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Abstract

:

Adenosine is a vital biological small molecule that regulates various physiological processes in the human body. A high expression of adenosine in cells can facilitate tumor growth. Therefore, detecting adenosine is crucial for early disease diagnosis. In this paper, we designed a fluorescent biosensor for the sensitive detection of adenosine based on the cationic comb-type copolymer PLL-g-Dex for assisted rapid hybridization of nucleic acids at room temperature. In this strategy, adenosine preferentially binds to the aptamer immobilized on the surface of magnetic nanobeads, releasing free aDNA in solution as the primer strand, which rapidly forms DNA nanowires with auxiliary probes of bDNA with the assistance of PLL-g-Dex. SYBR Green I is embedded in DNA duplexes to generate strong fluorescence. The experimental results showed that PLL-g-Dex promotes DNA hybridization reactions at room temperature to form ultra-long DNA nanowires, thus achieving signal amplification and shortening the detection time. In addition, magnetic nanobeads can reduce the background signal during the reaction. Compared with several previous studies on the fluorescence detection of adenosine, this strategy has a lower detection limit of 2.32 nM. Furthermore, this novel system exhibited a good detection performance even under complex environments, such as serum, providing some reference for the quantitative detection of adenosine in early disease diagnosis.
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1. Introduction


Adenosine (Ad) is a small physiological molecule that is widely distributed in human cells and has multiple functions in physiological processes [1,2]. In addition to participating in nucleic acid and energy metabolism, adenosine also influences the vascular and nervous systems and has a bidirectional regulatory effect on the immune system [3,4,5]. For instance, adenosine can induce vasodilation to increase blood flow and reduce ischemic and hypoxic damage [6]; as a neuromodulator, adenosine can regulate sleep and pain [7,8]; furthermore, adenosine can act as an immunoregulatory factor that protects tissues and organs by inhibiting inflammation [9]. Adenosine, at high concentrations, can facilitate tumor growth and progression, according to recent studies. This suggests that adenosine may serve as a potential cancer biomarker [10,11]. Therefore, it is essential to detect adenosine with high sensitivity in the early stages of cancer.



In past studies, a variety of methods have been developed for the quantitative detection of adenosine, including high-performance liquid chromatography (HPLC) [12], electrochemical measurements [13], colorimetry [14], and surface-enhanced Raman spectroscopy (SERS) [15]. Although these methods have good selectivity, they also have drawbacks, such as complex sample processing, high requirements for the experimenters’ expertise, and a high cost. These limitations hinder their further application in practice [16]. It is highly desirable to design a biosensor that can detect adenosine rapidly, conveniently, and accurately. Fluorescence analysis is favored by more and more researchers due to its short detection time, simple procedure, and high sensitivity [17,18]. Compared to other techniques that require more complex instrumentation and procedures, fluorescence analysis can be performed in the field using portable instruments. Fluorescence spectrometers are widely used and affordable, and fluorescent probes are easy to design and synthesize. Moreover, fluorescence analysis can detect molecules at extremely low concentrations, such as nanomolar or picomolar levels.



To enhance the detection of trace target species to detectable levels, signal amplification strategies are usually employed [19]. Compared with the enzyme amplification strategy that requires stringent experimental conditions [20], we adopted an enzyme-free signal amplification strategy with high stability in constructing the biosensor, which simplifies the operation and avoids the problem of enzyme inactivation. By combining enzyme-free signal amplification with other signal amplification strategies, the detection signal can be effectively enhanced and the sensitivity can be increased. This approach has been successfully applied to detect proteins, metal ions, and small molecules [21,22,23].



