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Abstract

:

We have developed an alginate hydrogel-embedded capillary sensor (AHCS) for naked eye-based quantification of immunoassay. Alkaline phosphatase (ALP) can modulate gel-sol transformation to increase the permeability of Cu2+-cross-linked alginate hydrogel film in the AHCS, followed by solution exchange into the capillary. Through measuring the length of the liquid phase of the microfluidics in the capillary at a given time, the concentration of the ALP could be quantified with the naked eye. Since ALP is widely applied as a signal reporter for immunoassays, the AHCS could easily accommodate conventional immune sensing platforms. We justify the practicality of AHCS with hepatitis B virus surface antigen (HBsAg) in serum samples and got comparable results with commercialized immunoassay. This AHCS is easy to make and use, effective in cost, and robust in quantification with the naked eye, showing great promise for next generation point-of-care testing.
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1. Introduction


During the pandemic of infectious diseases, efficient tests can significantly slow down the spread of diseases and improve public health decision-making. Decentralizing the complex biomarker assay from laboratory sites to remote areas and temporary stations with sample-to-answer point-of-care-test (POCT) devices will greatly improve the testing efficiency [1,2,3,4]. Antibody-based immunoassays have achieved extraordinary success in the sensing of biomarkers during the past for more than half a century [5,6]. However, the gold standard method for immunoassay, enzyme-linked immunosorbent assay (ELISA), as a highly sensitive platform, relies on specialized spectroscopic instruments to record absorbance for quantification, which is impossible to use outside professional labs [7]. Although lateral flow assay (LTFA) is a very successful easy-to-use POCT detection platform, the poor sensitivity and non-quantifiable result limit its use to only a few special scenarios [8,9,10].



Tremendous efforts have been implemented for improving the performance of POCT platforms [11,12,13], among which the stimuli-responsive hydrogels achieved broad popularity [14]. Good biocompatibility and unique mechanical properties have enabled diverse application for hydrogels, including drug delivery, contaminant separation, and chemical and biological sensing [15,16,17,18,19,20]. In particular, hydrogel can be designed to swell/collapse in the presence of analytes by gel/sol phase transformation, which provides a visual signal that enables naked eye-based readout without expensive instruments. Based on this principle, hydrogel-based assays have been developed for the sensing of metal ions [21,22], glucose [23], metabolites [24], pH [25], and biomolecules [26]. However, to achieve sensitive response to targets, hydrogels are customized according to individual purposes with complicated chemical synthesis and modifications [27]. After those modifications, the hydrogel can only be respond to one pre-set target based on the target recognition components and is not available for the sensing of other analytes. Developing a global applicable hydrogel system remains challenging in the field; however, it may be an ideal platform for convenient POCT with the following criteria: (i) the sensitivity is compared to traditional ELISA, (ii) easy to prepare and cost-effective, (iii) achieve qualitative or even quantitative detection, and without any instrument, (iv) could be easily modified for sensing different types of biomarkers.



We have developed an alginate hydrogel-embedded capillary sensor (AHCS) for naked eye quantification of immunoassay. The Cu2+-cross-linked alginate hydrogel is reported to be PPi-responsive and has been incorporated with carbon nanodots to enable effective fluorescent quantification of alkaline phosphatase (ALP) under fluorescent spectroscopy [28]. In addition, in order to avoid the reliance on special instruments, several visual sensors have been recently developed where target-induced gel-sol transformation can modulate the permeability of the hydrogel, and further influence the capillary behavior to provide a distance-based signal in the capillary for visual readout [29,30]. Inspired by these findings, we designed a distance-based sensor for ALP and immunoassays with the naked eye. In our approach, the target is detected with alkaline phosphatase (ALP)-labeled antibody through the immune recognition process, during which the amount of target will eventually affect the amount of ALP. The ALP will further hydrolyze PPi and inhibit the phase transformation inside AHCS, where Cu2+-cross-linked alginate hydrogels are optimized for highly sensitive gel-sol transition in the presence of pyrophosphate ion (PPi). The dissolved gel will be exchanged by the outside water phase solution after the successful phase transformation. As a result, the amount of the target finally determines the length of liquid flow in AHCS at a given time due to the capillary action. We justify the practicability of AHCS by the detection HBsAg in human seru samples. Since the flow distance could be easily observed with the naked eye, our assay would enable the rapid, quantitative sensing of biomarkers without the reliance on any instruments, and is suitable as a routine POCT device for disease diagnosis, especially in remote areas and temporary testing stations.




