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Abstract

:

Sensitive detection of nucleic acids and identification of single nucleotide polymorphism (SNP) is crucial in diagnosis of genetic diseases. Many strategies have been developed for detection and analysis of DNA, including fluorescence, electrical, optical, and mechanical methods. Recent advances in fluorescence resonance energy transfer (FRET)-based sensing have provided a new avenue for sensitive and quantitative detection of various types of biomolecules in simple, rapid, and recyclable platforms. Here, we report single-step FRET-based DNA sensors designed to work via a toehold-mediated strand displacement (TMSD) process, leading to a distinct change in the FRET efficiency upon target binding. Using single-molecule FRET (smFRET), we show that these sensors can be regenerated in situ, and they allow detection of femtomoles DNA without the need for target amplification while still using a dramatically small sample size (fewer than three orders of magnitude compared to the typical sample size of bulk fluorescence). In addition, these single-molecule sensors exhibit a dynamic range of approximately two orders of magnitude. Using one of the sensors, we demonstrate that the single-base mismatch sequence can be discriminated from a fully matched DNA target, showing a high specificity of the method. These sensors with simple and recyclable design, sensitive detection of DNA, and the ability to discriminate single-base mismatch sequences may find applications in quantitative analysis of nucleic acid biomarkers.
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1. Introduction


Over the years, a myriad of sensors have been developed for the specific detection of nucleic acids spanning a wide array of fields such as fundamental research, clinical diagnosis, and biotechnology [1,2,3]. With the advent of DNA nanotechnology, fluorescence resonance energy transfer (FRET)-based sensors have especially surged in popularity for their ability to detect a variety of targets including nucleic acids, proteins, and small molecules. Due to their simple and highly predictable design, ability to be regenerated through the toehold-mediated strand displacement (TMSD) process [4,5,6], and specificity towards pre-defined targets, DNA-based sensors have found applications in fluorescent hybridization assays [2,7,8], aptamer-based assays [7,9,10], electrochemical assays [3,11], surface enhanced Raman spectroscopy [12,13], and surface plasmon resonance analysis of biomolecules [14,15], just to name a few. Among these, bulk fluorescence methods are popular owing to their flexibility in sensor design, easy operation, and high sensitivity. However, they often suffer from high background, require large amounts of sample (typically nanomolar), and are difficult to multiplex [16,17].



In order to achieve better detection limits, bulk FRET strategies are often coupled with signal amplification steps such as exonuclease-III (ExoIII)-assisted amplification, rolling circle amplification (RCA), or hybridization chain reaction (HCR), all of which introduce a significant complexity to the assays [8,9,18]. For example, an enzymatic amplification requires a multi-step process and use of enzyme, which is costly and sensitive to reaction conditions such as temperature, pH, and enzyme inhibitors [8,18]. Other emerging examples demonstrating a sensitive detection of DNA down to low picomolar and high attomolar concentrations in an amplification-free format involve complex systems such as quantum dots, nanoparticles, cationic polymers, or microarrays [19,20,21,22,23,24,25,26,27,28,29]. In this regard, single-molecule FRET (smFRET) with the ability to measure many single molecules simultaneously offers several advantages over these complex systems and the bulk fluorescence assays [30]. For example, smFRET allows sensitive detection of DNA without the need for amplification and requires a dramatically small sample size compared to that of bulk fluorescence. Typically, the amount of DNA sensors required in smFRET is ~1000-fold less than in bulk approach (~200 µL of ~20 pM probes in single molecule vs. ~200 µL of ~30–60 nM probes in bulk). In addition, since smFRET experiments are performed in a flow cell with inlet and outlet channels, the surface-immobilized sensors can be readily regenerated in a few minutes by an in-situ TMSD process and buffer exchange [31].