Prof. Maruyama’s group synthesized a cationic comb-type copolymer termed PLL-g-Dex, an artificial nucleic acid chaperone, which can accelerate DNA hybridization and strand displacement reactions, while stabilizing DNA multilevel structures [24,25,26]. It forms complexes with DNA molecules via electrostatic interactions and hydrogen bonds, enhancing DNA stability and shortening the hybridization time. In addition, the comb-type cationic copolymer (PLL-g-Dex) has cationic groups that can neutralize the anionic charge of DNA, reducing its rigidity and repulsion. This increases the flexibility and affinity of DNA and facilitates the hybridization reaction between DNA molecules. Wang et al. found that the cationic comb-type copolymer can promote the hybridization chain reaction (HCR) by increasing the sensitivity of the initiator strand, producing high molecular weight HCR products, and significantly shortening the HCR time [27]. Therefore, PLL-g-Dex can act as an effective hybridization promoter that improves the speed and efficiency of the DNA hybridization reaction. Based on the properties of PLL-g-Dex mentioned above, our lab has also developed several biosensor systems for the highly sensitive detection for proteins and nucleic acids [28,29]. At present, various methods for detecting adenosine have been developed, but to date, highly sensitive detection of adenosine using chaperone copolymers to promote nucleic acid hybridization and thus amplify the fluorescence signal has not been reported yet.



In this study, we developed a biosensor for the sensitive detection of adenosine based on cationic comb-type copolymer-assisted chain hybridization and efficient separation via magnetic nanobeads (MNs). Streptavidin magnetic beads and aptamers specifically bind to form a stable complex, enriching nucleic acids on the surface of magnetic nanobeads. PLL-g-Dex facilitates the hybridization between the aDNA displaced from the surface of the magnetic nanobeads and the bDNA of the auxiliary probe, which significantly enhances the detection sensitivity and shortens the detection time. SYBR Green I (SGI) is an active nucleic acid dye. When SGI intercalates into double-stranded DNA, it produces strong fluorescence, which is used for the accurate quantitative analysis of double-stranded DNA [30]. This is an enzyme-free strategy that does not require fluorophores, which reduces costs to some extent and has low detection limits. Adenosine can also be detected in the complex environment of human serum, indicating that the sensor has a certain anti-interference ability, which may provide new ideas for the quantitative detection of adenosine in the medical field.




2. Materials and Methods


2.1. Materials


Adenosine (Ad) and poly-L-lysine were purchased from Sigma-Aldrich (Shanghai, China). Cytidine, guanosine, uridine, dextran, sodium cyanoborohydride, and Tris-HCl buffer (1 M, pH 7.6) were all purchased from Shanghai Yuanye Biotechnology Company (Shanghai, China). SYBR Green I (SGI) was purchased from Beijing Suolaibao Technology Co., Ltd. (Beijing, China). Streptavidin magnetic beads (50 mg/mL, diameter 500 nm) and phosphate buffer (PBS, 10×) were purchased from Sangon Bioengineering Co., Ltd.(Shanghai, China). The pH reference solution was purchased from Shanghai Merrill Biochemical Technology Co., Ltd. (Shanghai, China). Tween-20 was purchased from Jiangsu KGI Biotechnology Co., Ltd. (Jiangsu, China). The ultrapure water (18.25 MΩcm−1) used in the experiment was prepared using a Plus-E2 ultrapure water machine (Shanghai Zeye Biotechnology Co., Ltd., Shanghai, China). Bovine serum albumin (BSA) was purchased from New England Biolabs (Ipswich, MA, USA).



The DNA used in this experiment (Table 1) was provided by Sangon Bioengineering Co., Ltd. (Shanghai, China) and purified via high-performance liquid chromatography (HPLC). A 100 µM storage solution was prepared with PBS buffer and stored in a refrigerator at 4 °C.




2.2. Experimental Equipment


Fluorescence detection was performed with a Shimadzu RF-6000 spectrofluorometer (Kyoto, Japan). In this experiment, SGI was used as a fluorescent dye, which can specifically bind to DNA duplexes to generate a fluorescence signal value. The excitation wavelength used in this assay was 495 nm, the emission wavelength was 520 nm, and the spectral scanning range was from 520 nm to 640 nm. The excitation light bandwidth was 5 nm, and the emission light bandwidth was 10 nm.




2.3. Synthesis of PLL-g-Dex


Cationic comb-type copolymers were prepared through following the method of previous work [28]. Poly-L-lysine (25 mg) and dextran (150 mg) were dissolved in dimethyl sulfoxide (25 mL), and sodium cyanoborohydride (30 mg) was added as a reducing agent to prepare a PLL-g-Dex solution through the reductive amination method. The reaction mixture was dialyzed and lyophilized to obtain a purified PLL-g-Dex sample, which was dissolved in ultrapure water for storage.




