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Abstract

:

In this study, we examined properties of silver nanoclusters, which are AgNCs stabilized by DNA oligonucleotide scaffold containing G-quadruplex-forming sequences: human telomeric (Tel22) or thrombin-binding aptamer (TBA). Thus, we obtained two fluorescent probes abbreviated as Tel22C12-AgNCs and TBAC12-AgNCs, which were characterized using absorption, circular dichroism and fluorescence spectroscopy. Both probes emit green and red fluorescence. The presence of silver nanoclusters did not destabilize the formed G-quadruplexes. The structural changes of probes upon binding K+ or Na+ ions cause quenching in their red emission. Green emission was slightly quenched only in the case of Tel22C12-AgNCs; on the contrary, for TBAC12-AgNC’s green emission, we observed an increasing fluorescence signal. Moreover, the Tel22C12-AgNCs system shows not only a higher binding preference for K+ over Na+, but it was able to monitor small changes in K+ concentrations in the buffer mimicking extracellular conditions (high content of Na+ ions). These results suggest that Tel22C12-AgNCs exhibit the potential to monitor transmembrane potassium transport.
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1. Introduction


Silver nanoclusters (AgNCs) are a new class of fluorescent markers, the formation of which requires a suitable template, e.g., peptides, proteins, dendrimers, polymers, thiols or DNA oligonucleotides [1]. The cytosine base-rich oligonucleotides are the most commonly used template for AgNCs preparation because the C-Ag+-C complex has the best binding affinity [2,3,4]. So far, no binding of silver cations to DNA has been observed as a result of interactions with phosphate groups; therefore, it is believed that silver cations are bound only to DNA bases [5]. Further studies on the interaction of Ag+ ions with various polymorphic DNA structures (cytosine-rich strands, duplex, i-motif and G-quadruplex) showed that the formation of DNA-Ag (I) complexes is a highly enthalpy-dependent process and negative enthalpy change is attributed to the exothermic coordination between silver ions and DNA bases [6]. The highest binding constants were obtained for oligonucleotides rich in cytosine base, followed by i-motifs and duplexes, while G-quadruplex matrices show the lowest silver ion binding constants [7]. The facile synthesis of silver nanoclusters (AgNCs) on DNA templates as well as their excellent brightness, good photostability and biocompatibility and small size compared to other fluorophores such as quantum dots or organic dyes make them the subject of extensive research resulting in numerous bioanalytical applications [8,9]. Moreover, the properly constructed oligonucleotide template enables obtaining fluorescent biosensors, which constitute a simple and cost-effective alternative to fluorophore-conjugated oligonucleotide probes. It is worth remembering that the bioanalytical application of fluorescent oligonucleotide probes is related not only to their ability to hybridize with the complementary strand but also to the discovered catalytic properties of some DNA fragments (DNAzymes) or the ability to bind other biomolecules (aptamers).



Thus, the use of DNA as a scaffold for nanoclusters is particularly convenient due to its structural versatility and easy integration with functional nucleic acids. For example, Dong et al. used aptamer-functionalized DNA-AgNCs for the detection of cocaine molecules with a LOD of 0.1 mM [10]. Lately, Alipour et al. developed the dual-emitted cluster on DNA template to detect transgenic DNA (GMO). The designed system included DNA elements related to genetic modification in maize and was able to adopt a three-way junction structure upon hybridization with its target and G-rich sequence. The ratio of green to red fluorescence of the nanocluster exhibited a linear response with the target concentration in the range from 0.01 to 1 μM [11]. Earlier, Feng et al. utilized AS1411 aptamer integrated with C-rich sequence (C10) to obtain biostable silver nanocluster for bioimaging specific tumor cells [12]. As it is known, AS1411 binds selectively to nucleolin, which is overexpressed on the surface of some malignant tumor cells [13,14]. The authors indicated that using L-conformation oligonucleotides as a scaffold enhanced the biostability of red emitting AgNCs; as a consequence, lower aptamer-AgNCs concentration is needed in order to observe fluorescence signals in vivo [12]. Martinez et al. introduced DNA-AgNCs aptamer that can selectively bind thrombin and emits bright fluorescence (~60% quantum yield) with an emission peak at ~700 nm [15].



In their structure, aptamers and DNAzymes often contain non-canonical forms of DNA among which four-stranded structures such as G-quadruplexes (GQ) should be distinguished. GQ structures show many topological forms depending on their sequence and nature of the cation that stabilizes the structure [16,17,18,19,20,21]. In particular, the channel cavity site of the G-quadruplex structure prefers K+ over Na+. Thus, by taking into account the stabilizing properties of the K+ ion, a number of probes have been developed for monitoring the gradient of potassium ions in cellular conditions [22,23,24,25,26,27]. Among them, oligonucleotides with sequences of human telomere DNA or thrombin-binding aptamer (TBA) 15-mer d(G2T2G2TGTG2T2G2) are the most extensively employed as receptor layers [28].



Sensitive and selective detection of K+ is essential to biomedical diagnosis. However, it is a challenge to selectively determine the extracellular K+ concentration due to the presence of the large excess of sodium ion (Na+) in physiological conditions [29]. Biosensors using G-quadruplex DNAs as sensing elements for K+ detections not only meet these criteria but also possess high biocompatibility and adjustable biodegradability.