Here, we report sensors that comprise two partially complementary DNA strands, each labeled with either a donor or an acceptor fluorophore. A probe sequence is partially hybridized to one of the strands and thus blocks the fluorophore-labeled strands from hybridizing to one another, giving a low FRET efficiency (low EFRET). In the presence of the target, the probe is unzipped via the TMSD process, allowing the labeled strands to hybridize and resulting in a high FRET efficiency (high EFRET). Using this strategy, we show that these sensors allow single-step, enzyme-free detection of femtomoles DNA without the need for target labeling and amplification. Such a low detection limit is difficult to achieve in bulk fluorescence methods without coupling them with a target amplification or a signal amplification step. In addition, our sensors demonstrate a detection limit either superior [32,33] or comparable [34,35,36] to molecular-beacon (MB) sensors.



In addition to sensitive and quantitative detection, another highly desirable feature of nucleic acid sensors is the ability to distinguish a point mutation called single nucleotide polymorphisms (SNPs), as more and more nucleic acid sequences have been found as biomarkers [37,38,39,40,41,42]. The single nucleotide substitutions of a genome are the most abundant genetic polymorphisms and are regarded as genetic markers for identifying inherited diseases and also for the development of drug candidates [8,43,44]. In this regard, a variety of methods spanning from single molecule to bulk analysis have been developed to distinguish SNPs [31,45,46], for example, enzyme assisted allele-specific biochemical reactions, electrochemical techniques, selective ligation with a fluorescent-modified DNA, synthetic nanopores containing molecular probes, etc. [47,48,49,50,51,52]. However, many of these methods require complicated sensor design, expensive enzymes, and/or labeling of the target in order to achieve a sensitive and specific detection. We show that, by tuning the length and the sequence of the toehold region of the probe strand, these sensors allow discrimination against non-target sequences with single point mutation. Although several examples have been reported in the literature for detection of DNA and discrimination of SNPs [52]. To the best of our knowledge, this study is the first-time demonstration of an smFRET-based approach that allows sensitive detection of DNA on a recyclable format with <10 femtomole detection limit and has the ability to discriminate SNPs. Overall, the single-molecule recyclable sensors developed here bear great potential for quantitative detection of nucleic acids and may find applications in biomarker and SNP analysis.




2. Materials and Methods


2.1. Materials


Magnesium chloride hexahydrate, tris(hydroxymethyl)-aminomethane (Tris), 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), protocatechuate 3,4-dioxygenase (PCD), acetic acid, and ethylenediaminetetraacetic acid disodium salt (EDTA) were purchased from Fisher Scientific. Biotinylated bovine serum albumin (bBSA) was purchased from Thermo Scientific. Protocatechuic acid (PCA) and streptavidin were purchased from VWR International, LLC. All DNA oligonucleotides were purchased from Integrated DNA Technologies (IDT), and primary stocks were prepared at 100 μM in filtered sterile water and stored at −20 °C.




2.2. Preparation of Sensors


Sensors were assembled from their constituent single stranded DNA (ssDNA) oligos (Table S1) at 1 µM concentrations via thermal annealing in 1× TAE-Mg Buffer (40 mM Tris, 20 mM acetic acid, 1 mM EDTA, 10 mM Mg2+, pH 7.4). The thermal annealing was carried out in a thermal cycler by heating the solution at 95 °C for 5 min and then slowly ramping the temperature down to 4 °C (Table S2), as described in our previous publications [31,53].




2.3. Bulk FRET Experiments


In order to determine if the sensors could be regenerated, bulk fluorescence measurements were conducted using a DeNovix FX-11 fluorimeter. A 525 nm light was used to excite Cy3, and the fluorescence emission intensities were collected at 565–650 nm and 665–740 nm ranges for green and red emissions, respectively. A 30 nM sensor construct in 1× TAE buffer and 10 mM MgCl2 was prepared, maintaining a total volume of 200 µL. Subsequently, 60 nM target DNA was added, and fluorescence emissions were recorded. The amount of target/probe was doubled in subsequent additions. The resulting fluorescence emissions, acceptor (Cy5) intensity (IA) and donor (Cy3) intensity (ID), were converted to EFRET values using the following well-established equation: EFRET = IA/(ID + IA) [54,55]. All of the experiments were performed at room temperature (23 °C).




