[image: image1]A time-resolved fluorescence microsphere-lateral flow immunochromatographic strip for quantitative detection of Pregnanediol-3-glucuronide in urine samples

		ORIGINAL RESEARCH
published: 19 December 2023
doi: 10.3389/fbioe.2023.1308725


[image: image2]
A time-resolved fluorescence microsphere-lateral flow immunochromatographic strip for quantitative detection of Pregnanediol-3-glucuronide in urine samples
Jiasheng Lin1,2†, Sanhua Li3†, Benchen Ye2,4, Weigang Zheng2,4, Huihui Wang2,4, Ying Liu1,2, Dong Wang1,2, Zaihui Wu1,2, Wen-Fei Dong1,2* and Minghui Zan1,2,4*
1CAS Key Laboratory of Biomedical Diagnostics, Suzhou Institute of Biomedical Engineering and Technology, Chinese Academy of Science (CAS), Suzhou, China
2Zhengzhou Institute of Biomedical Engineering and Technology, Zhengzhou, China
3Henan Province Joint International Laboratory for Bioconjugation and Antibody Coupling, Zhengzhou, China
4Zhongke Technology Achievement Transfer and Transformation Center of Henan Province, Zhengzhou, China
Edited by:
Eden Morales-Narváez, Universidad Nacional Autónoma de México, Mexico
Reviewed by:
Jinhua Dong, University of Health and Rehabilitation Sciences, China
Fabio Di Nardo, University of Turin, Italy
* Correspondence: Wen-Fei Dong, wenfeidong@sibet.ac.cn; Minghui Zan, zanmh@sibet.ac.cn
†These authors have contributed equally to this work
Received: 07 October 2023
Accepted: 01 December 2023
Published: 19 December 2023
Citation: Lin J, Li S, Ye B, Zheng W, Wang H, Liu Y, Wang D, Wu Z, Dong W-F and Zan M (2023) A time-resolved fluorescence microsphere-lateral flow immunochromatographic strip for quantitative detection of Pregnanediol-3-glucuronide in urine samples. Front. Bioeng. Biotechnol. 11:1308725. doi: 10.3389/fbioe.2023.1308725

