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Abstract

:

In this study, we present a polymer optical fiber fluorophore/aptamer competitive assay-based cortisol sensing principle. We developed a low-cost, two-fiber perpendicular design for fluorophore-based sensing with less input light interference and high output signal intensity. The design is suitable for narrow stokes shift fluorophores. We have demonstrated the cortisol sensing principle based on the competition between tagged and normal cortisol. To date, the sensing design has exhibited a slow response, and we identified possible modifications for improvement. Our estimation shows that with miniaturization and a modified sensor assay compartment design, a less than one-hour response time can be achieved. The reported sensing principle and low-cost new design will be helpful for the future development of fluorophore-based fiber optic aptasensors that can potentially be used in a wet environment for online sensing.
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1. Introduction


Cortisol is a stress hormone that plays a crucial role in humans and animals. In humans, it is an important biomarker for various diseases such as cardiovascular, immune, renal, skeletal, and endocrine system-based diseases [1,2]. Abnormal cortisol levels can cause irritation, depression, obesity, fatigue, bone fragility, and increased amino acid levels in the blood [2]. Cortisol can also affect, e.g., fish welfare, growth rate, and production of meat because stressed fish consume most of their energy for stress-related activities.



In the literature, the best limits of detection (LOD) for cortisol are 36 fg/mL [3] and 25.9 fg/mL [4]. The LOD for chromatographic techniques [2] and ordinary immunoassays like enzyme-linked immunosorbent assays (ELISA) [5] are approximately 1 pg/mL and 50 pg/mL, respectively. The concentration range of cortisol in humans and aquaculture is µg/mL and pg/mL, respectively, and therefore a broad range of LODs are of interest [1,2]. Currently used measurement techniques require time-consuming sampling and laboratory analysis. Further, available methods for cortisol sensing are expensive and cannot be used for online monitoring. Optical fiber sensors are attractive because they have several advantages, such as the feasibility of online measurements in water over long distances [1]. The glass optical fiber cortisol sensor developed by Usha et al. [4] is of high performance, but at the expense of being bulky and complicated to fabricate, requiring operation in transmission mode and feeding/removal of an analyte. In our polymer optical fiber (POF) immunosensor design, we have used, for the first time, a simpler design comprising perpendicular POFs, a hydrogel, and a luminescent competitive assay.



Aptamers are single-stranded DNA and are widely used for small molecule detection in biosensors [6]. Aptamers are developed by the systematic evolution of ligands by exponential enrichment (SELEX). In this process, a multi-round in vitro process is used to isolate aptamers from pools of single-stranded oligonucleotides with randomized sequences [7,8]. In recent years, aptamers have become the first choice for the recognition of specific molecules and sensing applications because they have several advantages over antibodies, such as low cost, easy synthesis, stability over a wide range of temperatures and pH levels, easy modification, etc. [6,7].



Fluorescence is one of the most dominant signal transductions for aptamer-based assays. This is due to its non-destructive, highly sensitive nature, good signal intensity, and ease of modification [9,10]. In recent years, various fluorescence techniques have revolutionized the field of receptor–ligand interactions and sensing. For the detection of molecules, different fluorescence-based strategies have been developed using the combination of aptamer and fluorophore, such as FRET [11,12], aptamer-based ELISA, fluorescence polarization [13,14] and quenching [15,16], competition assays, etc. In this study, we have shown the aptamer and fluorescence-based competitive binding assay principles for the sensing of cortisol. We have developed a new perpendicular fiber design to measure the signal with less input signal interference. In this study, the AF488 hydrazide fluorophore was used because it has several properties, such as high fluorescence quantum yield, low self-quenching, pH-insensitivity, high photostability, etc., which make this fluorophore an ideal candidate for robust sensing. The excitation and emission wavelengths of AF488H are 493 and 519 nm, respectively. Hence, the Stokes shift of AF488H is narrow. LED-based excitation systems have very broad spectra; therefore, expensive filters and complex instrumentation are normally required. The proposed new design provides an easy and low-cost replacement for the complex and expensive instrumentation for narrow Stokes shift fluorophores. This new design also enables the possibilities of online monitoring and remote sensing in a wet environment, which is challenging for an electronics-based sensor design. There are several challenges associated with the use of electronics-based sensors in wet environments, such as ineffective sensing in humid environments, the possibility of circuit damage, and corrosion [17,18]. Therefore, these sensors require very robust packaging, which increases their cost and complexity. Here, we successfully demonstrate a cortisol-sensing principle using a fluorophore and aptamer competitive binding assay. To the best of our knowledge, this is the first study on a fluorophore/aptamer competitive assay using a two-fiber perpendicular design. We also describe reasons for the current slow response of the sensor. To improve the response time, we discuss possible modifications in the sensing design.




