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Abstract

:

As graphene oxide-based oligonucleotide biosensors improve, there is a growing need to explore their ability to retain high sensitivity for low target concentrations in the context of biological fluids. Therefore, we innovatively combined assay milieu factors that could influence the key performance parameters of DNA hybridization and graphene oxide (GO) colloid dispersion, verifying their suitability to enhance oligonucleotide–GO interactions and biosensor performance. As a model system, we tested single-strand (ss) DNA detection in a complex solution containing bovine serum albumin (BSA) and salts with surfactants. A fluorescein conjugated 30-mer oligonucleotide ssDNA probe was combined with its complementary cDNA target, together with solute dispersed GO and either non-ionic (Triton X-100 and Tween-20) or anionic sodium dodecyl sulfate (SDS) surfactants. In this context, we compared the effect of divalent Mg2+ or monovalent Na+ salts on GO binding for the quench-based detection of specific target–probe DNA hybridization. GO biosensor strategies for quench-based DNA detection include a “turn on” enhancement of fluorescence upon target–probe interaction versus a “turn off” decreased fluorescence for the GO-bound probe. We found that the sensitive and specific detection of low concentrations of oligonucleotide target was best achieved using a strategy that involved target–probe DNA hybridization in the solution with a subsequent modified “turn-off” GO capture and the quenching of the unhybridized probe. Using carefully formulated assay procedures that prevented GO aggregation, the preferential binding and quenching of the unhybridized probe were both achieved using 0.1% BSA, 0.065% SDS and 6 mM NaCl. This resulted in the sensitive measurement of the specific target–probe complexes remaining in the solution. The fluorescein-conjugated single stranded probe (FAM–ssDNA) exhibited linearity to cDNA hybridization with concentrations in the range of 1–8 nM, with a limit of detection equivalent to 0.1 pmoles of target in 100 µL of assay mix. We highlight a general approach that may be adopted for oligonucleotide target detection within complex solutions.
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1. Introduction


Graphene is a two-dimensional (2D) material with a single layer of carbon atoms arranged in a hexagonal lattice [1], with important electrical, optical, mechanical, chemical properties. Most of the applications of graphene and its derivatives focus on device fabrication, energy storage, flexible electronics, solar cells, metamaterials, optoelectronic devices [2,3,4,5] and biosensors [6,7,8,9]. Graphene and functionalized graphene oxide or reduced graphene oxide (GO, rGO) are used in electrochemical, electronic and optical biosensors for DNA detection [7,8,10]. 2D graphene-based materials of high surface area exhibit broad-spectrum fluorescent quenching capacity [11]. Recent optical detection platforms include the use of fluorescently labeled oligonucleotide probes that can serve as Förster resonance energy transfer (FRET) donors and graphene nanomaterials as quenchers [12,13]. For DNA biosensors, it is generally considered that ssDNA can stably adsorb onto GO due to pi–pi (π–π) stacking interactions [14,15,16] and possibly due to hydrogen bonding [17] between the nitrogenous bases and the oxidized sheets of GO. In contrast, double-stranded DNA (dsDNA) [18] has a lower affinity and is less capable of forming GO-stacking interactions, since dsDNA internalized aromatic base ring structures are involved in base-stacking interactions, and they remain hidden by negatively charged DNA backbone phosphate groups. Substrate binding selectivity is critical to many aptamer-binding applications. The use of surfactants offers a complementary approach to modulate the aptamer binding selectivity to GO, while at the same time providing a non-covalent modifier that can improve graphene oxide solute dispersion. It was reported that a nonionic surfactant, such as Triton X-100, can block the formation of dsDNA/GO complexes [19]. Regarding an oligonucleotide aptamer-based sensor for a drug, Tween-20, another non-ionic surfactant was used to prevent the nonspecific binding of cocaine to GO decorated with (poly-C) DNA [20]. Another application that was advantageous for biosensor development was the observation that colloidal graphene sheets were stable for over a year in aqueous sodium dodecyl sulfate (SDS) >40 μM [21]. An additional material advantage over other methods relates to the tunable physiochemical properties of graphene derivatives, introducing scope for implementation in plasmonic devices [22] that are well suited for integrated optics technologies and future single-chip robust sensors of low energy consumption for point-of-care devices [23]. In studies using atomic force microscopy (AFM) to investigate the DNA association in the dsDNA–GO complex, dsDNA could aggregate on the GO surface in the presence of salts. Moreover, GO tended to stack into a multi-layer structure in the presence of dsDNA, indicating that dsDNA could simultaneously interact with the two sides of the GO sheets [24]. These observations highlighted how subtle alterations in conditions might strongly influence biosensor performance.