2.4. Preparation of the MNs-Apt/aDNA Complex


First, 2.5 µL of magnetic nanobeads were washed three times with 1 mL of TTL buffer (1 M LiCl, 100 mM Tris-HCl, 0.1% Tween-20) to remove surface impurities. Next, 50 µL of Apt (2 µM) and 50 µL of aDNA (3 µM) were heated at 95 °C for 5 min and then placed in a −20 °C refrigerator for 10 min to reduce dimer formation. Then, 50 µL of Apt was added to the washed magnetic nanobeads and continuously vortexed for 30 min. After magnetic separation, the supernatant was discarded, and 50 μL of aDNA was added to the magnetic beads and incubated at 37 °C for 1.5 h. aDNA was attached to the surface of magnetic nanobeads by hybridizing with Apt, and the magnetic nanobeads were washed twice with PBS buffer (1×) to remove excess aDNA. The prepared MNs-Apt/aDNA was evenly dispersed in 200 μL of PBS buffer and stored in a refrigerator at 4 °C for later use. All washing steps in the experiment were performed under an external magnetic field.




2.5. Fluorescence Detection of Adenosine


First, 20 µL of MNs-Apt/aDNA was added to 20 µL of adenosine solution and incubated at 37 °C for 60 min. Then, 5 µL of bDNA and 5 µL of PLL-g-Dex were added to 30 µL of supernatant after magnetic separation and then reacted at room temperature for five minutes. Finally, 10 µL of diluted SYBR Green I (5×) was added to the solution of the above reaction, and after shaking, the prepared solution was transferred to a cuvette containing 2 mL of PBS buffer for fluorescence measurement.




2.6. Statistical Analysis


The software GraphPad Prism 10 was used to perform statistical analysis. Each experiment was performed in triplicate, and the one-way ANOVA (and non-parametric) statistical test was used to evaluate the data. The data were expressed as the mean ± standard deviation of the mean (SDM). A p-value of < 0.05 indicated that the result was statistically significant.





3. Results and Discussion


3.1. The Detection Principle of Biosensors


Figure 1 shows the principle of highly sensitive enzyme-free detection of adenosine using PLL-g-Dex-facilitated strand hybridization. First, aptamers with biotin were immobilized on the surface of magnetic nanobeads by specifically binding with streptavidin. The aDNA containing the complementary segment of the aptamer sequence was added to form the MNs-Apt/aDNA complex. In the presence of adenosine, due to the high specificity and affinity of the aptamer, adenosine preferentially recognized the aptamer over the hybridization mode with the DNA part, thereby releasing aDNA. aDNA and bDNA are two well-designed probes whose sequences can be fully complementary. After magnetic separation, and after adding the auxiliary probe bDNA, aDNA and bDNA can hybridize to form double-stranded DNA. Due to the influence of the DNA base sequence and length, the length of the generated DNA duplex was limited. PLL-g-Dex can form electrostatic interactions with DNA, thereby reducing the electrostatic shielding effect. Therefore, the participation of PLL-g-Dex can further promote the cascade hybridization between aDNA and bDNA, produce longer DNA duplexes, and increase the number of DNA duplex fragments. Adding the specific dye SGI, which binds to DNA duplexes, produces a strong fluorescence signal. In the absence of adenosine, due to the lack of competition from adenosine, aDNA will not detach from the aptamer, and adding bDNA cannot form more duplexes, resulting in only a weak background signal.




3.2. Feasibility Analysis


Firstly, in order to verify that PLL-g-Dex can assist aDNA and bDNA to produce longer DNA duplex structures, we performed the following fluorescence tests (Figure 2A). The experiment was conducted at room temperature. When only aDNA or bDNA was present, there was a small amount of fluorescence signal due to some self-pairing of the DNA bases. When both aDNA and bDNA were present, they produced a certain fluorescence intensity due to the base complementarity principle. Under the same experimental circumstances, the fluorescence intensity rose after adding PLL-g-Dex, indicating that PLL-g-Dex could facilitate the hybridization of probes with complementary base sequences and enhance the fluorescence intensity.