2. Sensing Principle


The sensing mechanism is based on a competitive binding assay consisting of fluorophore-tagged cortisol molecules and an aptamer for cortisol recognition (see Figure 1). A thin layer of polyacrylamide gel in which the aptamer is physically immobilized is placed inside a compartment. Both tagged and normal cortisol can diffuse in and out through the gel, and depending on the amount of normal cortisol in the surrounding liquid, the concentration of the recognized/captured cortisol or tagged cortisol will vary inside the gel just in front of the fibers [1]. This will change the fluorescence intensity. Two POFs are connected to the compartment in a perpendicular direction, one to send the excitation light and the other to receive the output fluorescence light. This perpendicular design is good when the separation between the excitation and emission wavelengths of the tagged fluorophore is small (~20 nm). The POFs are connected perpendicularly to reduce the interference of the input signal in the emission signal of the fluorescence output spectra, something that would otherwise require filtration and, therefore, intensity loss.




3. Fabrication


3.1. Materials


Cortisol 3-(O-carboxymethyl)oxime (C3CMO), hydrocortisone, N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC), anhydrous dimethylsulfoxide (DMSO), 1-hydroxy-7-azabenzotriazole (HOAt) (0.6 M in dimethylformamide (DMF)), isopropyl alcohol (IPA), acrylamide, N,N′-methylenebis(acrylamide), phosphate-buffered saline (PBS), TLC plates, TLC saturation pads, and preparative TLC (PTLC) plates (20 cm × 20 cm × 0.2 cm silica gel on glass plates) were procured from Sigma-Aldrich, Denmark. Alexa Fluor 488 hydrazide (AF488H), 2-(N-morpholino)ethanesulfonic acid buffer (MES), and (BupH™ MES buffered saline: 0.1 M MES, 0.9% sodium chloride, pH 4.7) were purchased from Fisher Scientific, Denmark. N,N,N′,N′-Tetramethyl ethylenediamine (TEMED) and ammonium persulfate (APS) were purchased from Merck. The LED (490 nm) light source was procured from Thorlabs. A 488 nm cyan blue laser diode was procured from eBay. SMA 905 connectors and a crimp tool were purchased from FiberFin, USA. Syringe filters (0.2 micron) were purchased from GE Healthcare Life Sciences. Step- index polymer optical fiber with a PMMA core diameter of approx. 980 µm and fluorinated cladding thickness of approx. 10 µm with a black polyethylene jacket, making the total outer diameter approx. 2.2 mm, was purchased from Edmund Optics. The cortisol aptamer reported by Dalirirad et al., (ATGGGCAATGCGGGGTGGAGAATGGTTGCCGCACTTCGGC) was purchased from biomers.net GmbH [19].