Introduction: Pregnanediol-3-glucuronide (PdG), as the main metabolite of progesterone in urine, plays a significant role in the prediction of ovulation, threatened abortion, and menstrual cycle maintenance.
Methods: To achieve a rapid and sensitive assay, we have designed a competitive model-based time-resolved fluorescence microsphere-lateral flow immunochromatography (TRFM-LFIA) strip.
Results: The optimized TRFM-LFIA strip exhibited a wonderful response to PdG over the range of 30–2,000 ng/mL, the corresponding limit of detection (LOD) was calculated as low as 8.39 ng/mL. More importantly, the TRFM-LFIA strip was innovatively used for the quantitative detection of PdG in urine sample, and excellent recovery results were also obtained, ranging from 97.39% to 112.64%.
Discussion: The TRFMLFIA strip possessed robust sensitivity and selectivity in the determination of PdG, indicating the great potential of being powerful tools in the biomedical and diagnosis region.
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1 INTRODUCTION
Progesterone (P4) is a bioactive steroid hormone secreted by the corpus luteum in the ovaries (Cao et al., 2020), which plays a diagnostic role in ovulation prediction, threatened abortion, and menstrual cycle maintenance (Disha Kumari et al., 2022; Sun et al., 2023). Serum P4 concentrations increased specifically during the luteal phase after ovulation and are widely used to confirm ovulation in non-pregnant humans (Handelsman et al., 2021). Serum progesterone (P) levels are usually <1.5 ng/mL (4.77 nmol/L) during the follicular phase. After ovulation, there is a rapid increase in P. Minimum p values to confirm ovulation and luteinization have been variously cited at 1.8–5.0 ng/mL (5.72–15.90 nmol/L) (Usala, et al., 2021). However, this requires venipuncture during the luteal period and needs professionals which is not suitable for rapid self-testing at home. Pregnanediol-3-glucuronide (PdG) is the phase II (glucuronidated) excretory metabolite of pregnanediol (Handelsman, et al., 2021), the major urine metabolite of P4, whose concentration is positively correlated with the concentration of P4 in serum. Some PdG test strips were based on the threshold concept and set 5 μg/mL as the detection threshold to determine ovulation et al., 2019). The time distribution of serum P4 and urine PDG both peaked after ovulation (Munro et al., 1991; O'Connor et al., 2003). As a non-invasive ovulation test, the detection of PdG plays an important role in women planning pregnancy and implementing contraception.
Up to now, some methods have been reported about the detection of PdG in urine have been reported in the literature, including radioimmunoassay (RIA) (MacLean et al., 1981; Mendizabal et al., 1984; Baird et al., 1995), liquid chromatography-mass spectrometry (LC-MS) (Handelsman, et al., 2021), mass spectrometry (MS) (Moneti et al., 1985), enzyme-linked immunosorbent assay (ELISA) (Fabres et al., 1993; O'Connor, et al., 2003). However, most require professional technicians and expensive instruments, which limits their application in rapid detection. Therefore, it is urgent to develop a sensitive and economic assay for the detection of PdG in urine samples.
Immunochromatography has attracted more and more attention because of its simple operation, low cost, and time-saving, and some reports introduced the application of PdG immunochromatography strip based on colloidal gold technology (Leiva et al., 2019). The sensitivity of fluorescence immunochromatography is significantly higher than that of colloidal gold immunochromatography (Xie et al., 2014), which is more suitable for the quantitative detection of low concentration targets. Time-resolved fluorescence microsphere-lateral flow immunochromatography (TRFM-LFIA) is a novel immunoassay technique proposed in the 1980s (Soini and Kojola, 1983). TRFM is usually obtained by encapsulating lanthanide complexes in polystyrene materials or silica nanoparticles (Tang et al., 2017; Wang et al., 2023a). Compared with other fluorescent materials, TRFM possesses a longer fluorescence lifetime and a larger Stokes shift, which is conducive to reducing the influence of background fluorescence and improving the sensitivity of detection through time-resolved technology (Wang et al., 2017; Lei et al., 2019). In addition, the lanthanide complex is encapsulated inside the fluorescent microspheres to improve the stability of TRFM and thus the overall stability of the TRFM-LFIA strip. Coincidentally, the surface of the polystyrene microspheres modified with various functional groups was utilized to improve the coupling efficiency of proteins (antigens or antibodies) (Li et al., 2021a; Jiang et al., 2022). Therefore, TRFM-LFIA has great potential application in medical diagnosis and food safety analysis (Wang et al., 2023a; Xu et al., 2023).
In this study, we have designed a competitive model-based TRFM-LFIA strip for the detection of PdG in urine. The preparation parameters of the anti-PdG-mAb labeled with the TRFM (TRFM-mAb) probe and the TRFM-LFIA strip were determined respectively, and the performance of the TRFM-LFIA strip was evaluated by the sensitivity, stability, specificity, precision, and recovery. The TRFM-LFIA strip was applied to the evaluation of actual urine samples, and the rapid and sensitive quantitative detection of PdG in urine was realized. Therefore, the developed TRFM-LFIA strip exhibited enormous potential in various scenarios for the detection of PdG in urine samples and achieved accurate prediction of the ovulation period.
2 MATERIALS AND METHODS
2.1 Chemicals and apparatus
Chemicals and apparatus information can be found in Supplementary Material.
2.2 Preparation of TRFM-mAb
The carboxyl group on the surface of rare earth europium complex doped polystyrene fluorescent microspheres was connected to the amino group of antibodies by the chemical coupling method to form a stable amide bond (Zhang et al., 2017). Initially, 20 μL of TRFM (1% solids) was mixed with 100 μL MES solution (pH 6.0, 0.05 M) and underwent ultrasound for 1 min. After centrifugation at 15,000 g for 10 min, the supernatant was discarded and then repeat the above steps to wash TRFM three times. Subsequently, TRFM was added to 60 μL of MES solution (pH 6.0, 0.05 M), and 20 μL freshly prepared EDC solution (20 mg/mL) and 20 μL NHS solution (20 mg/mL) were added to incubate for 30 min at room temperature. The incubated microspheres were purified by centrifugation at 15,000 g and 8°C for 10 min and were washed twice with 100 μL of phosphate buffered saline (PBS) (pH 7.4, 0.01 M). A series of different volumes of anti-PdG-mAb (5.0 mg/mL) were added to optimize the antibody dosage. The reaction solution was continuously stirred at room temperature for 4 h. The 10% BSA blocking solution was slowly added into the tube, and the reaction was carried out at room temperature for 1 h. Finally, the TRFM-mAb conjugates were centrifugally washed with PBS solution and resuspension solution (PBS solution (pH 7.2, 0.1 M) containing 10% (w/v) sucrose, 5% (w/v) trehalose, 2% (v/v) Tween-20% and 0.5% (w/v) BSA), respectively, and then were resuspended in 200 μL of resuspension solution. The solution was stored at 4°C in darkness for future use.