To verify the feasibility of the sensor to detect adenosine, we conducted a series of experiments under different conditions. Figure 2B shows the fluorescence spectra obtained with different components. After adding adenosine to the complete system, adenosine and aDNA in the magnetic nanobead complex competed for the aptamer, and adenosine occupied the major part of the aptamer, releasing aDNA into the solution. After magnetic separation, the added bDNA and aDNA rapidly hybridized in a cascade manner with the assistance of PLL-g-Dex to form more DNA duplexes, which generated strong fluorescence signals in the presence of SGI (curve d). This was due to the positively charged comb-shaped cationic copolymer on the surface being able to form a composite system with negatively charged DNA, which reduced the electrostatic repulsion between DNA molecules, allowing free aDNA and bDNA to hybridize with maximum efficiency and produce longer DNA nanowires. When PLL-g-Dex was not introduced, the situation represented by curve c occurred, and the resulting fluorescence intensity was lower than that of the control group. When the system did not contain bDNA, there was no recognition probe complementary to aDNA, and only weak fluorescence intensity was observed (curve a). The background signal was smaller (curve b) without adenosine, as aDNA was not able to be released from the aptamer sequence. In summary, except in the complete system, the fluorescence intensity of other components was relatively low, and this strategy was feasible for detecting adenosine.




3.3. Optimization of the Experimental Conditions


To improve the efficiency and accuracy of the biosensor, this experiment optimized five key factors: the incubation times of the Ad and magnetic nanobead complexes, the concentration of PLL-g-Dex, the incubation times of aDNA and bDNA, the concentration of bDNA, and the temperature. Each experiment had only one variable, and three parallel experiments were performed to reduce the influence of random errors. F denotes the fluorescence signal intensity when the target substance is present, and F0 represents the fluorescence signal intensity when the target substance is not present.



Firstly, we optimized the incubation times of the adenosine and magnetic nanobead complexes. If the incubation time was too short, adenosine did not have enough time to bind to the aptamer, releasing aDNA in time, and only a fraction of aDNA participated in the subsequent reaction to generate a fluorescence signal; if the incubation time was too lengthy, some non-specifically adsorbed nucleic acids on the surface of the magnetic nanobead probe detached from the solution, increasing the background signal. As shown in Figure 3A, as the incubation time rose, the fluorescence intensity first increased continuously, and when the incubation time reached 60 min, the maximum value of the fluorescence signal was obtained. After that, the intensity of the fluorescence started to decline. Therefore, we selected 60 min as the optimal reaction time in this experiment.



The hybridization reaction’s fluorescence intensity is influenced by the PLL-g-Dex concentration. Within a certain range, increasing the concentration of PLL-g-Dex enhanced nucleic acid double-strand hybridization, but beyond a certain threshold, this effect either diminished or disappeared. This may be a result of the molecular amplification process being interfered with via the high concentration of PLL-g-Dex. The analysis results (Figure 3B) show that the fluorescence intensity first increases and then decreases with the PLL-g-Dex concentration. The optimal concentration of PLL-g-Dex was 0.6 μM, which gave the maximum value of F/F0.



The reaction times of aDNA and bDNA hybridization also needed to be optimized. As seen in Figure 3C, we tested the hybridization times of 5, 10, 15, 20, 25, and 30 min and contrasted them with and without the addition of PLL-g-Dex. The outcomes revealed that in the presence of PLL-g-Dex, the fluorescence intensity reached its highest value in 5 min and remained stable afterwards. In the control group without PLL-g-Dex, although the fluorescence intensity increased with time, it was always lower than in the experimental group with PLL-g-Dex. The presence of PLL-g-Dex reduces the electrostatic repulsion between nucleic acid molecules, accelerates the hybridization rate, and shortens the reaction time. Moreover, PLL-g-Dex can facilitate the rapid hybridization of more free aDNA and bDNA and amplify the hybridization signal.



The concentration of bDNA influences the sensor signal directly. Generally, increasing the bDNA concentration improves the hybridization efficiency between aDNA and bDNA and raises the fluorescence intensity, but it also increases the background signal intensity. The experimental results with different bDNA concentrations are presented in Figure 3D. The F/F0 value increased continuously from 5 nM to 20 nM of bDNA concentration and reached a maximum at 20 nM. The F/F0 value decreased when the bDNA concentration exceeded 20 nM. Hence, the optimal bDNA concentration was 20 nM.



