color, and we finally used the smartphone ambient-light sensor for data reading, thus realizing the rapid determination of urine glucose. The above procedure is shown in Figure 2.




3.2. Optimized-Experiment Results


3.2.1. TMB and HRP Amount, and Reaction Time


The white TMBred was oxidized by HRP to its blue oxidized product (TMBox) with H2O2 participation. Results showed that the amount of TMB had little effect on coloration. However, HRP content was a key factor that had a negative correlation with coloration. After optimization, HRP and TMB concentrations were set to 100 ng/mL and 2 mg/mL, respectively. As for the choice of best reaction time, the solution color was very unstable in 5 min, solution color was almost stable in 10 min. Therefore, the preferred test point was set at 10 min.




3.2.2. Optimized Results of Additional H2O2 Amount


The key parameter of this work was the H2O2 amount. By investigating 14 batches of H2O2 solutions with different concentration level (0–5%), as shown in Figure 3 (top), with the concentration increase of H2O2, the blue of the solution first deepened, then lightened, until it was finally colorless. The color-fading stage was a continuous and gradual process with a long concentration range of H2O2. In addition, by plotting the curve between the logarithm of transmitted light intensity (Ln Lux) and the logarithm of H2O2 concentration, as shown in Figure 3 (right), the inflection point of concentration was 0.078%, which was in accordance with the visual observation shown in Figure 3 (left). Therefore, the concentration of added H2O2 was set to 0.078%.





3.3. Method Validation


Here, we described that when glucose concentration is in the range of 0.039–10 mg/mL, the logarithm of glucose concentration (lnGlu) and the logarithm of light intensity (lnLux) had good linearity (Figure 1C) and could be used for quantitative analysis. The linear-calibration curve was established as y = 0.0804x + 4.9127 (0.039–10 mg/mL) with good correlation (R2 = 0.998). LOD was determined as 0.005 mg/mL. Intra- and inter-day precision CVs were 1.63%~3.12% and 1.57%~3.62%, respectively, indicating that the method had good precision. Repeatability was evaluated with six replicates as previously described, which was 0.70 ± 0.02 mg/mL with a CV of 4.7%. Recovery was evaluated by spiking three levels of glucose (0.56 mg/mL, 0.70 mg/mL, and 0.84 mg/mL) into the urine sample, respectively. By calculating the ratio of the detected added amounts, mean recoveries were 93.33% ± 2.97%, 93.81% ± 2.18%, and 95.28% ± 6.23%, indicating good recovery. By the above method validation, it was revealed that the established analytical method met the requirements of quantitative analysis and could be used for glucose determination in urine samples. The comparison between the proposed method and an existing method for glucose determination, as shown in Table 1.




3.4. Glucose Determination in Urine Samples


The glucose content in urine samples of four diabetic patients was determined by the present method. Results were 0.14 ± 0.02, 0.70 ± 0.03, 0.25 ± 0.02, and 0.31 ± 0.02 mg/mL, respectively.





4. Conclusions


In this study, we developed a label-free colorimetric assay using a smartphone ambient-light sensor that could directly determine the urine glucose at the point-of-care. Glucose sensing for diabetes monitoring applied by smartphone was reported, but without ambient- light- sensor analysis. These tests can only be used in daily practice as a rough screening test. H2O2 is an inhibitor of HRP, so in HRP-H2O2-TMB system, excessive and quantitative H2O2 was added in advance, and the color of the solution changed gradually in different glucose levels. This can help realize the qualitative analysis for urine glucose level in diabetic patients via the smartphone ambient-light sensor. After methodological validation, our method had wide linear range, good repeatability, and high accuracy, making it simple and convenient for the routine monitoring of urine glucose.
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Figure 1. Different colors (A) of glucose solutions with different concentrations; linear relationship between LnLux and LnGlu (B,C); From figure C, we can see that LnLux and LnGlu have a good linearity and can be used for quantitative analysis in the range of 0.039–10 mg/mL. 
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Figure 2. Illustration of the proposed analytical procedure. 
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Figure 3. Qualitative observation (right) and quantitative curve (left) of the relationship between the H2O2 concentration and light intensity. 
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Table 1. Comparison of the analytical methods for glucose detection.
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Analyte

	
Probe

	
Detection Method

	
Linear Response Range

	
LOD

	
Reference






	
Glucose

	
GRGO/AC a

	
Cyclic voltammetry method

	
0.002–10 mM

	
2 μM

	
[24]




	
Ag@Au-Ir-Zne MOFs b

	
Phosphorescence intensity

	
0.05–30.0 mM

	
0.038 mM

	
[7]




	
Ag3

	
Phosphorescence intensity

	
1.0–35 mM

	
0.09 mM

	
[25]




	
NB-CNPs c

	
Fluorescence quenching

	
0–900 μM

	
1.8 μM

	
[8]




	
ZnFe2O4 MNPs d

	
Colorimetric detection

	
1.25–18.75 μM

	
0.3 μM

	
[6]




	
µPADs with chitosan e

	
Colorimetric detection

	
130–380 µM.

	
27 μM

	
[26]




	
GR-CNT-ZnO f

	
Electrochemistry

	
-

	
4.5 μM

	
[27]




	
-

	
Phone ALS detection g

	
0.2–55.6 μM

	
0.03 μM

	
This work








GRGO/AC a Plain to point network reduced graphene oxide—activated carbon composites decorated with platinum nanoparticles; Ag@Au–Ir–Zne MOFs b g@Au nanoprism-metal–organic frameworks (MOFs); NB-CNPs c boron co-doped carbon nanoparticles; ZnFe2O4 MNPs d ZnFe2O4 magnetic nanoparticles; µPADs e microfluidic paper-based analytical devices; GR-CNT-ZnO f graphene–carbon nanotubes–zinc oxide nanoparticles hybrid; ALS g ambient light sensor.
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