The goal of the presented study was to obtain highly fluorescent AgNCs on cytosine-rich DNA template (C12) integrated with a G-quadruplex DNA to form the new sensing probes to monitor K+ changes in the extracellular environment. We assumed that the C-rich domain is mainly responsible for nanocluster formation and serves as the fluorescent tag, whereas the G-quadruplex forming domain serves as a receptor layout for potassium ions. For our purpose, with respect to the G-quadruplex forming part, we used two oligonucleotides bearing the sequence of human telomeric DNA (Tel22) and thrombin-binding aptamer (TBA). We obtained two fluorescent probes abbreviated as Tel22C12-AgNCs and TBAC12-AgNCs, respectively. As a result of the introduction of potassium ions, the Tel22 or TBA oligonucleotide fragment should assemble into a G-quadruplex secondary structure stabilized by the added metal cation. The structural changes were expected to have a significant impact on the specific interactions between GQ DNA and the formed silver nanoclusters on the C12 strand, thus modulating the fluorescence properties of DNA-AgNCs. We mainly utilized UV, fluorescence and CD spectroscopy techniques to monitor silver nanocluster formation and to perform spectral characterization of obtained AgNCs on Tel22C12 and TBAC12 scaffolds and the reference C12 oligonucleotide. Thermal denaturation experiments were also carried out to evaluate the stability of G-quadruplexes domain in Tel22C12-AgNCs and TBAC12-AgNCs systems and compared to free Tel22 and TBA G-quadruplexes. The effects of potassium and sodium ions on the spectral properties of Tel22C12-AgNCs and TBAC12-AgNCs were investigated. Finally, the performance of Tel22/C12-AgNCs as the fluorescent K+ probe for extracellular measurements was examined by determining linear responses in the absence as well as presence of sodium ions.




2. Materials and Methods


2.1. Materials


Oligonucleotides (Table 1) were synthesized and purified on a high-affinity column by Genomed (Warsaw, Poland) and IBA (Göttingen, Germany). The concentrations of the nucleotides were adjusted by UV/Vis spectrophotometry. Tris(hydroxymethyl)aminomethane (TRIS) (≥99.9%), dimethylarsinic acid sodium salt trihydrate (≥98%), silver (I) nitrate (AgNO3, ≥99.0%), sodium borohydride (NaBH4, ≥98%), sodium chloride (NaCl, ≥99.0%) potassium nitrogen (KNO3, ≥99.0%) and potassium chloride (KCl, ≥99.0%) were purchased from Sigma-Aldrich. All stock solutions were prepared using MiliQ type purified water with Ultrapure Water Simplicity UV system and autoclaved using the Classic Prestige Medical Autoclave.




2.2. Methods


2.2.1. DNA-Ag Nanoclusters Synthesis


Silver nanoclusters were synthesized following the procedure of Ritchie et al. [30], which was slightly modified by us [31]. First, the corresponding DNA solution of 2.0 μM was added to Tris-acetate buffer (10 mM, pH 7.5). Next, the appropriate volume of AgNO3 solution of 10 mM was added into the prepared corresponding DNA solution (1:1 molar ratio, Ag+/C base or Ag+/GC bases) and kept in the dark at 4 °C for 15 min. After that time, the freshly prepared NaBH4 solution was added to the cold mixture and shaken vigorously for 1 min to reduce silver ions and to form AgNCs on DNA. Finally, the obtained solution was further stored (at least 1 h) in the dark at 4 °C to prepare stable DNA-AgNCs.




2.2.2. Fluorescence Spectroscopy


Measurements of fluorescence spectra (emission spectra and excitation spectra) were performed by using an FP-8200 spectrofluorometer (Tokyo, Japan) equipped with a Peltier accessory and were carried out using 0.4 × 1 cm quartz cuvette containing 1 mL of sample. Spectra were recorded at 25 °C with record speed of 200 nm/min, with excitation and emission slits equal 5 nm and medium detector operation. The recording range of fluorescence spectra and their excitation and emission wavelengths were as follows:




	
C12-AgNCs: Emission spectra of C12-AgNCs were collected at 3 excitation wavelengths: λex = 260 nm, λex = 470 nm and λex = 580 nm. Excitation spectra were collected at emission wavelength λem = 630 nm.



	
Tel22C12-AgNCs: Emission spectra of Tel22C12-AgNCs were collected at 3 excitation wavelengths: λex = 260 nm, λex = 470 nm and λex = 570 nm. Excitation spectra were collected at 2 emission wavelengths: λem = 550 nm and λem = 620 nm.



	
TBAC12-AgNCs: Emission spectra of TBAC12-AgNCs were collected at 3 excitation wavelengths: λex = 260 nm, λex = 470 nm and λex = 560 nm. Excitation spectra were collected at 2 emission wavelengths: λem = 550 nm and λem = 610 nm.









2.2.3. Circular Dichroism (CD) Spectroscopy


CD spectra were recorded on a Jasco J-820 Spectropolarimeter (Tokyo, Japan) equipped with a PTC-423L temperature controller at 25 °C. Each measurement was the average of three repeated scans recorded from 200 to 400 nm with a 10 mm quartz cell at a scan speed of 500 nm/min. The scan of the corresponding buffer solution was subtracted from the average scan for each sample.