The surface morphology, particle size, fluorescence property and surface group of the TRFM-mAb were characterized and analyzed.
2.3 Preparation of the TRFM-LFIA strip
As shown in Scheme 1, the TRFM-LFIA strip is mainly composed of and polyvinyl chloride (PVC) pad, sample pad, nitrocellulose (NC) membrane, and absorbent pad (Wang, et al., 2023b). The 0.2 mg/mL PdG-BSA conjugate solution and 1.0 mg/mL rabbit anti-mouse IgG solution was sprayed on the NC membrane at a speed of 5 μL/cm via XYZ 3060 dispensing platform as T and C lines, respectively. The sample pad was initially treated with a treatment solution (10 mM PBS (pH 7.2), 1% Tetronic 1307 (S9) (w/v), 0.5% BSA (w/v), and 0.1% Tween-20 (v/v)) and incubated at 37°C for 4 h. The sample pad, NC membrane, and absorbent pad were then sequentially pasted on the PVC pad in an environment with a humidity of less than 35% to ensure the successful movement of the sample solution. Finally, the immunochromatographic strip was cut into a 0.4 cm width strip into the plastic shell and stored in a sealed aluminum foil bag at room temperature.
[image: Scheme 1]SCHEME 1 | The schematic illustration of preparation process of TRFM-mAb (A) and quantitative detection process of PdG by TRFM-LFIA strip (B).
2.4 Detection procedure of the TRFM-LFIA strip
The TRFM-LFIA measurement procedure was performed as follows. First, the PdG standard solution or sample solution was mixed with a certain dilution of the TRFM-mAb conjugate in a centrifuge tube. After pre-incubation for 3 min, 70 μL mixed solution was added dropwise to the sample pad, and the results were observed under ultraviolet irradiation after 15 min. The fluorescence intensity of the T and C lines was determined by a fluorescent strip scanning reader for quantitative analysis.
2.5 Evaluation of the TRFM-LFIA strip
In addition to the optimization of reaction mode and system, reasonable performance evaluation is the basis of developing strip for practical application. The PdG standard solution was used to evaluate several important properties of TRFM-LFIA, such as sensitivity, stability, specificity, and precision (Li et al., 2021a). A series of concentrations of PdG standard solution in PBS buffer were analyzed by TRFM-LFIA to evaluate sensitivity. Then, the fluorescence intensity of T and C lines was recorded by a fluorescent strip scanning reader, and the calibration curve was established according to the fluorescence intensity ratio (T/C) of T and C lines and the concentration of PdG. The LOD was calculated based on the test results of 11 negative standard samples to obtain the sensitivity of the TRFM-LFIA. The same batch of immunochromatographic strips were stored for 1–4 weeks at 4°C 25°C, and 37°C in the dark to confirm the accuracy of sample analysis, and the fluorescence signal value T/C was recorded to evaluate stability. The fluorescence intensity of TRFM-mAb was determined under different conditions to evaluate its stability. Fluorescence detection was carried out on an F-2700 fluorescence spectrophotometer (Hitachi, Japan), with the excitation voltage was 700 V and the scanning speed 3,000 nm min−1. The excitation and emission slits were set to 5 nm, and the response time 0.4 s. The excitation wavelength was kept at 365 nm to record the emission spectrum of the solution with the wavelength range of 385 nm–700 nm. All the tests were performed in triplicate. Possible hormones in urine (i.e., E3 (5,000 ng/mL), LH (30 mIU/mL), and HCG (30 mIU/mL) were analyzed to determine the specificity of TRFM-LFIA for PdG detection. The same batch and different batches of TRFM-LFIA were used to detect PdG to evaluate the precision of the prepared immunochromatographic strips. Precision was assessed according to the intra-assay and inter-assay recoveries and coefficient of variation (CV). The data analysis was performed through Origin 2023b and Nano Measurer.
2.6 Real sample analysis
Concentrations of PdG in different urine samples were measured to evaluate the practicability of the prepared TRFM-LFIA strip. The urine samples were collected from two healthy adults without any pre-treatment. Different urine samples (urine sample 1 and urine sample 2) were spiked with 100–1,500 ng/mL PdG (final concentration). The spiked urine samples were subjected to fluorescence measurement according to the above procedure and the concentrations of PdG were calculated according to the standard curve. All the experiments were repeated three times, and the results were expressed as mean ± standard deviation (SD).
3 RESULTS AND DISCUSSION
3.1 Principle of TRFM-LFIA strip for detection of PdG in urine samples
The principle of quantitative detection of PdG by TRFM-LFIA test strip was shown in Scheme 1. Based on the immune response between antigen and antibody, the TRFM-LFIA test strip was constructed by the competition immunological method (Zhou et al., 2023). Firstly, the carboxyl group on the surface of TRFM activated by EDC and Sulfo-NHS was aminated with the amino group of anti-PDG-mAb to obtain TRFM-mAb as a fluorescent tracer. The time-resolved technique (Sun et al., 2021) was used to reduce the interference of the background fluorescence signal and improve the sensitivity of PdG quantitative detection. For negative samples, TRFM-mAb was captured by PdG-BSA to produce fluorescent response while they passed through PdG-BSA fixed on the T-line, and the remaining TRFM-mAb was captured by rabbit anti-mouse IgG on the C-line to produce fluorescent response. Eventually, two fluorescent bands of T-line and C-line were observed under ultraviolet light. In contrast, the PdG in the urine sample competed with the PDG-BSA conjugate to combine with TRFM-mAb to form complexes, and the complexes formed by TRFM-mAb and PdG in the positive sample moved forward along the cellulose nitrate membrane. The fluorescence response at the T-line was inversely proportional to the PdG concentration, and the fluorescence intensity of the T-line gradually decreased with the increase of PdG concentration in the sample. The concentration of PdG in the sample can be measured by detecting the fluorescence intensity at the T-line.
3.2 Preparation and characterization of TRFM and TRFM-mAb