2.4. Surface-Functionalization of Flow Cell


The design and the construction of the flow cell are described elsewhere [53]. In single molecule experiments, before injection of the sample, the flow cell was functionalized via sequential incubation with 1 mg/mL biotinylated BSA (bBSA) for 5 min followed by incubation with 0.2 mg/mL streptavidin for 2 min. Afterwards, the flow cell was flushed with 300 µL of 1× TAE-Mg buffer to get rid of unbound molecules before collecting the FRET movies.




2.5. pTIRF Sample Preparation, Imaging, and Data Analysis


After mounting the functionalized flow cell on the stage of the prism-based total internal reflection fluorescence (pTIRF) microscope [56], a 200 µL solution of 20 pM biotinylated sensor construct prepared in an imaging buffer consisting of 10 mM MgCl2 in 1× TAE and an oxygen scavenging system (4 mM Trolox, 10 mM PCA, 100 nM PCD) was injected. Through Mg2+ titration experiments, we determined that these sensors performed optimally at 10 mM Mg2+ (Figure S1). Therefore, all of the single molecule FRET experiments were performed at 10 mM MgCl2. The flow cell was flushed with imaging buffer after 30 s of incubation in order to remove unbound sensor molecules. Data acquisition was performed at room temperature (23 °C) using Single.exe software, and post analysis was performed using IDL and MATLAB scripts, as described in our previous publications [31,53]. Using a 532 nm laser (power = ~32 mW), the Cy3 fluorophore was continuously excited throughout the movie (~200 s). Fluorescence emissions from Cy3 and Cy5 fluorophores were simultaneously recorded through green and red channels respectively (512 × 256 pixels) using an iXon Ultra EMCCD camera at a 100 ms time resolution. To confirm the presence of an active FRET pair in the sensor molecules, the red laser (λ = 639 nm, power = ~22 mW) was turned on after around 100 s of starting the movie. Those molecules showing evidence of both Cy3 and Cy5 with single-step photo-bleaching of the fluorophores were selected for further analysis. Finally, FRET histograms were plotted in Origin by binning the FRET data for the first 60 frames (all raw FRET data were combined from several molecules before binning) and fitted with one or a multi-peak Gaussian function. Although the movies were recorded for a long time window (~200 s), to include most of the molecules, we used the first 60 frames for binning the FRET data for histograms, as some molecules photobleach faster than others (Figure S2). The selected molecules were randomly assigned into three groups, and the three histograms obtained were used to estimate the mean FRET state, the FRET fractions (when relevant), and the standard deviations (SD). The number of replicates is identified in the figure legends, and the standard deviations are incorporated in the plots where applicable.





3. Results and Discussion


3.1. Sensor Design and Optimization


The sensor design and the experimental setup for this study are illustrated in Figure 1. All sensors were prepared by thermal annealing of three or four (depending on the design) single-stranded DNA (ssDNA) oligonucleotides (Table S1) in 1× TAE-Mg buffer (40 mM Tris, 20 mM acetic acid, 1 mM EDTA, 10 mM Mg2+, pH 7.4) using a temperature ramp from 95 to 4 °C, as described previously [31,53,56,57]. One of the constituent oligonucleotides was end-labeled with a biotin to enable surface-immobilization via biotin-streptavidin linkage (see Materials and Methods for detail.)