2.2.4. UV-Vis Absorption Spectroscopy


Measurements of UV-Vis absorption spectra of the studied oligonucleotides were performed by using Jasco V-750 spectrophotometer (Tokyo, Japan) equipped with a Peltier-type temperature controller. Absorption spectra were recorded in the spectrum range of 220–800 nm with a record speed of 500 nm/min at 25 °C.




2.2.5. Transmission Electron Microscopy (TEM)


TEM investigations were carried out by means of JEOL ARM 200F. TEM images were taken with an accelerating voltage of 200 kv and at subångström resolution. The samples for examination by transmission electron microscopy were prepared by a deposition of a few droplets of silver nanoclusters solution onto holey carbon film supported by copper TEM grid.




2.2.6. Studies upon Metal Cation Effect


A typical investigation of metal cation effect in the concentration range of 0–0.15 M consisted of successive additions of small portions of a concentrated solution of 3 M KCl or 3 M NaCl salt to 1 mL of DNA-AgNCs prepared 24 h earlier. After each addition, the solution was stirred, followed by thermally equilibration.






3. Results


The aim of our research was to verify the effect of potassium or/and sodium ions on the emission properties of AgNCs templated on oligonucleotide strands with the sequences 5’-AGG GGT AGG GTT AGG GTT AGG GCC CCC CCC CCC C-3’ or 5’-GGT TGG TGT GGT TGG CCC CCC CCC CCC-3’. As reference, we used AgNCs synthesized on 12-mer oligonucleotide bearing only cytosines.



3.1. The Prinicple Working Idea


The strategy of the label-free monitor of potassium ion changes based on G-quadruplexes and AgNCs is presented in Figure 1. In this approach, the bifunctional sensor strand consists of two functional units, a 12-cytosine part (C12, marked blue) that serves as an AgNCs template and a G-quadruplex forming sequence (Table 1). C12 oligonucleotide possess the documented ability to be an effective template for bright red emission AgNCs with 2–7 Ag atoms [30].



We used two different G-quadruplex forming sequences, which form different structural topologies in the presence of potassium ions, the human telomeric sequence AGGG(TTAGGG)3 (Tel22) [16,17] and thrombin-binding aptamer GGTTGGTGTGGTTGG (TBA) [19,20]. We assumed that the addition of potassium or sodium ions induces G-quadruplex formation, causing remarkable changes in the fluorescence of silver nanocluster emissions.




3.2. Rationalization of AgNCs Templated on C12 Integrated with GQ


The synthesis of AgNCs on the DNA template was performed according to the procedure described by Petty [30] with slight modifications as in our previous study [31]. It is known that the sequence and length of the DNA oligonucleotide play an important role in determining the size of AgNCs and their optical properties, while the Ag+/DNA molar ratio determines fluorescence intensity [32]. As mentioned above, cytosine has the highest binding affinity for Ag+ ions, but other bases, particularly guanine, can also be used as a template for DNA-AgNCs formation [33,34,35]. In our case, TBAC12 and Tel22C12 templates contain C-rich and G-rich domains; as a consequence, the formation of AgNCs on both fragments cannot be ruled out. Therefore, we decided to check how the Ag+/DNA ratio affects the spectral properties of Tel22C12-AgNCs or TBAC12 silver nanoclusters. We used a two different amounts of silver ions to generate silver nanoclusters. The ratio of 1:1 (C) means that there is 1 Ag+ ion per 1 cytosine base in the template strand; a ratio of 1:1 (CG) means that there is 1 Ag+ ion per sum of cytosine and guanine bases present in the template strand. In the case of reduction, the number of BH4¯ was an equal amount of Ag+ ions. Anyway, silver nanoclusters were prepared by mixing TBAC12 or Tel22C12 buffer solutions with AgNO3 and then Ag+ was reduced by freshly prepared NaBH4. The formation of the nanoclusters during the reduction step was evident from the appearance of a yellowish color. First, the emission spectra of the as-prepared DNA-AgNCs were recorded with excitation at 260 nm, which is near the absorption maxima of DNA bases. As shown in Figure 2, changing the DNA/Ag+ molar ratio affects fluorescence intensities but does not change the emission wavelength position (λmax around 560 nm and λmax around 620 nm). Silver nanoclusters synthesized at the ratio of 1:1 (Ag+:cytosine) show the best photoemission properties for both emission wavelengths (Figure 2A). Using a higher molar ratio of silver ions to DNA, the overall fluorescence intensity (Figure 2B) was quenched practically by 50% compared to the fluorescence obtained with ratio 1:1 (Ag+/C).



The amount of AgNO3 used for the synthesis of silver nanoclusters also affects the absorption spectra (Figures S1–S3) and circular dichroism spectra (Figures S4 and S5). The most important factor is the presence of the absorption band at around 440 nm, which is characteristic for AgNCs [29]. The stability of electronic transitions in the absorption spectra was also tested for at least a week (Figures S1–S3). It is worth noticing that the absorption spectra of Tel22C12-AgNCs (Figure S2) as well as TBAC12-AgNCs (Figure S3), apart from the UV bands and band at 440 nm, possess a small band at 590 and 520 nm, respectively. The latter band’s intensity increases after 24 h contrary to decreasing intensity of bands at 440 nm and 350 nm. In the case of the CD spectra recorded for Tel22C12-AgNCs and TBAC12-AgNCs obtained with the ratio 1:1 (Ag+/C) and ratio 1:2 (Ag+/C), the differences are not so pronounced (Figures S4 and S5).