3.2. Labeling of Cortisol


The sensing mechanism is based on fluorescence; therefore, first, we labeled the cortisol with the AF488 hydrazide (AF488H) fluorophore. Further, for the conjugation, we chose the cortisol derivative cortisol 3-(O-carboxymethyl)oxime (C3CMO). The reason for choosing these two molecules is that EDC cross-linking can be used between the carboxyl group of C3CMO and the hydrazide primary amine on AF488H. The C3CMO and AF488H conjugation and chemical identification procedures are provided in detail in our previous work [1]. Since the chemical separation was modified compared to our earlier work, it is described in detail here. To separate the reactants and products, we used PTLC plates. First, we drew a horizontal line using a pencil from one vertical edge to the other 2 cm from both vertical bottom edges of the PTLC plate. Then, 200 µL of crude liquid were dispensed over the 16 cm long line, which is shown in Figure 2a,d. In Figure 2a–c, the images were captured in normal ambient light, while in Figure 2d–f they were captured with UV lamp (365 nm) illumination. The lines of liquid were dispensed as small drops on the PTLC plate using a 100 µL pipette. Since DMSO was used as a solvent in the labeling process of cortisol, it was evaporated in a vacuum oven at 45 °C and 0.02 mbar for 30 min. The same process was repeated until all of the product solution was dispensed. After that, any remaining DMSO was evaporated in a vacuum oven at 45 °C and 0.02 mbar for at least 3 h. For separation of the AF488H-tagged cortisol from the mixture, we mixed an eluent solvent consisting of 160 mL IPA and 40 mL MES buffer and poured it onto a TLC saturation pad inside a TLC separation chamber and waited for 5 min to equilibrate the solvent inside the chamber. We placed the PTLC plate inside the chamber immediately after taking it from the vacuum oven, and the chamber was closed with a glass plate and covered with aluminum foil. The separation step took 5 h for the eluent to reach the top of the PTLC plate. After that, the plate was removed. Next, the plate was kept inside the fume hood to dry overnight. In this process, the separation between the AF488H and AF488H-tagged cortisol was small and not very clear, which is shown in Figure 2b,e. Due to the limited separation, we again kept the PTLC plate inside the vacuum oven overnight, and the next day it was again kept inside the eluent chamber using the same protocol. After repeating a process like that, we observed a nice separation between the AF488H- and AF488H-linked cortisol, as shown in Figure 2c,f. Figure 2c,f shows the pictures of the PTLC plate with nicely separated lines of AF488H-tagged cortisol and AF488H. The AF488H was identified by dispensing AF488H separately on a PTLC plate placed inside the eluent chamber and measuring and comparing the height of the line, and the AF488H-tagged cortisol was identified using liquid chromatography–mass spectrometry (LC–MS) [1]. The silica gel containing AF488H-tagged cortisol was scraped off the glass plates and washed with stirring in 20 mL Milli-Q water for at least an hour before centrifugation in 2 mL vials at 13.4 krpm for 5 min. The water containing AF488H-tagged cortisol was collected from the vials. A 0.5 mL volume of water was added to the vials; they were vortexed until the silica gel was loose again and then placed on a rocking table overnight. Then the vials were centrifuged again, and the AF488H-tagged cortisol containing water was again collected. The washing step was repeated 3 times, and finally, it was filtered through the 0.2 µM syringe filter.




3.3. Synthesis of Hydrogel Containing Aptamer and Tagged Cortisol and Porosity Test of Hydrogel


We used polyacrylamide hydrogel [20] for sensor aptamer immobilization. The porosity and transparency of the hydrogel can be changed by varying the monomer to crosslinker ratio. Thus, it was optimized by testing ratios of 19:1, 29:1, and 37.5:1. A good porous and transparent hydrogel capable of immobilizing the aptamer while allowing in/out transport of tagged/untagged cortisol was achieved with the 37.5:1 ratio between the monomer and crosslinker. For the synthesis of polyacrylamide hydrogel containing the sensor assay, 35 μL of AF488H-tagged cortisol and 20 μL (10 μmol) of cortisol aptamer were first mixed in 80 µL of phosphate-buffered saline (PBS). The cortisol aptamer and AF488H-tagged cortisol solution was then mixed with 140 μL of 30 wt.% acrylamide/bisacrylamide (37.5:1) using a magnetic stirrer in the presence of N2 gas. The nitrogen gas was purged to remove the dissolved oxygen from the solution because it may deteriorate the polymerization reaction. The solution was then mixed with 14 μL of APS (10 wt.% in DI water) and 2 μL of TEMED. After mixing with the TEMED, the gelation started, and the gel was formed within 1 min. Porosity was tested by placing small drops of AF488H- and AF488H-tagged cortisol molecules on top of the hydrogel discs shown in Figure 3a,c, respectively. Using UV lamp (365 nm) illumination, Figure 3b,d shows the penetration of the AF488H- and AF488H-tagged cortisol molecules after 24 h inside the hydrogel, which means the synthesized polyacrylamide hydrogel was porous enough that AF488H- and AF488H-tagged cortisol molecules could diffuse inside it. As shown in Figure 3d, the intensity of the green color of AF488H-tagged cortisol inside the hydrogel was very low due to the low concentration of AF488H-tagged cortisol in that specific solution.