Additionally, a donor (Cy3) and an acceptor (Cy5) fluorophore were incorporated onto the oligonucleotides to enable detection by change in the FRET efficiency (EFRET). The sensors were assembled in their open conformation in the presence of a probe oligonucleotide that was partially complementary to the Cy3-labeled strand (Figure 1a), which allowed the sensor molecules to stay in their open conformation, resulting in a low FRET efficiency. However, in the presence of a target, the probe was displaced from the sensor via TMSD, allowing the hybridization of the fluorophore-labeled strands and resulting in a high EFRET (Figure 1b). In this work, we started with sensor-I, and the rest of the sensors were evolved during the course of optimization to improve their ability to be regenerated (Figure 1b). For this, we tuned the length of the complementary region of the fluorophore-labeled strands just above the central bulge (Figure 1a). While the toehold length of the probe was designed to be 15-nt for all of the sensors, the complementary region that bound to the fluorophore-labeled strand varied from design to design, as illustrated in Figure 1a. The bulk EFRET analysis of sensor-I showed that the sensor assumed a closed conformation which was not able to open (Figure 2), suggesting that the 20 bp stem was too long to be invaded by the probe. The reduction of the stem length to 9 bp (sensor-II) improved sensor regeneration; however, the EFRET change before and after the addition of the target was not significant. Further shortening of the stem length to 6 bp made the sensors fully recyclable (sensor-III and IV) for multiple rounds (Figure 2). All of these cycling data were collected at the optimal concentration of Mg2+ (10 mM), which we determined by bulk EFRET analysis of sensors at various concentrations of Mg2+ (Figure S1).




3.2. Single Molecule Analysis of DNA Sensors


To make our sensors suitable for single molecule analysis using a prism-based TIRF (pTIRF) microscope, a biotin was incorporated to the 5’-end of the Cy3-labeled strand (Figure 3a). The flow cells were prepared and modified with biotin-BSA and streptavidin before immobilization of the sensors, as described in the Materials and Methods [31,53,56]. Briefly, to immobilize sensors on the microscope slide, 20 pM sensor was added, and unbound species were washed with imaging buffer containing oxygen scavenging system (OSS) to limit fluorophore blinking and photobleaching upon laser illumination [58,59]. The microscope slide was illuminated with a 532 nm laser to create an evanescent field to excite the Cy3 fluorophores, as described previously (Figure 3b) [53,56]. The fluorescence intensity–time traces of both the Cy3 and the Cy5 fluorophores were recorded at 10 frames per second (≈ 100 ms camera integration time) while the field of view was illuminated by the green laser (Figure 3c). The presence of the fully assembled sensor molecules was confirmed either by anti-correlation of Cy3/Cy5 intensities (indicated by asterisk in Figure 3c) or by increase in the Cy5 intensity when the red laser (639 nm) was turned on to allow direct excitation of the Cy5 fluorophore towards the end of data acquisition. Only the sensor molecules that showed clear evidence of both Cy3 and Cy5 fluorophores were selected for subsequent FRET analysis. IDL and MATLAB programs were employed to process the FRET movies (see Materials and Methods), and the FRET efficiencies were calculated using the equation, IA/(ID + IA), where IA and ID represent the background-corrected fluorescence intensities of the donor and the acceptor fluorophores, respectively [54,55].



The smFRET analyses showed an intensity switch between Cy3 and Cy5 emissions when the target was added (Figure 3c, higher Cy5 intensity in the presence of the target and hence higher FRET efficiency). This assignment was clear when we binned the smFRET data to construct histograms after combining the raw FRET data of several single molecules (Figure 3d). The ability of sensors III and IV to regenerate was confirmed by switching between low- and high-EFRET upon alternate addition of probe (P) and target (T) for multiple rounds (Figure 3d). This ability of the sensor was also demonstrated by using a probe that bound to the Cy5-labeled strand instead of Cy3-labeled strand (Figure S3).