As depicted in Figure 1, most authors describe target “turn on” methods (detection-1), where GO-dependent probe FRET quenching is diminished by target-induced probe desorption [14,25,26]. Others have proposed a modified “turn off” strategy whereby target–probe complexes remaining in the solution emit fluorescence, but excess unbound probes are quenched (detection-2) [14,27,28]. Additional factors affecting DNA–GO interactions and fluorescence quenching that can influence assay performance include (i) oligonucleotide probe length [29], (ii) relative target concentration and GO quality [30], (iii) non-specific interactions [31], (iv) GO colloid dispersion [21] (v) GO surface heterogeneity [32], (vi) available surface area [33], (vii) dynamic fluorescent quenching effects [34] and (viii) the ionic strength of the sensing milieu [35].



These concerns become critical when detecting low levels of the target in physiological media where salts, ions and biomolecules may adversely affect the GO-suspended flakes. While GO is known to be highly stable in water, when transferred to cell culture media or buffer it ordinarily undergoes aggregation [36,37,38,39,40]. All forms of graphene may be altered by interacting with the physiological media components found in cell culture media or biological fluids that change the size, shape or surface chemistry of the 2D sheet [32,41]. For example, aromatic amino acids such as tyrosine, phenylalanine and tryptophan, capable of π–π interactions [42], can promote the formation of a protein corona on the GO surface [43], causing the irreversible aggregation of suspended GO flakes.



The phenomenon of fluorescence quenching by a photoinduced electron transfer (PET) between a fluorescent dye and a nucleotide base, upon the homogeneous hybridization of the oligonucleotide probe with its complementary target sequence, must not be overlooked [44,45] (Figure 2). This sequence-specific reversible quenching depends upon the proximity of the fluorescent (FAM) moiety and guanine, with the quenchable dye acting as an electron acceptor in the excited state and the guanine base acting as an electron donor [46]. This PET can serve as a useful means of monitoring the formation of the hybridized target–probe duplex DNA.



We compared the non-ionic surfactants Triton-X-100 and Tween-20 and their ability to modulate FAM-labeled oligonucleotide binding to GO in the presence of divalent (Mg2+) or monovalent (Na+) ions, measured by changes in fluorescent signals. Our objective was to see whether we could quantitatively detect low levels of unlabeled target molecules in a mixture of protein, surfactants and salts, resembling complex physiological solutions. We describe the establishment of a label-free homogeneous GO-based assay in a complex physiological-like solute. This allowed us to detect and quantify target cDNA in the concentration range of 1–8 nM, equivalent to 0.1–0.8 picomoles of 30-mer ssDNA targets in our 100 µL assay volume.