3.4. Components of Sensing Setup


The absorption and emission wavelengths of AF488H are 493 and 519 nm, respectively. Therefore, to excite this fluorophore, we tested a 490 nm LED and a 488 nm laser diode. The optical spectra of the LED and laser diode are shown in Figure 4a. The bandwidths (FWHM) of the LED and laser diode are 40 nm and 10 nm, respectively. We recorded the emission spectra of the hydrogel containing AF488H-tagged cortisol in our perpendicular fiber sensing setup, using the LED and laser diode as excitation sources. The output spectra are shown in Figure 4b. The Stokes shift between the absorption and emission wavelengths of AF488H is 26 nm, which means that the 40 nm LED spectrum covers both the absorption and emission wavelengths of AF488H. This results in a strong overlapping of the excitation and emission wavelengths when the LED is used, as clearly seen in Figure 4b. In contrast, for the laser diode, there is a clear separation between excitation and emission peaks, which means that they can easily be separated with a filter. Therefore, we used the 488 nm laser diode as an excitation source.



We note that our earlier proposed sensor design had the sensor assay compartment on the tip of the POF [1] and used 490 nm LED excitation light. The fluorescence signal was thus picked up with the same fiber using a fiber splitter and two filters (both of LED excitation and of fluorophore emission), which increased the size, complexity, and cost of the sensor. The excitation and emission filters also decreased the intensity of the output signal. Therefore, we used a new design (two perpendicular fibers) to solve all issues related to low intensity, cost, and size. The new perpendicular design was inspired by the fact that fluorophores emit light in all directions; therefore, to reduce the interference of incoming light, fluorescence can be collected from the perpendicular direction.



We fabricated a 3D-printed sensing compartment with two 1 mm cylindrical slots for POF attachment. The actual photo of the sensing assay compartment is shown in Figure 5. Two POFs are connected to the assay compartment using UV glue. The diameter and height of the cylindrical assay compartment are 3 mm. The tip of the POF was polished with P1200 and P4000 sandpaper in deionized water (DI) and then cleaned in DI water to obtain a better input and output signal. Both input and output fibers were connected to SMA 905 connectors using a crimp/swage hand tool. The hydrogel was prepared according to the aforementioned protocol in Section 3.3. The hydrogel was placed inside the cavity, and the sensing compartment was stored at room temperature for 30 min for complete polymerization of the hydrogel. After 30 min, the sensing compartment was used for measurements.





4. Results and Discussion


First, we fabricated two 3D-printed compartments connected with POF and containing gel, including aptamer and tagged cortisol. Figure 6a shows the fluorescence spectra at different times when the sensing compartment was immersed in the cortisol solution (50 µg/mL). Similarly, Figure 6b shows fluorescence spectra in the presence of pure DI water. The fluorescence signal intensity decreased with time in the cortisol solution (50 µg/mL) and DI water.