2. Materials and Methods


2.1. Reagents


All chemicals used in this study were ordered from major suppliers (Sigma-Aldrich, St. Louis, MO, USA, ACS grade) unless otherwise noted, including CuCl2, KCl, NaCl, Sodium Alginate, Sodium pyrophosphate tetrabasic, human serum albumin (HSA), lysozyme, thrombin, and glucose oxidase (GOx). Human hepatitis B virus surface antigen ELISA kit (EY-00H428) is from Shanghai Yiyan Culture Communication Co., Ltd. (Shanghai, China) capillary tube (0.3 mm) is from Shanghai Great wall Company (Shanghai, China).




2.2. Preparation of Cu-Cross-Linked Hydrogel


To generate the Cu-cross-linked hydrogel for sensing the ALP and immunoassay, we mixed the solutions of alginate with different concentration of Cu2+. The mixtures were placed at an incubator shaker heated at 60 °C for 10 min, and then cooled down to room temperature to grantee the homogeneity of the hydrogel. The prepared hydrogel was immediately used for the fabrication of AHCS.




2.3. Fabrication of AHCS for Visual Immunoassay


We washed the capillary tubes with piranha solution, acetone, methanol, and deionized water under ultrasonic in a sequence, and then dried with nitrogen gas. To form the hydrogel film at the end of the capillary tube. We placed the capillary tube vertically on the surface of the heated hydrogel (60 °C) for 5 s. We chose the capillary tube with a hydrogel film inside the tube with the same thickness (0.3 mm) for further measurements.




2.4. Sensing of ALP with AHCS


We mixed a 20-μL mixture reaction buffer with PPi (2 mM) and a different concentration of ALP for 30 min incubation at room temperature, and then immersed one end of the AHCS in the mixture for 30 min. We recorded the length of liquid flow in the AHCS using smartphone ruler software or a physical ruler.




2.5. Selectivity of AHCS


We mixed a 20-μL mixture reaction buffer with PPi (2 mM) and different concentrations of interferences, including Na+, K+, human serum albumin (HSA), lysozyme, thrombin, and glucose oxidase (GOx) with a final concentration of 1 mM for 30 min incubation at room temperature, and then immersed the AHCS in the mixture for 30 min. The length of liquid flow in the AHCS was then recorded.




2.6. AHCS for Immune Sensing of Hepatitis B Virus Surface Antigen (HBsAg)


We added different samples to each well of the 96-well plate that was coated with capture antibody against HBsAg and blocked with Bovine Serum Albumin (BSA). After 1 h incubation at 37 °C, the plates were washed with an additional PBST (0.01 M PBS 0.5% Tween-20) for 3 times, and 100 μL solution of diluted (1 μg/mL) biotin-conjugated mouse anti-Human HBsAg antibody (100 μL) was added, and further incubated at 37 °C for 1 h. The plates were washed with PBST for an additional three times, and streptavidin-conjugated ALP (1 μg/mL) was added to the plates for 1 h at 37 °C. After another three rounds of washing, we added 2 mM PPi to the plate for 30 min incubation at room temperature and then used AHCS for the sensing.




2.7. Traditional ELISA for Immune Sensing of HBsAg


The procedure for detecting HBsAg by ELISA was basically the same as the procedure for detecting HBsAg by AHCS, except, after adding ALP-conjugate anti-HBsAg antibody, ALP substrate (para-Nitrophenylphosphate, 100 μL) instead of PPi was added to the mixture. A microplate reader was used to record the absorbance from the mixtures.





3. Results


3.1. Principle of ALP-Modulated Gel-Sol Transformation


Alginate has been well established to form hydrogels after chelating with Cu2+. We prepared the Cu2+-cross-linked hydrogel to react with the mixture containing PPi and different concentrations of ALP. As Cu2+ can form stable complex due to the very high stability constant between Cu2+ and PPi [31], In the absence of ALP, more PPi would be competitively binding with Cu2+ to disrupt the Cu2+-cross-linked alginate hydrogel and induce a fast gel-sol transformation. By contrast, in the presence of ALP, the PPi would be hydrolyzed to phosphate ions (Pi), since Pi has a lower affinity with Cu2+, and the gel-sol transformation will be inhibited (Figure 1A). The degree of gel-sol transformation would influence the permeability of the hydrogel film, and further influence the speed of the reaction mixture to flow into the capillary tube. As a result, the amount of ALP will determine the distance of the flow, which can be easily observed with the naked eye and quantified with a ruler. Since ALP is widely applied as a signal reporter for immunoassays, the AHCS could easily accommodate conventional immune sensing platforms that employs ALP for signal generation (Figure 1B).