Different PBS buffer pH and the ratio of anti-PdG-mAb to TRFM had different effects on the preparation of TRFM-mAb (Wang et al., 2014; Li et al., 2015). As shown in Supplementary Figure S1A, the T-line fluorescence intensity was stronger at pH 6.0 and 8.0 in the absence of PdG. On the other hand, the TRFM-LFIA strip constructed based on competitive immunoassay decreased the fluorescence intensity of T-line with the addition of analyte. And the T-line intensity change rate (T/T0) was the lowest at pH 8.0, indicating that the pH of 8.0 brought a greater change in T-line fluorescence intensity compared with other pH values. The charge of proteins depends on the number and type of ionizable amino acid groups. Monoclonal antibodies usually have a PI value greater than 8, comprised between 8.0 and 9.0 (Fekete et al., 2015; Goyon et al., 2017). This may be due to the fact that the pH was near the isoelectric point of anti-PdG-mAb, and the charge distribution of the antibody was uniform, which had a better coupling effect with TRFM (Jiang, et al., 2022). Therefore, the pH of 8.0 was selected as the optimal pH for the coupling reaction. As shown in Supplementary Figure S1B, the T-line fluorescence intensity initially increased with the increase of anti-PdG-mAb to TRFM ratio, and slightly decreased with the continuous increase of the ratio of anti-PdG-mAb to TRFM in the absence of PdG. The anti-PdG-mAb to TRFM ratio of 125 μg/mg had a higher effect on T-line fluorescence intensity than other ratios in the presence of PdG. Finally, a pH of 8.0 and an anti-PdG-mAb to TRFM ratio of 125 μg/mg were selected for the preparation of TRFM-mAb.
The morphology and particle size of TRFM and TRFM-mAb were characterized by transmission electron microscopy (TEM, Figures 1A,B). TEM images showed that TRFM possessed a monodisperse spherical structure with an average diameter of approximately 202.6 nm. After coupling, the particle size of TRFM-mAb increased and irregular protrusions appeared on the surface due to the covalent binding of the antibody to the microsphere (Li et al., 2021a). This result demonstrated the successful coupling of anti-PdG-mAb to TRFM. Dynamic light scattering (DLS) results showed that the hydrodynamic diameter of TRFM was 208.1 nm and the dispersion index was 0.007. The TRFM-mAb had a hydrodynamic diameter of 228.1 with the dispersion index of 0.071 (Figure 1C). As shown in Figure 1D, the Zeta potential of TRFM-mAb (−29.0 mV) increased compared with that of TRFM (−20.9 mV), which was due to the amino group of anti-PdG-mAb was covalently bound to the carboxyl group on the surface of TRFM, and the carboxyl group on the surface of the TRFM was occupied, leading to an increased in Zeta potential (Chen et al., 2021). As shown in Figure 1E, the coupling also produced a new absorption peak at around 270 nm, which was speculated to be caused by TRFM coupling with the antibody (Chen et al., 2019). TRFM-mAb produced by anti-PdG-mAb labeled with TRFM caused no change in the optical properties of TRFM. When TRFM-mAb was excited at 365 nm, the maximum emission peak appeared at 610 nm. These results further confirmed the successful coupling of anti-PdG-mAb with TRFM. In addition, the TRFM was demonstrated to have excellent stability, and the corresponding results were shown in Supplementary Figure S2. The Fourier transform infrared spectroscopy (FT-IR) of TRFM and TRFM-mAb were illustrated in Figure 1F to investigate the functional groups. The absorption peaks of TRFM at 3448.22 cm−1 were attributed to the stretching vibration of O−H, and the characteristic peaks at 2928.38 cm−1 were attributed to the stretching vibration of saturated C–H on the benzene ring. The two absorption peaks at 1492.15 cm−1 and 1452.14 cm−1 were attributed to the bending vibrations of methylene groups. The two strong absorption peaks at 699.94 cm−1 and 758.63 cm−1 are monosubstituted characteristic peaks on the benzene ring. The characteristic peak of TRFM at 544.49 cm−1 was attributed to the vibration of the Eu−O bond. The weak absorption peak at 1724.05 cm−1 was the asymmetric stretching vibration peak of carbonyl C=O. For the TRFM-mAb, the absorption peaks at 3445.26 cm−1 were attributed to the stretching vibration of O−H and N−H, and the characteristic peaks at 2911.55 cm−1 belong to the stretching vibration peak of saturated C–H. The absorption peaks at 1647.88, 1383.17, and 1110.49 cm−1 were attributed to the stretching vibration of N−H, C–H, and C−N, respectively. The characteristic C=O stretching peak at 1539.88 cm−1 were attributed to the amide group (Lin et al., 2022; Yue et al., 2022; Zan et al., 2022; Xu, et al., 2023). It demonstrated that amide bond was formed between the TRFM and anti-PdG-mAb, which confirmed the successful coupling of TRFM and anti-PdG-mAb.
[image: Figure 1]FIGURE 1 | TEM images of TRFM (A) and TRFM-mAb (B); the hydrated particle sizes of TRFM and TRFM-mAb (C); the Zeta potentials of TRFM and TRFM-mAb (D); the optical properties of TRFM and TRFM-mAb (E) and FT-IR spectra of TRFM and TRFM-mAb (F).
3.3 Determination of TRFM-LFIA strip detection parameters
3.3.1 pH of the reaction solution
The pH value of the reaction solution significantly affects the performance of the LFIA strip. As shown in Figure 2A, the pH of the reaction solution was optimized (Rodriguez-Cervantes et al., 2013; H; Zhang et al., 2019). When the pH value of the TRFM-mAb reaction system was ≥8 or ≤6, flocculation and precipitation occurred in acidic or alkaline environments (Li et al., 2021b). The fluorescence intensity at the T-line increased significantly, and the value of T/T0 gradually decreased with the increase of pH of the reaction solution; however, the extreme pH adversely affected T/T0. Considering the decrease of binding capacity of the reaction system under alkaline conditions, the reaction solution of pH 8.0 was determined to be the best pH value for detection.
[image: Figure 2]FIGURE 2 | Effect of pH value of the reaction solution (A); dilution ratio of TRFM-mAb (B); pre-incubation (C) and immunoreaction time (D).
3.3.2 Dilution ratio of TRFM-mAb
The dilution ratio of the TRFM-mAb was optimized to improve the detection sensitivity (Wei et al., 2023). As shown in Figure 2B, the fluorescence intensity at the T-line of the negative control group decreased with the increase of the TRFM-mAb dilution ratio. However, when the dilution ratio of TRFM-mAb was 1:10, the background fluorescence of the strip was deeper than the test range (Supplementary Figure S3). When the dilution ratio of TRFM-mAb was in the range of 1:50 to 1:100, the fluorescence intensity at the T-line was higher, which was suitable for LFIA based on competitive mode (M. Li et al., 2021a). In contrast, the fluorescence intensity was relatively weak when the TRFM-mAb dilution ratio exceeded 1:500, failing to meet the requirement for the fluorescence quantitative detection of the target. Considering the above results, 1:100 was chosen as the optimal TRFM-mAb dilution ratio, which could also reduce raw material costs.
3.3.3 Pre-incubation time of TRFM-mAb and PdG
In order to reduce the non-repeatability between different TRFM-LFIA strips due to the random diffusion of TRFM-mAb along the glass fiber, which may also reduce the sensitivity, the proposed TRFM-LFIA strip eliminated the traditional conjugate pad (Molinelli et al., 2009; Liu et al., 2023). Therefore, TRFM-mAb was pre-mixed and pre-incubated with a standard solution containing PdG prior to detection. The pre-incubation time was optimized in Figure 2C, and the fluorescence intensity at the T-line and the ratio of T/T0 gradually decreased with the increase of pre-incubation time and reached stability after 1 min. The specific binding reaction of TRFM-mAb and PdG was completed due to the increase of pre-incubation time. Considering the above results, 3 min was chosen as the optimal pre-incubation time.