3.3. Analytical Sensitivity of DNA Sensors


To determine the analytical sensitivity of the sensors, we acquired smFRET histograms (Figure 4) for both sensor-III (Figure 4a) and sensor-IV (Figure 4c) in the absence (control) and in the presence of different concentrations of the target. When we compared the area under the curve (AUC) for the high-EFRET population to that of the low-EFRET population, we observed a correlation between the high-EFRET fraction and the concentration of the target. The plots showed a linear increase of the high-EFRET fraction up to approximately 1.0 nM and 10 nM target for sensor-III and sensor-IV, respectively, after which the curves were plateaued at higher concentrations (Figure 4b,d). The calculated limit of detections (LOD, insets), defined as 3 × SDblank/slope, were 36 and 55 pM, respectively, for sensors III and IV. Given the flow cell volume of ~150 µL, the detection limits of 36 and 55 pM translated to 5.4 and 8.3 femtomoles, respectively. These results show that both of these sensors are suitable for a sensitive detection of DNA in an amplification-free format without any added complexity. These detection limits are either superior or comparable to the molecular beacon approach for nucleic acids detection without pre-amplification of targets [32,33,34,35,36].



Interestingly, compared to sensor-III, we observed a much shallower response of sensor-IV to the target concentration (compare the binding curves in Figure 4b,d). We attributed this observation to difference in sensor designs. The two sensors are different in terms of the ssDNA length in the bulge region (Figure 1a). Sensor-III has a 13bp duplex portion on the Cy3-labeled strand, leading to a relatively higher EFRET in its open state. However, compared to sensor-III, sensor-IV assumed a slightly higher EFRET in its closed state, which was due to the close proximity of the fluorophores (Figure 1a) when the two strands hybridized. Further, from the calibration curves, we noticed that sensor-III was more sensitive to change in the concentration of the target, whereas sensor-IV exhibited a higher dynamic range (36 pM–1 nM for sensor-III vs. 55 pM–10 nM for sensor-IV). While these sensors exhibited dynamic ranges of one to two orders of magnitude, the significant difference (10-fold) in the dynamic range is particularly interesting for the rational design of sensors with desired dynamic ranges and the implementation of them according to specific needs.




3.4. Specificity of DNA Sensors


To evaluate the specificity of our sensors, we used sensor-III and examined whether the sensor was specific enough to discriminate targets that differed by a single nucleotide mismatch (Figure 5).



In this regard, we took advantage of the literature that optimized the toehold length and mismatch locations in TMSD processes to achieve high specificity of a fully matched target against single nucleotide mismatches [60,61]. These studies demonstrated that six-base toeholds with inner-end mutations were highly effective in discriminating single nucleotide mismatches. When we tested our sensors with a probe containing six-base toehold (Figure 5a), the fully matched target was easily detected, whereas the same analysis with a single-nucleotide mismatch at the inner-end position was not detected (Figure 5b,c), even at a five-fold excess, demonstrating a high specificity towards the complementary targets. These results demonstrated that the sensors developed here bear promising real life applications.