3.2. Optimization of Cu2+ in AHCS for ALP Detection


We optimized the concentration of Cu2+ to enable the most sensitive response towards ALP. Even though the high concentration of Cu2+ could increase the crosslinking degree and the stability of the alginate hydrogel (Figure S1 in Supplementary Materials), these hydrogel may become less sensitive to the concentration of PPi. More PPi would be required to trigger the gel-sol transformation to influence the permeability of the hydrogel film. We mixed 50 mU/mL ALP and 2 mM PPi for 30 min at room temperature and then applied AHCS prepared with different concentration of Cu2+ for the sensing of ALP (Figure 2). AHCS prepared with a higher concentration (10 mM) of Cu2+ could not show gel-sol response to the PPi despite the presence of ALP. As a comparison, ALP could not totally suppress the gel-sol transformation for AHCS prepared with lower concentration (0.31 mM) of Cu2+. When the AHCS is prepared with 1.25 mM of Cu2+, the largest change in the flow distance (45.23 ± 2.53 mm) between the ALP + PPi group and the PPi group could be observed in 30 min. We, thus, chose AHCS prepared with 1.25 mM of Cu2+ for our further study.




3.3. Sensitivity of AHCS for ALP Detection


We tested the response of AHCS to different concentration of ALP. ALP could catalyze PPi to Pi and suppress the gel-sol transition, which further decreased the permeability of hydrogel film and liquid exchange into the capillary tube. As shown by the readout of AHCS, the flow rate of the sample in the capillary gradually increased when the concentration ALP concentration increased (Figure 3a). The distance of liquid phase flow at 30 min became shorter when the concentration of ALP increased from 0 mU/mL to 200 mU/mL (Figure 3b–d). The difference of distance can be observed when the concentration of ALP was above 3.12 mU/mL with the naked eye (Figure 3b,c). When the concentration of ALP was higher than 100 mU/mL, the PPi was completely hydrolyzed to suppress the gel-sol transformation, resulting in a very small distance of flow in the capillary tube (Figure 3d). We used a ruler to measure the flow distance induced by the samples that contained different concentrations of ALP after 30 min. We got a linear response following the equation: distance (mm) = −5.272 × ALP (mU/mL) + 58.85 (R2 = 0.995), when the ALP concentration was from 1.56 mU/mL to 50 mU/mL (Figure S2 in Supplementary Materials). The result shows the potential of AHCS for quantitative sensing of ALP.




3.4. Sensitivity of AHCS for Immunoassay


We applied AHCS in sensing antigen using ALP-labeled antibody, which is a widely used method in the current ELISA platform. We used hepatitis B surface antigen (HBsAg) as a model target to verify the capability of AHCS for immunoassay. In the presence of the HBsAg, ALP-labeled antibody was conjugated on the plates via immune recognition to trigger the hydrolysis of PPi to Pi, which further inhibited the sol-gel transformation to influence the distance of flow. We observed clear differences in the distance of flow in the capillary when the concentration of HBsAg was as low as 0.3 ng/mL with the naked eye. By measuring the distance of flow induced by the samples that contained different concentration of HBsAg after 30 min, a linear response between the flow distance and the concentration of HBsAg is observed following the equation: distance (mm) = −9.494 × Con. (HBsAg (ng/mL)) + 57.29 (R2 = 0.9831), and the LOD is 0.24 ng/mL using AHCS (Figure 4a and Figure S3 in Supplementary Materials). Commercially available HBsAg ELISA with the readout from a plate reader shows a LOD (0.114 ng/mL) and liner response (OD value = 0.3238 × Con. (HBsAg (ng/mL)) + 0.1091, R2 = 0.9896) (Figure 4a and Figure S4 in Supplementary Materials). As a comparison, AHCS enables the quantitatively immunoassay without relying on plate reader (Figure 4b), which is suitable for developing point-of-care, and applied in remote areas and temporary stations.