3.3.4 Immunoreaction time for TRFM-LFIA strip
The immunoreaction was a dynamic process, and the fluorescence intensity of the T-line and C-line changed dynamically with the increase of reaction time (Sun, et al., 2021; Su et al., 2022). The immunoreaction dynamics of TRFM-LFIA for PdG detection was shown in Figure 2D, the fluorescence intensity at the T-line and the T/T0 ratio gradually increased with the extension of the immunoreaction time, and gradually stabilized after 15 min. In this case, the optimal immunoreaction time was determined to be 15 min.
3.4 Sensitivity of TRFM-LFIA strip
Different concentrations of PdG were detected to evaluate the sensitivity of the TRFM-LFIA strip under the optimal detection parameters. As shown in Figure 3A, bright strips were observed at line C of all test strips under ultraviolet light, indicating that the TRFM-LFIA strips worked well. As shown in Figure 3B, the fluorescence intensity at the T-line gradually decreased with the increase of PdG concentration, which conformed to the detection principle based on competition mode. The fluorescence intensity of the T and C lines of the TRFM-LFIA strip at different concentrations of PdG was read by a fluorescent strip scanning reader. The competitive inhibition curve was drawn with PdG concentration as the horizontal coordinate and T/C value as the vertical coordinate (Figure 3C). The fitting curve accorded with the principle of immunoassay and had a high correlation, which better reflected the relationship between PdG concentration and the ratio of T/C. The corresponding fitting equation was as follows: T/C = 1.459–0.341 lg CPdG (R2 = 0.997), where T and C respectively represent the fluorescence intensity of the T line and C line, and CPdG represents the concentration of PdG. The dynamic range was 30–2,000 ng/mL, and the detection limit of TRFM-LFIA was 8.39 ng/mL (LOD = 3σ/k), where σ represents the standard deviation of 11 negative standard samples, and k represents the slope of the standard curve. The corresponding calculation process was shown in Supplementary Table S1. The limit of quantification (LOQ) can be calculated by the following equation: LOQ = 10σ/k, and the calculated LOQ was 27.97 ng/mL, where σ represents the standard deviation of the y-intercept of the regression line and k represents the slope of the standard curve. Therefore, we determined the lower dynamic range to be 30 ng/mL. And there was a very slight fluorescence signal of the T-line at the PdG concentration of 2,000 ng/mL, which cannot be accurately recorded when the PdG concentration was higher. Therefore, the detection range was 30–2,000 ng/mL. Compared with other detection methods, the TRFM-LFIA strip proposed in this study had a higher sensitivity for the detection of PdG, and the detection method was simple and fast.
[image: Figure 3]FIGURE 3 | Detection results of TRFM-LFIA strip loaded with different concentrations of PdG. (A) Image of the detection results of TRFM-LFIA strip under ultraviolet light; (B) fluorescence intensity results of the TRFM-LFIA strip; (C) the relationship between T/C ratio and PdG concentration (Inset: the standard curves of TRFM-LFIA strip analysis for PdG).
Compared with the previous reports of PdG detection in urine samples, the TRFM-LFIA strip was convenient to use and less dependent on the instrument (Supplementary Table S2). No large instruments were required, only a low-cost UV lamp was needed to read the test results for qualitative detection. The current colloidal gold strips mostly detect ovulation by setting a detection threshold (usually 5 μg/mL). The method developed in this paper achieved quantitative detection by using a fluorescent strip scanning reader, and the LOD of the TRFM-LFIA strip was also lower than that of the colloidal gold test strip. In addition, the TRFM-LFIA strip also had the advantage of low cost. These advantages indicated that the TRFM-LFIA strip developed in this work exhibited enormous potential for PdG self-test.
3.5 Stability and specificity of TRFM-LFIA strip
The practical applicability of TRFM-LIFA was determined by the stability of the immunochromatographic strip. The stability results (Figure 4A) showed that the fluorescence intensity of TRFM-LFIA strips stored at 4°C, 25°C, and 37°C for 1–4 weeks was similar. According to the Arrhenius equation, the stability of the test strip stored at 4°C for 1 year is basically similar to that stored at 37°C for 1 month (Wang et al., 2009; Liu et al., 2021), indicating that the TRFM-LFIA strip prepared in this study had good stability and met the commercial conditions. In addition, the TRFM-mAb was demonstrated to have excellent stability under different conditions, and the corresponding results were shown in Supplementary Figure S4. The potential interference of several hormones (LH, HCG, E3) that may be present in urine was investigated in order to evaluate the specificity of the TRFM-LFIA strip in this experiment. As shown in Figure 4B, the T-line fluorescence intensity and T/C value of the PdG immunochromatographic strip were significantly lower than those of other hormones at the same concentration, indicating that the TRFM-LFIA strip showed excellent specificity and was suitable for the specific detection of PdG in actual urine samples.
[image: Figure 4]FIGURE 4 | Detection stability of the TRFM-LFIA strip preserved with different temperatures and periods (A) and response of fluorescence signal (T-line intensity) of TRFM-LFIA strip for PdG, LH, HCG and E3 (B), the concentration of PdG and E3 was 5,000 ng/mL, the concentration of LH and HCG was 30 mIU/mL.
3.6 Precision of TRFM-LFIA strip
The precision of the TRFM-LFIA strip proposed in this study was evaluated by selecting the same or different batches of strips to detect positive samples. As shown in Table 1, the recovery of the same batch of TRFM-LFIA strip was 102.75–105.31%, and the CV was 1.24–3.70%; the recovery of different batches of TRFM-LFIA strip was 92.56–96.12%, and the CV was 0.71–6.68%. The above analysis results indicated that the TRFM-LIFA proposed in this study exhibited high precision and could meet the quantitative detection of PdG.
TABLE 1 | The precision of the TRFM-LFIA strip in PdG-spiked detection. (n = 3).
[image: Table 1]3.7 Analysis of spiked PdG urine samples
PdG is mainly present in the urine as a progesterone metabolite. To evaluate the applicability of the TRFM-LFIA strip, the strip was applied to the detection of PdG in two urine samples. The standard addition recovery experiment was conducted by adding standard concentration PdG to the negative urine sample, and the results were shown in Table 2. The recoveries of PdG in urine samples ranged from 97.39% to 112.64%, and the RSDs were less than 8.56% (n = 3). The results indicated that the TRFM-LFIA showed comparative recoveries, which was practically feasible for rapid detection of PdG in the urine samples.