2. Materials and Methods


2.1. Reagents


Graphene oxide (GO) 2 mg/mL, dispersion in H2O, cat. No. 763,705 Sigma, magnesium chloride 98.0% (MgCl2), sodium chloride (NaCl), sodium dodecyl sulfate (SDS), Triton X-100, Tween-20, bovine serum albumin (BSA), were purchased from Sigma-Aldrich (St. Louis, MO, USA). Regarding a study of nucleic acid-GO interactions [47], the T7 RNA polymerase promoter sequence DNA aptamer probe sequence was supplied, 3′ labeled with 6-fluorescein amidite (6-FAM), according to the sequence 5′-TTT CAA CAT CAG TCT GAT AAG CTA TCT CCC-3′/6-FAM (referred to as FAM–DNA). The corresponding single-stranded DNA target molecule with the complementary sequence 5′-GGG AGA TAG CTT ATC AGA CTG ATG TTG AAA-3′ (cDNA) was purchased from Integrated DNA Technologies, Inc. (Coralville, IA, USA).




2.2. Graphene Oxide Nanomaterial Sample


The graphene oxide had a 42–52% carbon content (dry basis) and 44–45% oxygen content for the monolayer sheets with a mean diameter of <22 µm, 90% <50 µm by laser diffraction (manufacturer’s specifications, Sigma-Aldrich). The commercial GO, provided as a 2 mg/mL dispersion in water, was homogeneously gently re-dispersed by water bath sonication (300 W, 40 kHz) under ambient conditions for 10 min before use and then adjusted to 10 mM with Tris-HCl pH 8.0 buffer during the assay [48]. The critical micelle concentration (CMC) at 20–25 °C in water for the surfactants used were as follows: Triton X-100 (CMC) = 0.2–0.9 mM or 0.0125–0.0562%, Tween-20 (CMC) = 0.06 mM or 0.0074%, SDS (CMC) = 7–10 mM or 0.202–0.289% (according to manufacturer’s specifications, Sigma-Aldrich). For each surfactant, the concentrations were chosen to be above CMC; this optimized GO dispersion and established the effective blocking of non-specific binding sites.




2.3. Spectrofluorimeter Measurements


The carboxyfluorescein (FAM)-labeled single-stranded probe (5′-TTT CAA CAT CAG TCT GAT AAG CTA TCT CCC-3′/6-FAM) was hybridized with the complementary target oligo DNA (c-DNA): 5′-GGG AGA TAG CTT ATC AGA CTG ATG TTG AAA-3′) in 10 mM Tris-HCl pH 8.0 buffer at 23 °C, before or after the addition of 10 μg/mL or 5 μg/mL of GO. After incubation at room temperature for 1 h, the fluorescence emission intensity was recorded at 535 nm, with five reads per well, using a TECAN Spark Fluorescence microplate reader (Tecan Trading AG., Männedorf, Switzerland). The adsorption kinetics was monitored by the same microplate reader at 23 °C. Stock solutions were freshly prepared before the experiment. It was crucial to first add SDS surfactant to GO before BSA, in order to avoid aggregation and maintain GO dispersion. Oligo DNA stock solutions were made containing 0.1 mg/mL BSA. GO stock solution contained 0.1% SDS and 0.1 mg/mL BSA. A total of 100 μL of final volume was used for all the samples distributed into black Costar 96-well flat-bottomed plates, cat. # 3915. For cDNA detection, several concentrations of FAM–ssDNA were used: 1, 2, 4 and 8 nM with the same concentrations of c-DNA, in 6 and 60 mM NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA), 10 mM Tris-HCl buffer, pH 8.0, FAM–DNA: cDNA = 1:1. A total of 10 μg/mL of GO was added to the ssDNA or ssDNA + cDNA samples and the fluorescence signal was monitored.




2.4. Statistical Analysis


Raw data were presented using the mean and standard deviation. To determine the statistical significance, an independent t-test analysis (two populations) was performed in Origin v. 6.0.3.1.





3. Results


In order to detect the target cDNA in complex media, GO had to be maintained as a dispersed colloid and non-specific binding to GO had to be minimized. We compared two non-ionic detergents, Triton X-100, Tween-20 in the presence of MgCl2 and one ionic detergent, sodium dodecyl sulfate (SDS), in the presence of bovine serum albumin and NaCl.