The signal intensities at different times were extracted at the emission wavelength of the AF488H (520 nm) from Figure 6 and plotted. Figure 7 shows this plot of the fluorescence intensity variation of the sensor in DI water and cortisol solution with time. Initially, in Figure 7, the rate of change of fluorescence intensity appeared similar for cortisol solution and DI water until 20 h of exposure. After 20 h, the rate of change of fluorescence intensity in the presence of cortisol solution was faster compared to that of the DI water sample. The inset of Figure 7 shows that the variation of the fluorescence intensity in the presence of cortisol solution was almost linear, while in the presence of DI water, the fluorescence variation was almost saturated after 40 h. There are two possible reasons for this kind of fluorescence variation. For the initial 20 h, the rate of change of fluorescence in the presence of DI water and cortisol solution showed a similar trend due to the leaching of the unbound AF488H-tagged cortisol molecules from the hydrogel.



These excess AF488H-tagged cortisol molecules were present in the hydrogel and were not captured by aptamers. In the presence of an aqueous environment, these unbound/free AF488H-tagged cortisol molecules could escape from the hydrogel all the way out of the compartment, but the AF488H-tagged cortisol molecules, which were captured by the aptamer, could not as easily escape from the hydrogel. These aptamer-captured AF488H-tagged cortisol molecules escaped more easily when competing cortisol was present. After 20 h, when the unbound molecules were almost leached out of the hydrogel, the aptamer-captured tagged cortisol molecules started contributing to the difference in the sensing response in DI water and cortisol solution. In other words, the aptamer-captured tagged cortisol molecules were not displaced from the hydrogel in the presence of DI water; therefore, the fluorescence intensity remained almost unchanged and saturated at a relatively high level. In the presence of the cortisol solution, the fluorescence intensity dropped quickly because the AF488H-tagged cortisol molecules were displaced by the cortisol molecules. This displacement was due to the competitive nature of this assay. These measurements show the competition between the AF488H-tagged cortisol and cortisol molecules. The reason for this competition is the affinity of the cortisol molecules to the aptamer. The affinity of the cortisol molecules towards the aptamer was higher compared to that of the AF488H-tagged cortisol molecule because the aptamer was designed specifically for the cortisol molecule. The affinity of the AF488H-tagged cortisol molecules should be lower because, after tagging with the AF488H fluorescence molecules on the cortisol, the overall molecular structure of the AF488H-tagged cortisol was changed compared to that of cortisol; therefore, due to this molecular structural change, the affinity should be lower. The reason for the slow sensor response is the following: firstly, the excess amount of AF488H-tagged cortisol in the hydrogel and, secondly, the thickness of the hydrogel. The excess amount of AF488H-tagged cortisol in the hydrogel took around 20 h to leach, and then real sensing started. That means the actual sensing started after 20 h. Due to the thick hydrogel, the cortisol molecules took a long time to enter the hydrogel and, likewise, for the displaced tagged cortisol, to exit. In Figure 3, we can see the AF488H- and AF488H-tagged cortisol took around 24 h to completely enter the 8 mm thick hydrogel disc. In our sensor, the thickness of the hydrogel was approximately 2.6 mm. That means the cortisol molecules were completely inside the hydrogel in 8–9 h. A possible way to improve the sensing response is through quantification of the AF488H-tagged cortisol and thickness optimization of the hydrogel. We needed to use the AF488H-tagged cortisol in such a way that the amount of unbound AF488H-tagged cortisol remained very small in the hydrogel, and that is possible after performing the quantification of the AF488H-tagged cortisol. Thickness optimization of the hydrogel was also needed to improve the sensing response. The thickness of the hydrogel should be a few hundred microns to reduce the response time to 1 h. If the hydrogel thickness is reduced, the fluorescence signal will decrease, which can influence the sensitivity of the sensor. Therefore, there is a trade-off between the thickness of the hydrogel and the fluorescence signal; hence, optimized thickness is required. In Figure 1, we can see that in our fabricated sensing compartment, the fibers were placed at height t above the bottom, and, therefore, we had an extra t height of hydrogel in our sensing, which was below the fiber. We needed to modify the sensing assay compartment and remove this extra hydrogel layer of thickness t from the assay compartment volume. A thin layer of hydrogel was possible with a new assay compartment and small diameter fibers. Using these suggestions, a fast response time could be achieved. In general, fluorophore/aptamer competitive assay-based sensing is performed in liquid, and narrow Stokes-shift fluorophores require complex instrumentation. We have demonstrated fluorophore/aptamer competitive assays inside the hydrogel with a new optical fiber design that enables online sensing in a wet environment, and no complex instrumentation is needed to separate the excitation and emission signals of the fluorophore. In the past, several techniques have been explored for the detection of cortisol. A comparison of different cortisol-sensing techniques is presented in Table 1.