TABLE 2 | Applications of TRFM-LFIA strip in PdG determination in real urine samples (n = 3).
[image: Table 2]4 CONCLUSION
In summary, we have successfully fabricated a time-resolved fluorescence microsphere-lateral flow immunochromatography strip for quantitative detection of PdG. By successful coupling of TRFM with anti-PdG-mAb, the designed TRFM-LFIA assay exhibited wonderful sensitivity and selectivity response to PdG. And over the range of 30–2,000 ng/mL of PdG, the fluorescence intensity ratio of T/C showed a good linear relationship with an R2 of 0.997. The corresponding LOD was calculated as low as 8.39 ng/mL. Most importantly, the designed TRFM-LFIA strip could rapidly respond to PdG in urine samples with good sensitivity, selectivity, and stability, revealing the excellent feasibility and great potential application in the rapid detection of metabolites.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
AUTHOR CONTRIBUTIONS
JL: Conceptualization, Project administration, Writing–original draft. SL: Data curation, Formal Analysis, Validation, Writing–original draft. BY: Data curation, Software, Writing–review and editing. WZ: Data curation, Methodology, Writing–original draft. HW: Formal Analysis, Supervision, Writing–review and editing. YL: Data curation, Formal Analysis, Validation, Writing–review and editing. DW: Conceptualization, Data curation, Writing–review and editing. ZW: Data curation, Project administration, Writing–review and editing. W-FD: Funding acquisition, Writing–review and editing. MZ: Methodology, Writing–review and editing.
FUNDING
The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This research was funded by the National Key R&D Program of China (Grand No. 2022YFC2403500) and the China Postdoctoral Science Foundation (No. 2022T150464).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fbioe.2023.1308725/full#supplementary-material
REFERENCES
 Baird, D. D., McConnaughey, D. R., Weinberg, C. R., Musey, P. I., Collins, D. C., Kesner, J. S., et al. (1995). Application of a method for estimating day of ovulation using urinary estrogen and progesterone metabolites. Epidemiology 6 (5), 547–550. doi:10.1097/00001648-199509000-00015
 Cao, L., Yu, L., Yue, J., Zhang, Y., Ge, M., Li, L., et al. (2020). Yellow-emissive carbon dots for "off-and-on" fluorescent detection of progesterone. Mat. Lett. 271, 127760. doi:10.1016/j.matlet.2020.127760
 Chen, R., Ren, C., Liu, M., Ge, X., Qu, M., Zhou, X., et al. (2021). Early detection of SARS-CoV-2 seroconversion in humans with aggregation-induced near-infrared emission nanoparticle-labeled lateral flow immunoassay. ACS Nano 15 (5), 8996–9004. doi:10.1021/acsnano.1c01932
 Chen, Y., Huang, Z., Hu, S., Zhang, G., Peng, J., Xia, J., et al. (2019). Integrated immunochromatographic assay for qualitative and quantitative detection of clenbuterol. Anal. Biochem. 577, 45–51. doi:10.1016/j.ab.2019.04.013
 Disha Kumari, P., Patel, M. K., Kumar, P., and Nayak, M. K. (2022). Carbon dots conjugated antibody as an effective FRET-based biosensor for progesterone hormone screening. Biosensors-Basel. 12 (11), 993. doi:10.3390/bios12110993
 Fabres, C., Zegers-Hochschild, F., Altieri, E., and Llados, C. (1993). Validation of the dual analyte assay of the oestrone:pregnanediol ratio in monitoring ovarian function. Hum. Repro. 8 (2), 208–210. doi:10.1093/oxfordjournals.humrep.a138023
 Fekete, S., Beck, A., Veuthey, J.-L., and Guillarme, D. (2015). Ion-exchange chromatography for the characterization of biopharmaceuticals. J. Pharm. Biomed. Anal. 113, 43–55. doi:10.1016/j.jpba.2015.02.037
 Goyon, A., Excoffier, M., Janin-Bussat, M.-C., Bobaly, B., Fekete, S., Guillarme, D., et al. (2017). Determination of isoelectric points and relative charge variants of 23 therapeutic monoclonal antibodies. J. Chromatogr. B 1065, 119–128. doi:10.1016/j.jchromb.2017.09.033
 Handelsman, D. J., Nimmagadda, R., Desai, R., Handelsman, T. D., Whittle, B., Skorupskaite, K., et al. (2021). Direct measurement of pregnanediol 3-glucuronide (PDG) in dried urine spots by liquid chromatography-mass spectrometry to detect ovulation. J. Steroid Biochem. Mol. Biol. 211, 105900. doi:10.1016/j.jsbmb.2021.105900
 Jiang, J., Luo, P., Liang, J., Shen, X., Lei, H., and Li, X. (2022). A highly sensitive and quantitative time resolved fluorescent microspheres lateral flow immunoassay for streptomycin and dihydrostreptomycin in milk, honey, muscle, liver, and kidney. Anal. Chim. Acta. 1192, 339360. doi:10.1016/j.aca.2021.339360
 Lei, Q., Zhao, L., Ye, S., Sun, Y., Xie, F., Zhang, H., et al. (2019). Rapid and quantitative detection of urinary Cyfra21-1 using fluorescent nanosphere-based immunochromatographic test strip for diagnosis and prognostic monitoring of bladder cancer. Artif. Cells Nanomed. Biotechnol. 47 (1), 4266–4272. doi:10.1080/21691401.2019.1687491
 Leiva, R., McNamara-Kilian, M., Niezgoda, H., Ecochard, R., and Bouchard, T. (2019). Pilot observational prospective cohort study on the use of a novel home-based urinary pregnanediol 3-glucuronide (PDG) test to confirm ovulation when used as adjunct to fertility awareness methods (FAMs) stage 1. Bmj Open 9 (5), 028496. doi:10.1136/bmjopen-2018-028496
 Li, M., Wang, H., Sun, J., Ji, J., Ye, Y., Lu, X., et al. (2021a). Rapid, on-site, and sensitive detection of aflatoxin M1 in milk products by using time-resolved fluorescence microsphere test strip. Food control. 121, 107616. doi:10.1016/j.foodcont.2020.107616
 Li, X., Chen, X., Wu, J., Liu, Z., Wang, J., Song, C., et al. (2021b). Portable, rapid, and sensitive time-resolved fluorescence immunochromatography for on-site detection of dexamethasone in milk and pork. Foods 10 (6), 1339. doi:10.3390/foods10061339
 Li, X., Shen, J., Wang, Q., Gao, S., Pei, X., Jiang, H., et al. (2015). Multi-residue fluorescent microspheres immunochromatographic assay for simultaneous determination of macrolides in raw milk. Anal. Bioanal. Chem. 407 (30), 9125–9133. doi:10.1007/s00216-015-9078-3
 Lin, J., Yang, S., Wang, Y., Cui, Y., Li, Q., Chen, Y., et al. (2022). Sensitive detection of levofloxacin and copper (II) based on fluorescence “turn on-off” of biomass carbonized polymer dots. J. Ind. Eng. Chem. 114, 288–296. doi:10.1016/j.jiec.2022.07.018
 Liu, J., Wang, B., Huang, H., Jian, D., Lu, Y., Shan, Y., et al. (2021). Quantitative ciprofloxacin on-site rapid detections using quantum dot microsphere based immunochromatographic test strips. Food Chem. 335, 127596. doi:10.1016/j.foodchem.2020.127596
 Liu, X., Xia, F., Zhang, S., Cheng, Y., Fan, L., Kang, S., et al. (2023). Dual-color aggregation-induced emission nanoparticles for simultaneous lateral flow immunoassay of nitrofuran metabolites in aquatic products. Food Chem. 402, 134235. doi:10.1016/j.foodchem.2022.134235