3.1. PET Quenching of FAM–DNA Due to Hybridisation with cDNA


In Figure 3A, a control of FAM–DNA + cDNA was used to establish quenching due to photoinduced electron transfer (PET) after hybridization. The amount of PET quenching increased with MgCl2 concentrations from ≈ 16% quenching without MgCl2, ≈ 60% quenching at 1 mM MgCl2 and ≈ 70% quenching at 10 mM MgCl2.




3.2. FRET Quenching of FAM–DNA Due to Adsorption to GO


FAM–ssDNA and complementary ssDNA target (cDNA) would be expected to be negatively charged at the working pH (8.0), reflecting the influence of the salt concentration on GO binding. In the absence of MgCl2, the addition of GO to 100 nM FAM–DNA led to modest FRET quenching (≈ 30%) (Figure 3A), which reached over 95% for 1 mM and 10 mM MgCl2. In contrast, use of the surfactants Triton X-100 (Figure 3B) or Tween-20 (Figure 4B) helped reduce FRET quenching at these higher MgCl2 concentrations to a comparable extent (≈ 85%) for 1 mM and (≈ 90%) 10 mM MgCl2. Triton X-100 was most effective at reducing FAM–DNA binding to GO at 0.1 mM, resulting in no significant quenching. Notably, the fluorescence value for GO + FAM–DNA + cDNA at 0.1 mM MgCl2 in the presence of Triton X-100 (Figure 3B) was similar to the fluorescence value found at 0.1 mM Cl2, which is attributable to the PET quenching of FAM–DNA + cDNA. Nonetheless, at the higher 1 mM MgCl2 concentration, the low fluorescence ≈ 5 × 103 relative fluorescence units (r.f.u.) of FAM–DNA + GO + cDNA (Figure 3B) was below the corresponding control value (15 × 103 r.f.u.) (Figure 3A). Even when increasing Triton X-100 concentrations in the presence of 1 mM MgCl2 (Figure 3C), the recovery of FRET quenching reached a maximum of (≈ 50%); thus, in comparison to 0.1 mM MgCl2, some FAM–DNA bound to GO could not be desorbed by Triton X-100, suggesting that there were high as well as low affinity sites for FAM–DNA binding. Notably, there was a significant quenching difference between 0.04% and 0.1% Triton X-100, with no further effect observed for higher Triton X-100 concentrations. Triton X-100 concentrations of 0.1%, 0.25% and 1% introduced very stable and consistent outcomes with respect to the fluorescent intensity for FAM–DNA, the fluorescent intensity for FAM–DNA + GO and the halving of the fluorescence signal upon the further addition of cDNA. Triton X-100 could reduce the interaction between GO and FAM–DNA, making this more critically dependent on the presence of MgCl2.




3.3. Modulation of DNA Binding to GO by Tween-20, in the Presence of MgCl2


Figure 4 highlights the modulation of DNA binding to GO by Tween-20, a polyoxyethylene sorbitol ester, which is another biocompatible nonionic surfactant widely used in biochemistry. In the presence of Mg2+ ions, three main effects of Tween-20 could be observed. Firstly, compared to the initial 30–40 × 103 r.f.u range of values for FAM–DNA fluorescence without Tween-20 (Figure 4A), the presence of Tween-20 made the baseline levels of fluorescence for FAM–DNA much more consistent (≈ 30 × 103 r.f.u) (Figure 4B). This indicated the surfactant’s effectiveness in reducing non-specific binding variability and establishing stable assay conditions. Secondly, Tween-20 could significantly increase the fluorescence signal after the addition of GO (Figure 4B), which is especially noticeable when overcoming the virtually complete quenching seen at the higher 1 and 10 mM MgCl2 concentrations in the absence of Tween-20 (Figure 4A). Tween-20 could increase FAM–DNA + cDNA + GO fluorescence, even at higher MgCl2 concentrations (Figure 4B). The selective binding of ssDNA as opposed to dsDNA was not fully achieved, since both were present in gel electrophoresis of the sample supernatant (Supplementary Figure S1); nonetheless, relatively more ssDNA than dsDNA was bound to GO (Supplementary Table S1). Presumably, Tween-20 mainly blocked low affinity rather than high affinity oligonucleotide binding sites on the GO surface. Thirdly, changes in PET quenching were relatively low, indicating that Tween-20 did not significantly influence the interactions involved in DNA hybridization.