Experimental temperature is another important factor that affects the results. Generally, an increase in temperature leads to a weaker binding ability between streptavidin and biotin. Moreover, temperature changes also influence the binding between adenosine and aptamers. Thus, we needed to select a suitable temperature to ensure the sensitivity and specificity of the reaction. Figure 3E shows the results of temperature optimization. F/F0 first increased and then decreased as the temperature rose. F/F0 reached its highest value at 37 °C. Therefore, we chose 37 °C as the optimal reaction temperature.




3.4. The Detection Performance of the Sensor


In this experiment, a comb-shaped cationic copolymer-assisted strand hybridization strategy was designed for the rapid and sensitive detection of adenosine. In order to evaluate the detection performance of the sensor for adenosine, different concentrations of adenosine were detected under optimal experimental conditions, and the results are shown in Figure 4A. When the concentrations of adenosine ranged from 0 to 500 nM, the fluorescence intensity rose as a function of adenosine concentration. This indicates that more adenosine was bound to the aptamer, releasing more aDNA to hybridize with bDNA and allowing SGI to insert into more double-stranded structures and generate a stronger fluorescence signal. Adenosine concentration and fluorescence intensity have a linear connection between them between 5 nM and 50 nM, as shown in Figure 4B. The regression equation was F = 388.4 + 3.4 C (C represents the adenosine concentration in nM) and the correlation coefficient was 0.9929. The detection limit of adenosine was 2.32 nM based on 3σ/S (σ is the standard deviation of the blank signal and S is the slope from the regression equation). This strategy had a lower detection limit than other sensors for detecting adenosine (Table 2). This sensor’s low detection limit could provide some references for the medical detection of adenosine.




3.5. The Specificity of the Sensor


Specificity is an important factor in evaluating sensor performance. In order to verify the reliability of the sensor, different nucleosides of the same nucleoside family were detected under the same optimized conditions. The detection objects included uridine, cytidine, guanosine, adenosine, and mixtures (comprising adenosine and analogues), and three sets of parallel experiments were carried out to reduce errors. Figure 5 shows the selectivity of this sensor. The concentration of adenosine used in this experiment was 50 nM, and the concentration of other nucleosides was 10 times higher than that of adenosine. The fluorescence intensities of uridine, cytidine, and guanosine were similar, but much lower than that of adenosine. This suggests that the aptamer had a lower affinity for other nucleosides than adenosine, and only a small fraction of them did not bind to the aptamer, leaving most of the aDNA immobilized on the magnetic beads via the aptamer. Only a very small amount of aDNA was free in solution, resulting in a low fluorescence intensity. The experimental groups containing adenosine and the mixture had similar fluorescence intensities, which were much higher than that of the other groups. This indicates that the sensor could specifically recognize the target adenosine without being affected by other nucleosides. Therefore, this strategy demonstrated good selectivity for detecting adenosine and could identify the target adenosine in the presence of the homonucleosides family.




3.6. Performance of the Sensor for Detecting Adenosine in Complex Environments


The detection of adenosine in complex biological samples, such as serum, is an important criterion for evaluating sensors. Serum, the liquid fraction of blood after coagulation, contains various components that may interfere with the sensor’s accuracy and sensitivity. To test the biosensor’s applicability for adenosine detection, we performed recovery studies by adding different concentrations of adenosine (20 nM, 30 nM, and 50 nM) to 1% diluted BSA samples. Table 3 shows the results. The recoveries of adenosine in serum samples ranged from 93.06% to 108.71%, with relative standard deviations (RSDs) ranging from 2.39% to 6.94%. These data indicate that the sensor has good anti-interference and detection performance in complex environments.