 MacLean, A. R., Outch, K. H., Russell, J. M., Brown, J. B., and Dennis, P. M. (1981). Monitoring induction of ovulation by rapid radioimmunoassays of oestrogen and pregnanediol glucuronides. Ann. Clin. Biochem. 18 (6), 343–349. doi:10.1177/000456328101800604
 Mendizabal, A. F., Quiroga, S., Farinati, Z., Lahoz, M., and Nagle, C. (1984). Hormonal monitoring of early pregnancy by a direct radioimmunoassay of steroid glucuronides in first morning urine. Fertil. Steril. 42 (5), 737–740. doi:10.1016/S0015-0282(16)48199-9
 Molinelli, A., Grossalber, K., and Krska, R. (2009). A rapid lateral flow test for the determination of total type B fumonisins in maize. Anal. Bioanal. Chem. 395 (5), 1309–1316. doi:10.1007/s00216-009-3082-4
 Moneti, G., Agati, G., Giovannini, M. G., Pazzagli, M., Salerno, R., Messeri, G., et al. (1985). Pregnanediol-3 alpha-glucuronide measured in diluted urine by mass spectrometry with fast atom bombardment/negative-ion ionization. Clin. Chem. 31 (1), 46–49. doi:10.1093/clinchem/31.1.46
 Munro, C. J., Stabenfeldt, G. H., Cragun, J. R., Addiego, L. A., Overstreet, J. W., and Lasley, B. L. (1991). Relationship of serum estradiol and progesterone concentrations to the excretion profiles of their major urinary metabolites as measured by enzyme immunoassay and radioimmunoassay. Clin. Chem. 37 (6), 838–844. doi:10.1093/clinchem/37.6.838
 O'Connor, K. A., Brindle, E., Holman, D. J., Klein, N. A., Soules, M. R., Campbell, K. L., et al. (2003). Urinary estrone conjugate and pregnanediol 3-glucuronide enzyme immunoassays for population research. Clin. Chem. 49 (7), 1139–1148. doi:10.1373/49.7.1139
 Rodriguez-Cervantes, C. H., Ramos, A. J., Robledo-Marenco, M. L., Sanchis, V., Marin, S., and Giron-Perez, M. I. (2013). Determination of aflatoxin and fumonisin levels through ELISA and HPLC, on tilapia feed in Nayarit, Mexico. Food Agric. Immunol. 24 (3), 269–278. doi:10.1080/09540105.2012.684202
 Soini, E., and Kojola, H. (1983). Time-resolved fluorometer for lanthanide chelates--a new generation of nonisotopic immunoassays. Clin. Chem. 29 (1), 65–68. doi:10.1093/clinchem/29.1.65
 Su, C., Ding, F., Wang, W., Song, Z., Ali, Q., Ali, M., et al. (2022). Time-resolved fluorescent microsphere lateral flow biosensors for rapid detection of Candidatus Liberibacter asiaticus. Plant Biotechnol. J. 20 (7), 1235–1237. doi:10.1111/pbi.13828
 Sun, J., Wang, L., Shao, J., Yang, D., Fu, X., and Sun, X. (2021). One-step time-resolved fluorescence microsphere immunochromatographic test strip for quantitative and simultaneous detection of DON and ZEN. Anal. Bioanal. Chem. 413 (26), 6489–6502. doi:10.1007/s00216-021-03612-0
 Sun, W., Xu, Q., Sun, J., Lin, X., and Pan, H. (2023). Design and development of biosensors for progesterone detection. J. Sensors. 2023, 1–13. doi:10.1155/2023/4803143
 Tang, X., Li, P., Zhang, Q., Zhang, Z., Zhang, W., and Jiang, J. (2017). Time-resolved fluorescence immunochromatographic assay developed using two idiotypic nanobodies for rapid, quantitative, and simultaneous detection of aflatoxin and zearalenone in maize and its products. Anal. Chem. 89 (21), 11520–11528. doi:10.1021/acs.analchem.7b02794
 Usala, S. J., Alliende, M. E., and Trindade, A. A. (2021). The fertility indicator equation using serum progesterone and urinary pregnanediol-3-glucuronide for assessment of ovulatory to luteal phase transition. Medicina-Lithuania 57 (2), 134. doi:10.3390/medicina57020134
 Wang, Q.-X., Xue, S.-F., Chen, Z.-H., Ma, S.-H., Zhang, S., Shi, G., et al. (2017). Dual lanthanide-doped complexes: the development of a time-resolved ratiometric fluorescent probe for anthrax biomarker and a paper-based visual sensor. Biosens. Bioelectron. 94, 388–393. doi:10.1016/j.bios.2017.03.027
 Wang, X., Yang, T., Chen, X., Fang, L., Yang, Y., Cao, G., et al. (2023a). Quantitative detection of malachite green in sediment by a time-resolved immunofluorescence method combined with a portable 3D printing equipment platform. Sci. Total. Environ. 855, 158897. doi:10.1016/j.scitotenv.2022.158897
 Wang, Y., Chen, Q., Wang, Y., Tu, F., Chen, X., Li, J., et al. (2023b). A time-resolved fluorescent microsphere-lateral flow immunoassay strip assay with image visual analysis for quantitative detection of Helicobacter pylori in saliva. Talanta 256, 124317. doi:10.1016/j.talanta.2023.124317
 Wang, Y., Xu, H., Wei, M., Gu, H., Xu, Q., and Zhu, W. (2009). Study of superparamagnetic nanoparticles as labels in the quantitative lateral flow immunoassay. Mat. Sci. Eng. C 29 (3), 714–718. doi:10.1016/j.msec.2009.01.011
 Wang, Z., Li, H., Li, C., Yu, Q., Shen, J., and De Saeger, S. (2014). Development and application of a quantitative fluorescence-based immunochromatographic assay for fumonisin B-1 in maize. J. Agric. Food Chem. 62 (27), 6294–6298. doi:10.1021/jf5017219
 Wei, X., Chen, X., Liu, Z., Xu, G., Chen, G., Lin, X., et al. (2023). Advantages of aggregation-induced luminescence microspheres compared with fluorescent microspheres in immunochromatography assay with sandwich format. Anal. Chim. Acta. 1247, 340869. doi:10.1016/j.aca.2023.340869
 Xie, Q.-Y., Wu, Y.-H., Xiong, Q.-R., Xu, H.-Y., Xiong, Y.-H., Liu, K., et al. (2014). Advantages of fluorescent microspheres compared with colloidal gold as a label in immunochromatographic lateral flow assays. Biosens. Bioelectron. 54, 262–265. doi:10.1016/j.bios.2013.11.002
 Xu, Z., Zhu, M., Jiang, W., Zhang, T., Ma, M., and Shi, F. (2023). A simple synthesis method of microsphere immunochromatographic test strip for time-resolved luminescence detection of folic acid. Food Chem. 413, 135599. doi:10.1016/j.foodchem.2023.135599
 Yue, X., Pan, Q., Zhou, J., Ren, H., Peng, C., Wang, Z., et al. (2022). A simplified fluorescent lateral flow assay for melamine based on aggregation induced emission of gold nanoclusters. Food Chem. 385, 132670. doi:10.1016/j.foodchem.2022.132670
 Zan, Y., Kang, Y., Wang, B., Cui, S., Shen, Z., Shu, J., et al. (2022). Amphiphilic fluorescent nanospheres for quantitative sensing of trinitrophenol in water system. Dyes Pigm 202, 110296. doi:10.1016/j.dyepig.2022.110296
 Zhang, H., Luo, J., Beloglazova, N., Yang, S., De Saeger, S., Mari, G. M., et al. (2019). Portable multiplex immunochromatographic assay for quantitation of two typical algae toxins based on dual-color fluorescence microspheres. J. Agric. Food Chem. 67 (21), 6041–6047. doi:10.1021/acs.jafc.9b00011
 Zhang, Q., Qu, Q., Chen, S., Liu, X., and Li, P. (2017). A double-label time-resolved fluorescent strip for rapidly quantitative detection of carbofuran residues in agro-products. Food Chem. 231, 295–300. doi:10.1016/j.foodchem.2017.02.016
 Zhou, M., Chen, X., Shen, X. A., Lin, X., Chen, P., Qiao, Z., et al. (2023). Highly sensitive immunochromatographic detection of zearalenone based on ultrabright red-emitted aggregation-induced luminescence nanoprobes. J. Agric. Food Chem. 71 (10), 4408–4416. doi:10.1021/acs.jafc.3c00276
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Lin, Li, Ye, Zheng, Wang, Liu, Wang, Wu, Dong and Zan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fbioe-11-1308725-g005.gif