3.4. Modulation of DNA Binding to GO by SDS, BSA and NaCl


With the consideration of the previous data, indicating divalent ions may promote excessive GO-oligonucleotide interaction (possibly through the formation of salt bridges in addition to charge screening [49], with only modest amelioration from surfactants), we chose instead to test the influence of monovalent Na+ ions that, unlike Mg2+, would not precipitate SDS. This surfactant introduced the potential advantage of being able to denature BSA [50] to subsequently prevent BSA-induced GO aggregation. Adopting the two-step strategy (detection 2) of first performing solute target–probe hybridization (with quenching due to PET) before GO adsorption (with quenching due to FRET), we used 0.065% SDS and 0.1% BSA in the presence of 6 mM NaCl. Keeping a 1:1 ratio of probe-to-target for a FAM–DNA concentration range of 1–8 nM, the combination of BSA and SDS was very effective at blocking the non-specific binding of FAM–DNA, resulting in a very linear (R2 = 0.9994) concentration-dependent measurement (Figure 5A,C). There was a consistent quenching of FAM–DNA by GO, close to 50%, independent of the probe concentration (Figure 5B), indicating a stable equilibrated degree of interaction and FRET quenching between the FAM–DNA probe and GO at the particular salt concentration of 6 mM NaCl. There was an anticipated FAM–DNA concentration-dependent increase in PET quenching (Figure 5B), with a linear relationship (Figure 5C) indicative of more hybridization at higher target–probe concentrations. Whereas at 1 nM FAM–DNA, quenching due to PET was just over half that due to FRET, at 8 nM FAM–DNA, the amount of quenching due to PET slightly exceeded that due to FRET (Figure 5B). Upon the second-step addition of GO to the 1 nM FAM–DNA + cDNA mixture, the original amount of FAM + GO FRET quenching alone was modestly but significantly increased by 10% (p < 0.05). For 8 nM FAM–DNA, the fluorescence of GO quenching upon binding the hybridized target–probe dsDNA was only 20% (p < 0.05) more than the GO quenching of the FAM–DNA probe alone. These modest values would be consistent with the GO treatment of pre-hybridized FAM–DNA + cDNA, resulting in the GO quenching of excess ssDNA unbound probes.



The quenching interactions were critically dependent on the presence of an ionic salt. When FAM–DNA + cDNA + GO were incubated without NaCl for 30 min, there was no significant quenching, yet upon the addition of 60 mM NaCl, there was a steep drop in fluorescence, which was virtually absent within 10 min (Supplementary Figure S2A). Notably, at the higher 60 mM NaCl concentration, the extent of quenching was more complete (>95%) than that observed for 6 mM NaCl (≈ 50%), indicating that the strength of interactions and the extent of quenching could be modulated by the salt concentration. For 8 nM FAM–DNA and 60 mM NaCl, the kinetics of quenching due to PET and FRET was faster than the kinetics of quenching due to FRET alone, as seen by the steepness of the quenching curve (Supplementary Figure S2B). The extent of quenching due to PET for FAM–DNA + GO was slightly higher than the amount of quenching seen for FAM–DNA + cDNA + GO, indicating that the SDS, BSA and NaCl conditions were appropriate for the desorption of FAM–DNA by the cDNA target, thus reducing the amount of GO quenching.