4. Conclusions


In this study, an enzyme-free, rapid, and sensitive biosensor for the detection of adenosine was constructed based on the excellent separation performance of magnetic nanobeads and comb-shaped cationic copolymer-assisted cascade amplification. This is also the first time we have used PLL-g-Dex to accelerate nucleic acid hybridization for adenosine detection. Firstly, we designed a magnetic bead probe (MNs-Apt/aDNA). The aptamer on the magnetic beads preferentially binds to adenosine specifically, and aDNA is displaced, forming a nucleic acid duplex with the participation of the auxiliary probe bDNA chain structure. The addition of the artificial nucleic acid partner comb-type cationic copolymer significantly promoted the cascade amplification between nucleic acids, forming ultra-long DNA nanowires. SYBR Green I was embedded as a fluorescence signal output into the double strand to produce strong fluorescence. In addition, the enrichment of nucleic acids through magnetic nanobeads sped up the reaction and obtained a lower background signal. The comb-type cationic copolymer assists chain amplification to amplify the signal and improve the detection performance of the sensor. The detection limit of adenosine was as low as 2.32 nM. This design method was applied in a complex serum environment, and the recovery results of adenosine were satisfactory. There were no enzymes involved in the entire experimental process, which prevented enzyme inactivation or instability from affecting the performance of the sensor. As an effective nucleic acid hybridization promoter, PLL-g-Dex can be used in combination with other signal amplification strategies, and there will be more innovations and breakthroughs in the future. In summary, based on the excellent performance of this strategy in detecting adenosine, it is expected to provide a new idea for the quantitative detection of adenosine in medicine.
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Figure 1. Schematic diagram of a biosensor for the detection of adenosine via PLL-g-Dex auxiliary strand hybridization. 
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Figure 2. (A) Fluorescence intensity of different samples spiked. (B) Fluorescence intensities containing different components. (a) MNs-Apt/aDNA + Ad + PLL-g-Dex; (b) MNs-Apt/aDNA + bDNA + PLL-g-Dex; (c) MNs-Apt/aDNA + Ad + bDNA; and (d) MNs-Apt/aDNA + Ad + bDNA + PLL-g-Dex (control group). 
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Figure 3. Optimization of experimental conditions. (A) Incubation times of the Ad and magnetic nanobead complex; (B) concentration of PLL-g-Dex; (C) incubation times of aDNA and bDNA; (D) concentration of bDNA; and (E) temperature. 
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Figure 4. (A) Fluorescence spectra of different adenosine concentrations (a–j: 0 nM, 5 nM, 10 nM, 15 nM, 25 nM, 50 nM, 75 nM, 100 nM, 250 nM, and 500 nM). (B) Graph of the relationship between different adenosine concentrations and fluorescence signal intensity (the inset is a linear calibration curve of adenosine and fluorescence intensity in the range of 0–50 nM). Error bars represent the standard deviation obtained from triplicate experiments. 
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Figure 5. Selectivity of the sensor for uridine, cytidine, guanosine, mixture, and adenosine. The data were expressed as mean ± SDM (n = 3). A one-way ANOVA was used to evaluate the data (**** p  < 0.001). 
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Table 1. DNA sequences used in experiments.
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	Name
	Sequence (from 5′ to 3′)





	Aptamer (Apt)
	Biotin-TTTTTTTTTACCTGGGGGAGTATTGCGGAGGAAGGT



	aDNA
	ACCTTCCTCCG CAATGCATAGAGTACG



	bDNA
	CGGAGGAAGG TCGTACTCTATGCATTG










 





Table 2. Comparison with other sensors for detecting adenosine.
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	Detection Technique
	Linear Range
	LOD
	Reference





	Electrochemistry
	25–750 nM
	8.3 nM
	[31]



	Electrochemistry
	0.37–37.4 μM
	0.21 μM
	[13]



	Colorimetry
	50 nM–6 μM
	17 nM
	[32]



	Fluorescence
	10–500 nM
	4.2 nM
	[18]



	Fluorescence
	5–50 nM
	2.32 nM
	This work



	Chemiluminescence
	0.4–150 nM
	0.104 nM
	[33]



	Chemiluminescence
	0.5–5000 nM
	0.21 nM
	[34]



	Electrochemistry
	0.1 nM–100 μM
	90.8 pM
	[35]



	Fluorescence
	0–320 nM
	2.4 nM
	[36]



	Colorimetry
	5.0–60.0 μM
	0.17 μM
	[37]










 





Table 3. Detection results of adenosine in serum samples.
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	Added (nM)
	Found (nM)
	Recovery (%)
	RSD (%, n = 3)





	20
	20.47
	108.71
	6.94



	30
	29.01
	93.06
	3.70



	50
	49.29
	98.97
	2.39
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