Morphology and size of Ag nanoclusters, obtained on C12 as well as Tel22C12 DNA scaffolds, were investigated using transmission electron microscopy (Figure S6). TEM images showed that the obtained silver nanoclusters are spherical in shape. The diameter of spherical C12-AgNCs oscillates around the values of 0.8 nm, 1.5 nm and 2 nm. These diameter values are in agreement with previous reports (<2 nm). TEM images indicated the different size distribution of the nanoclusters, as was expected from spectroscopic studies. The microscopic TEM images obtained for Tel22C12-AgNCs (Figure S6C,D) revealed that the synthesized Ag nanoclusters have larger sizes, mainly with a diameter of ~4.4 nm and ~5 nm, and confirmed earlier conclusions that the synthesized nanoclusters should have different sizes as two emission bands were observed, which correspond to the green (λem around 550 nm) and red (λem around 620 nm) color of fluorescence.



Therefore, the synthesis of silver nanoclusters on the DNA template was further carried out at a molar ratio of 1:1 (DNA(cytosine):Ag+). The final concentrations were 2 µM DNA/24 µM Ag+/24 µM BH4−, respectively.




3.3. Circular Dichroism Studies upon AgNCs Templated on C12 Integrated with Tel22


In order to investigate conformational changes in Tel22C12-AgNCs and C12-AgNCs systems, CD spectra of the oligonucleotides were measured before and after the addition of Ag+ ions and reducing agent. In the absence of Ag+ ions, C12 oligonucleotide (black line, Figure 3A) shows the expected position of the CD bands for unstructured oligonucleotides rich in cytosine base, i.e., a positive band at 285 nm and a negative band at around 265 nm [36,37]. In the presence of Ag+ ions (red line, Figure 3A), the CD spectrum is radically changed as a result of base–Ag+ interaction, and two intense negative signals appear at 220 nm and 268 nm. Reduction by NaBH4 induces a decreasing intensity of these two negative bands. In the case of the Tel22C12 oligonucleotide (black line, Figure 3B), which is also rich in guanine bases, the CD spectrum shows a positive band at 290 nm and two negative bands at 267 nm and 240 nm. The addition of AgNO3 causes a large decrease in the intensity of the band at 290 nm with its simultaneous shift to 295 nm, and two intense negative bands are visible at 220 nm and 268 nm (red line, Figure 3B). The main difference between the CD spectra of C12-Ag+ and Tel22C12-Ag+ systems is the presence of a positive band at approximately 290 nm for Tel22C12, which may indicate the formation of a G-quadruplex stabilized with silver ions.



The effect of silver ion reduction (by NaBH4) is more pronounced for Tel22C12-AgNCs than for C12-AgNCs. There is a decrease in the intensity of negative CD signals with a simultaneous shift of one of them from 220 to 236 nm, and the positive band at 290 nm (attributed to G-quadruplex structure) is still present. It can be observed that within an hour after the reduction of Ag+ ions by sodium borohydride, the formed DNA-AgNCs are transformed, which is manifested by changes in the CD spectrum. Regarding the stability of the CD spectra over time, it can be observed that with increasing incubation time from 1 h to 48 h, there is a slight increase in the intensity of the CD signals obtained directly as a result of reduction by NaBH4.




3.4. Thermodynamic Stability of GQ Integrated with C12 Scaffold for AgNCs


The G-quadruplex structures, despite lower binding constants, also provide a well-defined matrix for the formation of silver nanoclusters [7]. In our case, we focus on studies on the effect of the formed AgNCs on melting temperature Tm of the Tel22-GQ DNA quadruplex or TBA-GQ DNA. The literature melting temperatures of TBA in the presence of Na+ and K+ are 24.0 °C and 53.0 °C, respectively [38,39]. The literature Tm for an oligonucleotide based on a 22-mer human telomeric DNA sequence (Tel22) in the presence of K+ and Na+ ions is equal to 62.0 °C and 55.0 °C, respectively [40]. Thermal stability and kinetics of G-quadruplex folding for Tel22C12-AgNCs nanoclusters and TBAC12-AgNCs nanoclusters synthesized in the presence of K+ (100 mM) or Na+ (100 mM) ions were evaluated using denaturation profiles recorded with absorbance at 295 nm as well as at 260 nm. Temperatures at half transition (Tm) for all probes in the presence of K+ and Na+ ions can be found in Table 2. As an example, Figure 4 shows the normalized denaturation profiles for G-quadruplexes formed by the Tel22C12 oligonucleotide in the presence of K+ and Na+ ions and GQ DNA/K+ and GQ DNA/Na+ formed on Tel22C12-AgNCs nanoclusters recorded at 260 nm (Figure 4A) and 295 nm (Figure 4B).



The denaturation profiles monitored at λ = 260 nm were difficult to interpret, because in this spectral range hyperchromic effects were observed for duplex as well as for GQ DNA structure denaturation. The monotonically increasing absorbance suggests that dsDNA and G4 DNA forms may coexist in the studied system (Figure 4A). The melting profiles determined at the diagnostic wavelength for G-quadruplexes (295 nm) allow the determination of two Tm values for Tel22C12/K+ (37.5 °C and 65.0 °C). The lower Tm (37.5 °C) could be interpreted as a result of an interaction between the Tel22 guanine base rich sequence and the C12 cytosine base rich fragment, which probably formed an incomplete duplex. In contrast, a melting point of 65.0 °C suggests that the additional C12 sequence stabilizes the GQ DNA structure by ~3 °C. Studies involving Na+ ions confirm the concept of incomplete duplex with Tm = 36.0 °C and G-quadruplex with Tm = 55.0 °C. The latter value practically does not differ from Tm Tel22/Na+ (55.0 °C).