4. Conclusions


It has been well established that the detection and the quantification of specific nucleic acid sequences are important in clinical diagnostics, as many nucleic acid sequences have been found to be biomarkers for specific diseases. Despite a myriad of methods available for nucleic acid analysis, a vast majority of them require complicated designing of the platforms, expensive enzymes, or labeling of the target DNA in order to achieve a sensitive and specific detection. We developed FRET-based sensors, which allow sensitive detection of a fully matched target down to femtomoles DNA. These sensors with a multitude of features, such as straightforward design, sensitive detection of DNA, large dynamic range, and ability to cycle and discriminate single-base mismatch sequences, may find applications in quantitative analysis of nucleic acid biomarkers.
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Figure 1. Sensor design and optimization. (a) Sensors with donor (Cy3) and acceptor (Cy5) fluorophores. The stem (defined as the number of base pairs formed between the Cy3- and the Cy5-labeled strands between the bulge (central loop) and the Cy5-labeled position) comprised 20, 9, 6, and 6 bp for sensors I, II, III, and IV, respectively. (b) Regeneration of sensors to an open (low EFRET) and a closed state (high EFRET) by addition of the probe and the target strand, respectively. 
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Figure 2. Analysis of the sensors’ ability to be regenerated. All four sensors (sensor-I to sensor-IV) at 30 nM concentration in 1 × TAE-Mg buffer were tested for bulk fluorescence resonance energy transfer (FRET) efficiency change upon addition of 60 nM target and 20 min incubation. For probe regeneration, two-fold excess of either the target or the probe strands were added in each subsequent steps. While sensor-I and sensor-II showed no to poor regeneration, sensors III and IV were fully regenerated (n = 3, errors bars are too small to be visible). All of the experiments were performed at room temperature (23 °C). 
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Figure 3. Single molecule analysis of DNA sensors. (a) Experimental setup for the prism-based total internal reflection fluorescence (pTIRF) microscopy analysis of sensors. The quartz slide was coated with biotin bovine serum albumin (bBSA) and then streptavidin. The sensor molecules were immobilized on the slide via biotin–streptavidin interaction. (b) Fluorescence images of surface-immobilized sensor-III before (top) and after addition of target DNA (middle). The image of the same microscope slide after addition of probe (bottom). (c) Typical single molecule traces of sensor-III. Left: open conformation (low-EFRET state); right: closed conformation (high-EFRET state). Top panels display fluorescence intensities of the donor (Cy3: green) and the accepter (Cy5: red) fluorophore and the bottom panel depicts FRET efficiencies calculated from the corresponding intensity–time traces. The asterisks indicate the photobleaching events of Cy5 fluorophores. (d) single-molecule FRET (smFRET) histograms of sensors III and IV each switching between the low- and the high-EFRET conformations after alternate addition of an excess (1 μM) probe (P) and target (T). Each EFRET histogram was prepared from 95–110 molecules. 
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Figure 4. Analytical sensitivity of DNA sensors. (a) smFRET histograms of sensor-III for different concentrations of the target (0, 0.1, 0.2, 0.5, 1, 5, and 25 nM). The 0 nM data represent control experiment in the absence of the target. (b) Calibration curve of sensor-III depicting fraction of high-EFRET population against target concentration. High-EFRET population was determined from the two-peak Gaussian fitting of the histograms in Figure 3a. Inset displays the linear region of the full titration curve. R2 value obtained from linear fitting was 0.95, and the limit of detection (LOD) was 36 pM, as determined using the equation, LOD = (3 × SDblank)/slope, where SDblank represents the standard deviation of high-EFRET fraction in the absence of the target. (c) smFRET histograms of sensor-IV for different concentrations of the target. (d) Calibration curve of sensor-IV. Inset depicts the linear fitting region. R2 value from linear fit was 0.97, and the detection limit was calculated to be 55 pM. Error bars in (b) and (d) represent the standard deviations (SD), n = 3. Each EFRET histogram was prepared from 90–110 molecules. 
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Figure 5. Discrimination of single nucleotide mismatch from fully matched target. (a) The sequences of probe (P), target (T), mutant (M), and random (R) used for specificity analysis using sensor-III. Target refers to perfect complementary sequence. Mutant refers to a single nucleotide mutated target, whereas random refers to a target with fully randomized toehold region. The toehold regions are underlined, and the point mutation is identified with a box. (b) The smFRET histogram without the target (top panel) followed by the smFRET histograms after incubation with random, mutant, and fully matched target sequences. Almost none high-EFRET population for random and single-base mismatch target demonstrated that these sequences were not able to displace the probe. The EFRET histograms were prepared from ~200 molecules. (c) Comparison of high-EFRET fraction under different conditions. Histogram depicts that high-EFRET fractions for both the mutant and the target were similar to the background signal (2.3 ± 0.4%). However, in the presence of the target, the high-EFRET fraction increased significantly (87%). Error bars represent the standard deviations (SD), n = 3. 
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