4. Discussion


A broad principle underlying the peak performance of optical oligonucleotide biosensors concerns the careful control of key interactions that establish the specific detection of the target molecules under study and the subsequent tightly correlated transduction of a clear detection signal. Surfactants and blocking agents, such as Triton-X 100, SDS or BSA serve to control nonspecific adsorption and variations in ionic strength, via divalent Mg2+ or monovalent Na+ ions, which can enhance DNA hybridization kinetics.



Graphene oxide is increasingly favored for optical oligonucleotide sensing because it can enable the discriminatory preferential binding of ssDNA versus dsDNA and also has the capacity to strongly quench a broad range of interacting fluorophores. Target oligonucleotide detection can be achieved via surface hybridization, through an interaction with a GO-bound probe (Figure 1, Detection 1) or via hybridization in the solution before reducing the non-specific background by allowing the unhybridized ssDNA probe to preferentially interact with the colloidal nanomaterial (Figure 1, Detection 2). Surface hybridization regimes have the purported advantage of presenting an immobilized layer that can focus the nucleic acid charge to concentrations not ordinarily found in solutions, consequently amplifying the signal. However, as increased ionic strength diminishes the relative importance of electrostatic interactions, the surface hybridization behavior can become more complex [51] and π–π stacking and hydrogen bond interactions between the oligonucleotide and GO surface may play a greater role [52].



As noted in our earlier study using this model probe [35], upon the addition of target cDNA to the FAM–DNA probe in the presence of GO, the fluorescent intensity did not necessarily increase as might be anticipated from a desorption effect of dsDNA due to duplex formation. As previously discussed, this was consistent with criticism of the conventional Langmuir–Hinshelwood hybridized probe and target surface hybridization and detachment model [26]. Instead, a proposed mechanism of nonspecific probe displacement from GO, followed by hybridization in the solution phase, implied that only a small proportion of the added cDNA would undergo surface hybridization. An additional, rarely considered complication was that hybridization may itself quench a conjugated fluorophore via a DNA sequence-specific nucleobase photoinduced electron transfer (PET) reaction. By choosing a DNA probe with three terminal cytosine bases adjacent to the FAM fluorophore, hybridization would bring complementary guanine nucleobases close to the fluorophore, the most oxidizable nucleobase with a relatively strong fluorescence quenching effect [53]. Alternative oligonucleotide sequences may behave differently, but our probe was able to demonstrate the potential significance of a PET effect relative to GO-based FRET quenching. Notably, the extent of quenching from PET seen when FAM–DNA and cDNA were combined alone (about 12%), was of the same order of magnitude as the non-significant reduction in fluorescence when GO was added to FAM–DNA and cDNA. Thus, PET may have played a role in our not observing a clear increase in fluorescence when cDNA was added to GO with the FAM–DNA probe.



The increasing MgCl2 concentration was clearly correlated to the increased FAM–DNA and cDNA target–probe interaction and increased binding of the oligonucleotides to the GO surface. Gel electrophoresis characterization of the oligonucleotides remaining in the solution indicated a preference for ssDNA binding over dsDNA to the GO (r2 > 95%). Ultimately, at MgCl2 concentrations above 1 mM, both ssDNA and dsDNA bound strongly to GO and the FAM–DNA was effectively all quenched, even in the presence of cDNA. Thus, increasing the salt concentration could increase dsDNA binding to GO to an excessive extent (Supplementary Figure S1).