Table 2 shows the Tm values determined for GQ quadruplexes in the presence and absence of silver nanoclusters templated on DNA in solutions containing different cations. The melting temperatures of the four-stranded GQ DNA structures determined in the presence of the formed AgNCs structures practically do not differ from the Tm for Tel22C12-GQ DNA in both cases (with K+ or Na+) but for TBAC12-GQ DNA only in the presence of K+. What is interesting is that the folding GQ structure by TBAC12 in the presence of Na+ was not observed, whereas the TBA fragment folded into an even more stable GQ after formation TBAC12-AgNCs than free TBA in the presence of 100 mM NaCl (Figure S7). The complexity of TBAC12/Na+ and TBAC12-AgNCs/Na+ systems is not clear for us. It is worth noting that for Tel22C12 as well as TBAC12 oligonucleotides, after serving as template for AgNCs, only Tm for GQ DNA is observed, since the DNA segment rich in cytosine bases (C12) is fully involved in the stabilization of silver nanoclusters and is not able to interact with guanine-rich oligonucleotide (Tel22 or TBA).




3.5. Temporal Stability of Fluorescent AgNCs Templated on C12 Integrated with GQ


One of the most important properties of DNA-AgNCs is their good spectral stability over a relatively long time. This is essential for the use of AgNCs as fluorescent labels, e.g., in bioimaging [12,41]. The emission spectra of silver nanoclusters as well as absorption spectra, are complex and change over time, as shown earlier.



The full fluorescence spectra recorded from 1 h to 1 week after NaBH4 reduction for the tested systems are shown in Figures S8–S12. Figure 5 shows the dependence of the intensity of the emission bands in their maximum as a function of time for C12-AgNCs (Figure 5A), Tel22C12-AgNCs (Figure 5B) and TBAC12-AgNCs (Figure 5C), respectively. For C12-AgNCs nanoclusters, fluorescence reached its maximum at λmax = 634 nm after 24 h from the addition of NaBH4 and remained at a similar level for the next 24 h (Figure 5A). In the case of Tel22C12-AgNCs and TBAC12-AgNCs nanoclusters, the situation is more complicated because two emission bands have to be analyzed. For Tel22C12-agNCs, the highest value of fluorescence intensity at λmax = 621 nm (λex = 570 nm) (red circles, Figure 5B) was obtained after 24 h from the reduction, then it rapidly decreased, whereas the band with λmax = 555 nm (black circles, Figure 5B) for this nanosystem shows an inverse relationship in time. The signal with low intensity after 1 h is gradually amplified and reaches its maximum value after 72 h from reduction. In the case of TBAC12-AgNCs, the highest value of red emission was obtained after 1 h from reduction; however, it was gradually decreasing in time contrary to green emission, which slightly increased in time. Studies of the temporal stability of the fluorescence spectra indicate that fluorescence intensity gradually increases and reaches its maximum after 24 h from reduction by NaBH4 in the case of C12-AgNCs and Tel22C12-AgNCs.




3.6. Effect of Potassium and Sodium Ions on AgNCs Templated on C12 Integrated with GQ


Knowing that G-quadruplexes have a high affinity for alkali metal ions, especially for K+ ions, it is therefore expected that competing potassium ions will modulate the fluorescence of AgNCs. Figure 6 and Figure 7 show the effect of K+ (upper panels) and Na+ ions (lower panels) on the emission spectra of Tel22C12-AgNCs and TBAC12-AgNCs, which were recorded at two different excitation wavelengths (470 nm and 560 or 570 nm). Upon excitation of Tel22C12-AgNCs at λex = 470 nm, green fluorescence is active with a maximum of λem = 560 nm. Changing the excitation wavelength to 570 nm causes red emission with λem = 620 nm to become active.



Subsequent additions of K+ ions cause a gradual decrease in the Tel22C12-AgNCs fluorescence signal regardless of the excitation wavelength used. For both emission bands (λem = 560 nm and λem = 620 nm), fluorescence intensity drops sharply with increasing concentrations of K+ from 1 to 10 mM and much slower in the range of higher K+ concentrations (10–150 mM) (Figure 6A,B). On the other hand, the additions of Na+ ions cause less radical changes in Tel22C12-AgNCs fluorescence (Figure 6C,D).



In the 1–50 mM Na+ range, slight and non-linear changes in the red fluorescence intensity of Tel22C12-AgNCs and a sharp decrease in red emission in the presence of 100–150 mM Na+ were observed (Figure 6C,D). In the case of the TBAC12-AgNCs system, the influence of K+ and Na+ ions on its emission is comparable. In both cases, we observed decreasing fluorescence intensity at 617 nm when increasing the metal ion concentration in the 1–50 mM range. However, by analyzing the long-wave emission spectra (λem = 617 nm) of TBAC12-AgNCs in the presence of alkali metal ions, there is a blue shift of maximum in the presence of 100–150 mM K+ or Na+ ions (Figure 7A,C), which suggest the clear redistribution of AgNCs on TBAC12 template. On the contrary, the green emission band (λem = 551 nm) of TBAC12-AgNCs indicates a slight enhancement in the presence of alkali metal ions (black dots in Figure 7B,D).