3.5. The Selectivity of AHCS for Immunoassay


We tested the possible interference in biological samples that may influence the immunoassay with AHCS (Figure 5). We used AHCS to sense several interferences under the same protocol of sensing ALP, including Na+, K+, human serum albumin (HSA), lysozyme, thrombin, and glucose oxidase (GOx). Even though the concentration of these interferences (1 mM) is much higher than the concentration of ALP (100 mU/mL). There are no significant differences in the flow distances in response to these interferences compared to that towards H2O, suggesting that these interferences would neither hydrolyze the PPi to prevent gel-sol transformation nor directly influence the structure of the Cu2+-crosslinked alginate hydrogel. The high selectivity of our assay enables AHCS to be further applied for immune sensing in clinical samples.




3.6. AHCS for Immunoassay in Human Serum Samples


Knowing the high specificity and sensitivity for AHCS, we test the real sample application of AHCS for immunoassay in HBsAg-spiked serum samples from healthy donor. Different concentrations of HBsAg were added to the serum from a healthy donor (S1, S2, S3) and quantified with either AHCS or tradition ELIAS. Neither AHCS nor traditional could detect the presence of HBsAg from un-spiked health donor (C1, C2, C3). Compared to control samples, both AHCS and ELISA show the strongest response to S3, and the weakest response to S1, suggesting the good consistency for the detection performance between AHCS (Figure 6a) and ELISA (Figure 6b). Table 1 shows the added concentration and the quantified results from AHCS or traditional ELISA; AHCS shows a recovery of 91.55~93.2% for samples S1, S2, and S3, which is also comparable to traditional ELISA (92.1~95.7%). AHCS is a robust sensing platform for immunoassay for naked eye based clinical use.





4. Discussion


We provide a portable sensor for immunoassays based on ALP-triggered gel-sol transformation of alginate-hydrogel. The transformation will change the permeability of the hydrogel film and modulate the liquid exchange, which enables distance-based quantitative sensing with the naked eye. Our method is compatible for the detection of HBsAg in human serum with high reproductivity, as a proof-of-concept example. Compared with traditional immunoassay, AHCS shows comparable sensitivity, linear response, and quantitative quality with naked eye readout. In addition, AHCS could easily accommodate current immunoassays by employing different ALP labeled antibodies. Further efforts will focus on the automated, multiple samples processing, and analyzing. We envision AHPS would become a robust analytic tool for point-of-care testing for biomarkers, especially in resource-limited areas and temporary stations.
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Figure 1. Scheme of AHCS as a quantitative immunoassay. (A) The principle of alkaline phosphatase (ALP)-triggered sol-gel transition of Cu2+ cross-linked-alginate hydrogel. (B) Principle of AHCS-based immunoassay using ALP-labeled antibody. 
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Figure 2. Distance of the flow in AHCS responding to different concentration of Cu. 
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Figure 3. Alginate hydrogel-embedded capillary sensor (AHCS) for the detection of ALP. (a) Time-distance dependent to different concentration of ALP measured with AHCS. (b) Photos of AHCS responding to different concentration of ALP. The white color in the capillary is gel and gray color in the capillary is air. (c) Distance of the flow in AHCS responding to different concentration of ALP. (d) The relationship of distance to different concentrations of ALP. Mean ± SD, n = 3. 
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Figure 4. Comparable result was obtained with AHCS and ELISA for immunoassay. (a) The relationship of the distance measured with ELISA or distance measured with AHCS to different concentrations of HBsAg using AHCS with ALP-labeled goat-anti-human antibody as the detection Antibody. (b) The relationship of the absorbance measured with ELISA to distance measured with AHCS. Mean ± SD, n = 3. 
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Figure 5. Flow distance measured with AHCS in the presence of different interference, The ALP concentration is 100 mU/mL. The concentrations of other interferences are 1 mM. Mean ± SD, n = 3. 
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Figure 6. Quantitative detection of hepatitis B surface antigen (HBsAg) in serum samples. (a) AHCS and its comparison with traditional ELISA (b). Mean ± SD, n = 3. 
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Table 1. Quantitative result of HBsAg in serum samples using AHCS or traditional ELISA.
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	Sample No.
	Added HBsAg (ng/mL)
	AHCS

(ng/mL)
	ELISA

(ng/mL)





	S1
	0.5
	0.4621
	0.4785



	S2
	1
	1.0945
	0.9212



	S3
	2
	1.864
	2.123











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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