Triton X-100 clearly modulated the strong MgCl2 effect on oligonucleotide–GO binding, extending prior observations that it modulated DNA target–probe interactions [54] to oligonucleotide–nanomaterial interactions as well. In complex solutions, the enhanced variable partitioning of target–probe binding could increase the ssDNA probe selectivity toward hydrophilic steroid analytes. Such a reduction in non-specific interactions could increase the binding affinity between the probe and the target. Among a range of common surfactants spanning cationic, anionic, non-ionic and zwitterionic states, Triton X-100, Tween-20 (both neutral and non-ionic) and SDS (anionic), unlike zwitterionic or positively charged alternatives, maintained a good oligonucleotide biosensor response [54]. Hydrophobic interactions played an important role in the binding of either SDS or Triton X-100 to GO [55]. However, above 1 mM MgCl2, the oligonucleotides were strongly bound to the GO and both Triton X-100 and Tween-20 were only partially effective at relinquishing this strong binding. Thus, this set of conditions was criticized as establishing GO–oligonucelotide binding that may be too strong for establishing effective desorption-based biosensors [55]. An additional concern was that Mg2+ ions may assist DNAse I binding activity [56], destabilizing the DNA sensor performance. Given the possibility of Mg2+-dependent DNAse contaminants being present in physiological samples, the use of NaCl instead of Mg2+ was preferred. Advantageously, the use of Na+ ions allowed for the use of surfactant SDS that would otherwise precipitate in the presence of Mg2+ ions. SDS could markedly reduce non-specific binding in hybridization reactions [57], with the additional benefit of an ability to suppress nuclease activity. This surfactant was preferred to Triton X-100 or Tween-20 for maintaining GO as a stable colloid [55,58] and, above a 40 µM concentration, SDS could maintain stable graphenic colloidal suspensions for over a year [21]. The order of the assay buffer preparation steps was important; the initial non-covalent modification of GO with SDS before its exposure to BSA was key to preventing GO aggregation. SDS may have stronger adsorption to GO than other surfactants [55]; however, as a blocking agent, it did not inhibit probe DNA adsorption. Our results were consistent with observations that the use of GO surface-blocking agents could increase DNA biosensor sensitivity [59].



The detection-1 strategy, combining GO together with the probe FAM–DNA and the subsequent measurement of desorbed FAM–DNA hybridized to cDNA targets was complicated by surface target–probe hybridization being more complex than the faster, more straightforward, solution-phase DNA hybridization [51,60,61]. Furthermore, it introduced problems in discriminating between the signal contribution of PET and/or FRET quenching towards the final measurement. The detection-2 strategy involved two steps—first, DNA hybridization (detectable by PET), and then the addition of GO to preferentially adsorb the unhybridized FAM–DNA probe (detected by FRET), which allowed PET real-time monitoring of target–probe DNA hybridization, in order to establish its completion before the addition of GO (Supplementary Figure S3). The subsequent GO-specific FRET quenching of the unbound probe provided a more accurate measurement of the target–probe complexes in the solution, an approach similar to that described by Giuliodori et al. [28], who found that GO treatment could drastically sequester ssDNA PCR primers, while marginally affecting dsDNA. Our novel assay preparation method, including the use of SDS, resolved the problems described when BSA was used [28].