In the experiments aimed at studying the effect of cations, the additions of KCl and NaCl salts were used; however, it is known that Cl− ions can interact with Ag+ cations to form an AgCl precipitate with very low solubility in water (Ιr = 1.8 × 10−10) or they can adsorb on silver nanoclusters. In order to check whether the type of salt counter-ion reduces the fluorescence of Tel22C12-AgNCs, additional measurements were carried out with the use of KNO3 salt. Tel22C12-AgNCs emission was quenched by K+ ions coming from KNO3 salt. It turned out that the type of salt counter-ion did not affect the efficiency of this process, as the obtained F620 vs. Cl−/NO3− profiles practically overlap (Figure S13).



The quenching properties of K+ and Na+ ions were also verified by measuring the absorption spectra recorded under analogous experimental conditions. The effect of K+ ions is shown in Figures S14a and S15a, and the effect of Na+ is shown in Figures S14b and S15b for Tel22C12-AgNCs and TBAC12-AgNCs, respectively. It can be observed that both cations cause a decrease in the absorption bands below 500 nm and practically quench the absorption at 580 nm in the presence of 100 mM salt. The strong quenching of the absorbance at 580 nm suggests that the decrease in AgNCs fluorescence at 620 nm upon addition of K+ (or Na+) ions is mainly due to the disappearance of the electronic transition at this wavelength.



Circular dichroism spectra should confirm the formation of the K+/G-quadruplex complex in the DNA-AgNCs system as a result of the addition of K+ (or Na+) ions. Figure S16 show the CD spectra of the Tel22C12-AgNCs system in the presence of increasing concentrations of KCl and NaCl. The synthesis of silver nanoclusters on the Tel22C12 results in DNA-AgNCs possessing a CD spectrum with a positive signal at 290 nm and two negative signals at 265 nm and 240 nm. Contrary to expectations, the gradual addition of K+ or Na+ ions in the concentration range of 1–150 mM has no significant effect on the band pattern in CD spectra. The analogous results were obtained for the CD spectra of TBAC12-AgNCs system in the presence of increasing concentrations of KCl and NaCl, as shown in Figure S17.



These results suggest that both DNA-AgNCs systems probably contain Ag(I)/G-quadruplex complexes, which are transformed into a GQ form stabilized by potassium or sodium ions, but this process does not cause significant changes in the CD band characteristic of GQ DNA at approximately 290 nm.




3.7. Feasibility of Proposed Systems to Detect K+ Ions


The studies on the effect of potassium and sodium cations on spectral properties of Tel22C12 and TBAC12 helped us to select the potentially better sensors in terms of sensitivity and selectivity towards potassium ions. Thus, the feasibility of the proposed system to detect K+ ions in extracellular conditions was further evaluated for Tel22C12-AgNCs. First, in order to assess the analytical parameters of the K+ ion detection system, the Tel22C12-AgNCs probe response (fluorescence intensity) was tested at different concentrations of the analyte (K+ ions) in the concentration range of 0–150 mM at λem = 620 nm (λex = 570 nm). As shown in Figure 8A, fluorescence intensity gradually decreases with increasing K+ ion concentrations. Based on emission spectra, we constructed the Stern–Volmer plot, which illustrates the quenching effect of K+ ions on the emission of Tel22C12-AgNCs (Figure 8B, where F0 means fluorescence intensity of Tel22C12-AgNCs without K+ ions and F—fluorescence intensity after addition of potassium ions). A good linear relationship of Tel22C12-AgNCs fluorescence with K+ concentration was observed over the entire tested range from 1 to 10 mM (R2 = 0.987) and from 10 to 150 mM K+ (R2 = 0.977) and the limit of detection (LOD) was calculated—0.37 mM.



These parameters indicate the potential usefulness of the developed probe Tel22C12-AgNCs for measuring and monitoring the gradient of potassium ions in cell systems; however, for the sensor to be useful to monitor K+ levels in extracellular conditions, it is essential to distinguish small variations in K+ concentration in the presence of 150 mM Na+ concentration. Therefore, we added 150 mM NaCl to the Tel22C12-AgNCs prepared 24 h earlier in buffer without metal cations. Next, we measured the changes in the fluorescence spectra of Tel22C12-AgNCs in the presence of 150 mM Na+ upon titration with K+ ions in the 1–10 mM concentration range (as shown in Figure 8C). As stated previously, the Stern–Volmer curve was plotted using ratio of F0/F versus potassium concentration, where F0 was fluorescence intensity of Tel22C12-AgNCs in the presence of 150 mM NaCl, and F was the fluorescence intensity after the addition of potassium ions under the same conditions. As shown in Figure 8D, the linear range of the analytical response of Tel22C12-AgNCs ranges from 1 to 10 mM K+ concentration (R2 0.995) with LOD established at 0.4 mM and a sensitivity of 0.19 mM−1. In the literature, potassium probes with detection limit below 1 μM and even equal to 2.37 pM can be found ([42] and cited herein). For us, it is important that the Tel22C12-AgNCs probe shows a linear working range for K+ detection from 1 to 10 mM (with LOD 0.4 mM) in the presence of 150 mM Na+, which covers a clinically important concentration region of K+ (3.5 to 5.5 mM) under extracellular conditions [43].