5. Conclusions


In this study, we developed a simple and low-cost design for fluorophore- and aptamer-based optical fiber sensing. Using the laser diode and perpendicular design compartment, one can easily obtain the fluorescence signal without using any filters, splitters, or complex instruments for optical fiber sensing. The hydrogel entrapment method was used to immobilize the aptamer inside the hydrogel just in front of the fiber for excitation and emission pick-up. We have shown single-time cortisol sensing using the competition between the tagged and normal cortisol. Using the same strategies, one can label according to the analyte of interest and follow the same technique for sensing. The reported technique can also be utilized for the affinity test of the aptamers. The reported sensing design needs a few optimizations to improve the response time. We hope that the reported sensing principle and the new design will be helpful for the researcher to develop cost-effective fluorophore- and aptamer-based fiber optic sensors.
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Figure 1. Schematic diagram of the sensing principle: (a) low cortisol concentration; (b) high cortisol concentration. (The dotted circle indicates the POF with incoming light; t is the distance between the bottom of the assay compartment and the fibers.) 






Figure 1. Schematic diagram of the sensing principle: (a) low cortisol concentration; (b) high cortisol concentration. (The dotted circle indicates the POF with incoming light; t is the distance between the bottom of the assay compartment and the fibers.)



[image: Photonics 10 00840 g001]







[image: Photonics 10 00840 g002 550] 





Figure 2. PTLC plates: (a) before being placed inside the eluent chamber; (b) first separation of tagged cortisol from reactants and by-products; (c) second separation of tagged cortisol from reactants and by-products; (d–f) are the images of (a–c) in 365 nm illumination. 
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Figure 3. Images of hydrogel disc under the illumination of a 365 nm UV lamp: (a) right after placing a drop of AF488H solution onto it; (b) after 24 h with AF488H; (c) right after placing a drop of AF488H- tagged cortisol onto it; and (d) after 24 h with AF488H-tagged cortisol. 
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Figure 4. (a) The output spectra of the 490 nm LED and 488 nm laser diode. (b) The spectra of the 490 nm LED and 488 nm laser diode together with AF488H fluorescence after passing through the C3CMO-AF488H-containing hydrogel. 
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Figure 5. Image of the fabricated sensing assay compartment. The dashed line indicates the compartment. 
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Figure 6. Fluorescence intensity vs wavelength with time: (a) in cortisol (50 µg/mL) solution; (b) in DI water. 
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Figure 7. Fluorescence intensity vs. time with exposure to cortisol (50 µg/mL) solution. The inset shows the fluorescence intensity vs. time from 20 h to 90 h. 
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Table 1. Comparison of different cortisol sensing techniques.
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	Technique
	Sensitivity
	Response Time
	Merits
	Limitations
	Ref.





	Lateral Flow assay
	ng/L
	15–20 min
	Rapid screening, disposable, good for biofluids
	Not feasible for online measurements, wet environment and non-reusable.
	[21]



	Electrochemical
	ng/L
	~hours
	Good selectivity
	Not feasible for wet environment, complex instrumentations.
	[22]



	Impedance spectroscopy
	ng/mL
	Not mentioned
	Real-time, continuous monitoring, reusable
	Not feasible for wet environment, complex instrumentations.
	[23]



	Colorimetric
	ng/L
	20–30 min
	Simple, low cost
	Not feasible for online measurements, wet environment and non-reusable. Need a lot of optimizations
	[24]



	Fluorophore/aptamer-based competitive assay
	µg/mL
	~hours
	Simple, low cost, robust, feasible for online measurements, remote sensing and wet environment
	Need gel thickness optimization, non-reusable.
	Present work
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