5. Conclusions


We report the sensitive detection of a 30 mer single-stranded DNA target in more pragmatic complex media containing the anionic surfactant SDS, salts and bovine serum albumin, overcoming previously reported problems when using GO biosensors in the context of protein-containing solutions. The FAM–ssDNA probe showed linearity to cDNA hybridization in the range of 1–8 nM L−1 and the limit of quantitation (LOQ) was 1 nM L−1 or 0.1 pmoles/100 uL in the assay mix. The two-step modified “turn off” low-background strategy allowed for the specific monitoring of target–probe hybridization via oligonucleotide PET quenching, followed by the GO adsorption of unbound excess probes detected by GO FRET quenching. The emerging general principles were that one could sensitively measure a low level of target oligonucleotides in complex solutions by the use of PET to monitor specific DNA hybridization, the use of a select surfactant to maintain good GO colloid dispersion in the presence of BSA and the modulation of a compatible monovalent ion concentration for the desired selective GO adsorption of unbound excess ssDNA probes. The non-covalent modification of GO with SDS and BSA was key to preventing GO aggregation, facilitating its use in advanced biological sensors for targeted oligonucleotide detection in protein-containing solutions.
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Figure 1. Schematic representation of oligonucleotide detection via hybridization to ssDNA probe adsorbed to a graphene oxide (GO) surface (detection-1) or in solution (detection-2). (A) The fluorescein-conjugated single stranded probe (FAM–ssDNA) mixed with graphene oxide (GO), results in (B) probe surface adsorption and fluorescence quenching. The addition of a complementary cDNA target (cDNA) results in (C) the preferential desorption of hybridized double-stranded DNA (FAM–dsDNA) with the restoration of fluorescence. For detection-2 (D), the first target and probe hybridization in the solution resulted in (E) an excess of free probes, (FAM–ssDNA) hybridized probes and targets. The addition of GO results in (F) the adsorption and quenching of excess unhybridized probes (FAM–ssDNA–GO complex) and quantifiable fluorescent FAM–dsDNA proportional to the target concentration. 
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Figure 2. Schematic representation of FAM–DNA quenching due to photoinduced electron transfer (PET) upon hybridization with a guanine-containing complementary oligo cDNA target. 
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Figure 3. Triton X-100 reduced the FAM–DNA binding to GO in the presence of MgCl2. (A) The effect of MgCl2 concentration on fluorescence signal from single stranded FAM–DNA alone and with the addition of GO, with or without the cDNA target. FAM–DNA combined with cDNA alone was compared as a control. (B) The effect of 0.04% (0.64 mM) Triton X-100, on FAM–DNA/GO interaction with increased MgCl2 concentration. (C) The effect of Triton X-100 concentration on FAM–DNA/GO interaction at a constant of 1 mM MgCl2 in 10 mM Tris-HCl, pH 8.0. For (A–C), 100 nM L−1 FAM–ssDNA, 100 nM L−1 cDNA and 10 µg/mL GO. All the data were acquired at 23 °C and 1 h incubation time. Error bars represent standard deviation (SD) of n = 3. p-values; * p ≤ 0.1, ** p ≤ 0.01, *** p ≤ 0.001. 
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Figure 4. In the presence of MgCl2, Tween-20 did not alter FAM–DNA/cDNA hybridization, but reduced subsequent GO interaction. (A) The effect of increasing MgCl2 concentration on FAM–DNA/cDNA hybridization and subsequent interaction with GO. (B) The effect of 0.01% Tween-20 on the experimental conditions of (A). For (A,B), 25 nM L−1 FAM–DNA/cDNA hybridization for 60 min at room temperature was followed by the addition of 10 ug/mL GO and fluorescence was measured after 1 h. A total of 25 nM L−1 FAM–ssDNA, 25 nM L−1 cDNA, (FAM–ssDNA:cDNA molar ratio = 1:1). Error bars represent SD of n = 3. p-values; * p ≤ 0.1, ** p ≤ 0.01, *** p ≤ 0.001. 
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Figure 5. FAM–DNA bound to GO in the presence of bovine serum albumin (BSA), sodium dodecyl sulfate (SDS) and sodium chloride (NaCl). (A) Experiments using detection method 2; FAM–DNA fluorescence values were plotted as relative fluorescence units for each of the following samples: FAM–DNA alone, FAM–DNA with the addition of GO, FAM–DNA probe combined with cDNA target and pre-hybridized FAM–DNA + cDNA treated with GO, in the presence of 0.1% SDS, 0.1 mg/mL BSA and 6 mM NaCl. (B) Histogram of the extent of quenching due to FAM–DNA probe binding GO alone, reflecting FRET, upon FAM–DNA + cDNA hybridization, reflecting photoinduced electron transfer (PET), and after the addition of GO to pre-hybridized FAM–DNA + cDNA for one hour. (C) Linear plot of fluorescence values for FAM–DNA probe alone, FAM–DNA treated with GO, FAM–DNA + cDNA, and pre-hybridized FAM–DNA + cDNA treated with GO for increasing concentrations of FAM–DNA probes (from 1 to 8 nM) and cDNA targets in a 1:1 molar ratio. Error bars represent SD of n = 3. p-value; ** p ≤ 0.01. 
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