4. Discussion


DNA-AgNCs silver nanoclusters were synthesized on single-stranded DNA templates with two integrated domains: cytosine-rich DNA template (C12) attached to 3’ end of G-quadruplex forming sequence. For our purposes, we used human telomeric-related sequence and TBA sequence, both of which are widely explored to compose potassium sensing probes. First, the formation of nanoclusters during the reduction step was evident due to the appearance of a yellow color as the main distinguishing feature of silver nanoclusters in the presence of an intense narrow band at a wavelength of approximately 440 nm [30]. On the other hand, the absorption spectra of dark silver nanoparticles (˃10 nm) show only one wide peak at λmax = 405 nm. As expected, in the case of examined silver nanoclusters, an intense narrow band was observed at approximately 440 nm, and a few others bands were also observed: at 350 nm, 500 nm and 650 nm for C12-AgNCs (or at 355 nm and 590 nm for Tel22C12-AgNCs as well as 355 nm and 520 nm for TBAC12-AgNCs). These bands are considered to be an indicator of the formation of AgNCs nanoclusters. The intensity of bands changes over time, which indicates the presence of the several types of AgNCs that differ in size/shape and number of silver atoms. These conclusions were supported by TEM images. The amount of AgNO3 used for the synthesis of silver nanoclusters affects the absorption spectra as well as CD and emission spectra. In the latter one, the excitation at 260 nm reveals that red emission was observed and dominant at least 1 h from the reduction step. However, the overall emission was higher in the case of Tel22C12-AgNCs as well as TBAC12-AgNCs obtained at a ratio of 1:1 (Ag+/C) in comparison with nanoclusters obtained at a ratio of 1:1 (Ag+/CG). Moreover, it should be noted that the fluorescence comes from the formed nanoclusters and not from the DNA-Ag+ complexes, as evidenced by the lack of emission in the solutions without NaBH4 reduction agent.



In order to investigate the conformational changes in the Tel22C12-AgNCs or TBAC12-AgNCs systems and in reference C12-AgNCs, CD spectra of the oligonucleotides were measured. The main difference between the CD spectra of these systems and reference is the presence of a positive band at approximately 290 nm for Tel22C12 and TBAC12, which may indicate the formation of a G-quadruplex stabilized with silver ions. Moreover, the lack of changes in CD spectra after further addition of KCl (or NaCl) to Tel22C12-AgNCs or TBAC12-AgNCs solutions suggests that the displacement of silver ions from the GQ complex by K+ (or Na+) may have occurred. On the other hand, the performed studies on the stability of G-quadruplexes created by the Tel22C12 or TBAC12 oligonucleotide prior to the formation silver nanoclusters informed that the formed AgNCs had no destabilizing effect on the studied GQ DNA structures.



Taking into account the possible application of our systems (Tel22C12-AgNCs and TBAC12-AgNCs) as fluorescent probes for monitoring potassium ions in extracellular conditions, we focused on investigating their fluorescent properties without and in the presence of K+ or/and Na+ cations. As we mentioned, the obtained fluorescence spectra indicate that the emission wavelength of DNA-AgNCs nanoclusters synthesized in aqueous solutions is strongly dependent on the sequence of DNA oligonucleotides, which is also confirmed by the literature data [44]. The both studied systems emit stronger fluorescence in comparison with silver nanoclusters templated on reference C12 oligonucleotide. It was found that a matrix based on intramolecular G-quadruplexes with anti-parallel topology results in AgNCs with higher fluorescence efficiency compared to GQ DNA with parallel and hybrid topology. The loops connecting G-tetrads also influence the photoemission properties of AgNCs; thus, the best effect was obtained when the loops were rich in adenine bases, not thymine, which is consistent with their Ag+ binding affinity. The K+-stabilized human telomeric GQ DNA has a hybrid structure with two lateral loops and one sidewise loop [16,17], whereas sodium-stabilized antiparallel basket-type human telomeric G-quadruplex structure possesses one diagonal and two lateral loops [18]. The potassium-stabilized anti-parallel chair-type TBA GQ structure consists of two G-tetrads linked by an edge-wise loop and two lateral loops [20]. However, in our case, the overall fluorescence of Tel22C12-AgNCs is stronger than that of TBAC12-AgNCs. These results suggest the predominant role of the C-rich domain, attached to the 3’ terminus of TBA or Tel22, in the formation of fluorescent silver nanoclusters.



The N (3) positions of the cytosine and the N (7) guanine are usually involved in silver interactions with DNA bases [2,5,45]. For G-quadruplex structures, Ag ions compete for guanine N (7) sites because these positions are also involved in the bond formation of Hoogsteen-type hydrogen in the G-quartet [3]. Taking into account that GQs have a high affinity for alkali metal ions, the effect of potassium and sodium ions was studied. The most pronounced quenching effect of K+ or Na+ ions was observed on red emission (with a maximum above 600 nm for Tel22-related or TBA-related probes). In the case of green emission emitted by TBAC12-AgNCs, we observed a slight increase in fluorescence upon metal ion addition. In the case of Tel22C12-AgNCs, the influences of Na+ ions on the emission bands are less visible compared to the effect of potassium ions. It is known that Na+ ions also stabilize four-stranded structures; however, the stability constant of the GQ-DNA-Na+ complex is much lower than that of the potassium quadruplex. The observed quenching effects may be explained by the process of creating K+ or Na+/G-quadruplex complexes by Tel22 or TBA strands. Pre-generated AgNCs are stabilized not only by interaction with the cytosines in C12 but also by the guanines in the Tel22 or TBA fragment. The competitive formation of the G-quadruplex, in the presence of K+ or Na+ ions, reduces the stabilizing effect of guanines, which is manifested by the quenching of AgNCs fluorescence. This assumption is consistent with the affinity of potassium and sodium ions for GQ DNA and with the comparable fluorescence intensity values for C12-AgNCs and Tel22C12-AgNCs or TBAC12-AgNCs in the presence of 150 mM KCl.