OPS/images/fbioe-11-1308725-t001.jpg
PdG concentration (ng/mL)

250

500

1000

Intra-assay

Mean
26327
51377

1049.76

Recovery (%)
105.31
102.75

104.98

Inter-assay
Mean A ACH]
370 240.30 96.12
322 462.82 92.56
124 95038 95.04

237

071

6.68






OPS/images/fbioe-11-1308725-g003.gif
R

Lebbtie |






OPS/images/fbioe-11-1308725-g004.gif





OPS/images/fbioe-11-1308725-t002.jpg
Sample

Urine 1

Urine 2

PdG added (ng/mL)

PdG found

Recovery (%)

100 10356 10356 124
800 812,60 10157 232
1500 1460.90 97.39 856
100 104.44 10444 355
800 851.84 10648 349
1500 1689.54 11264 208






OPS/xhtml/nav.xhtml
Contents

		Cover

		A time-resolved fluorescence microsphere-lateral flow immunochromatographic strip for quantitative detection of Pregnanediol-3-glucuronide in urine samples		1 Introduction

		2 Materials and methods		2.1 Chemicals and apparatus

		2.2 Preparation of TRFM-mAb

		2.3 Preparation of the TRFM-LFIA strip

		2.4 Detection procedure of the TRFM-LFIA strip

		2.5 Evaluation of the TRFM-LFIA strip

		2.6 Real sample analysis





		3 Results and discussion		3.1 Principle of TRFM-LFIA strip for detection of PdG in urine samples

		3.2 Preparation and characterization of TRFM and TRFM-mAb

		3.3 Determination of TRFM-LFIA strip detection parameters

		3.4 Sensitivity of TRFM-LFIA strip

		3.5 Stability and specificity of TRFM-LFIA strip

		3.6 Precision of TRFM-LFIA strip

		3.7 Analysis of spiked PdG urine samples





		4 Conclusion

		Data availability statement

		Author contributions

		Funding

		Publisher’s note

		Supplementary material 

		References









OPS/images/cover.jpg
, frontiers ‘ Frontiers in Bioengineering and Biotechnology

A time-resolved fluorescence
microsphere-lateral flow
immunochromatographic strip
for quantitative detection of

Pregnanediol-3-glucuronide in
urine samples





OPS/images/fbioe-11-1308725-g001.gif





OPS/images/fbioe-11-1308725-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers i

Bioengineering and Biotechnology