Although the red fluorescence emission of both systems (Tel22C12-AgNCs or TBAC12-AgNCs) was quenched by sodium or potassium ions, only in the case of Tel22C12-AgNCs were the observed changes clearly regular. Thus, the gradual decrease in Tel22C12-AgNCs fluorescence as well as a good linear relationship between quenching efficiency and K+ concentration in the range of 1–150 mM encouraged us to check the feasibility of this system in order to detect changes in K+ concentration in the access of Na+ ions. In the presence of 150 mM NaCl, we obtained a Stern–Volmer plot with linear behavior in the range from 1 to10 mM K+ (R2 = 0.995) and with an LOD value established at 0.4 mM. These results clearly indicate that Tel22C12-AgNCs exhibit the potential to monitor transmembrane potassium transfer. One should remember that the intracellular potassium concentration is approximately forty-fold greater than the extracellular concentration, and any maneuver that would result in the release of a small amount of intracellular potassium will erroneously raise serum potassium. The normal range for serum potassium is narrow (3.5 to 5.5 mM), and a minor departure from this range (by less than 1.0 mM) is associated with significant morbidity and mortality [43].




5. Conclusions


Dual-emitting clusters of Ag atoms can be successfully obtained on a bifunctional oligonucleotide consisting of cytosine-rich DNA template (C12) attached to 3’ end of G-quadruplex forming sequence. Our studies indicate that the competitive formation of G-quadruplex structure as a result of the complexation of potassium or sodium ions has a significant impact on the emission properties of silver nanoclusters. The proper choice of G-quadruplex forming sequence makes it possible to obtain a silver nanocluster system that not only shows a higher binding preference for K+ over Na+ but also is able to monitor small changes in K+ concentration in the extracellular conditions (high content of Na+ ions). In our case, Tel22C12-AgNCs including the human telomeric sequence known to form GQ exhibit the potential to monitor transmembrane potassium transfer. The limit of detection for the Tel22C12-AgNCs K+ sensor is at a value of 4.0 × 10−4, with the linear range between 1.0 × 10−3 and 1.0 × 10−2 M in the 1.5 × 10−1 M solution of Na+ ions. The further integration Tel22C12-AgNCs with a cholesterol moiety is planned in order to create a new sensing probe with the ability to anchor to the living cell membrane and, as a consequence, to serve as bioimaging tool for the visualization of transmembrane transport of K+ cation.
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Figure 1. The demonstrative illustration shows the working idea of Tel22C12-AgNCs as potassium sensor. 
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Figure 2. Emission spectra of studied DNA-AgNCs obtained by using different amounts of silver ions: (A) cytosine to Ag+ ratio 1:1 (Ag+/C); (B) sum of cytosine and guanine to Ag+ ratio 1:1 (Ag+/CG) for bifunctional templates and cytosine to Ag+ ratio 2:1 (Ag+/C) for C12 template. Conditions: 2 μM probe in 10 mM Tris-acetate (pH = 7.5) after 24 h since silver reduction. 
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Figure 3. Circular dichroism spectra of studied systems before and after formation of C12AgNCs (A) or Tel22C12-AgNCs (B). Conditions: 2 μM probe, 10 mM Tris-acetate (pH = 7.5), [Ag+] = [BH4−] = 24 µM. 
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Figure 4. Normalized UV melting profiles of Tel22C12 and Tel22C12-AgNCs (2µM) in 10 mM Tris-acetate buffer (pH = 7.5) containing 100 mM NaCl or 100 mM KCl; monitored at 260 nm (A) or 295 nm (B). 
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Figure 5. The evaluation emission properties of studied DNA-AgNCs in time: (A) C12AgNCs; (B) Tel22C12-AgNCs; (C) TBAC12-AgNCs. Conditions: 2 μM probe in 10 mM Tris-acetate (pH = 7.5). 
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Figure 6. Effect of cations on fluorescence properties of Tel22C12-AgNCs: (A) emission spectra in presence of increasing K+ concentration; (B) changes in maximum intensity of green and red fluorescence upon K+ addition; (C) emission spectra in presence of increasing Na+ concentration; (D) changes in maximum intensity of green and red fluorescence upon Na+ addition. Conditions: 2 μM probe in 10 mM Tris-acetate (pH = 7.5) after 24 h from silver reduction. 
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Figure 7. Effect of cations on fluorescence properties of TBAC12-AgNCs: (A) emission spectra in presence of increasing K+ concentration; (B) changes in maximum intensity of green and red fluorescence upon K+ addition; (C) emission spectra in presence of increasing Na+ concentration; (D) changes in maximum intensity of green and red fluorescence upon Na+ addition. Conditions: 2 μM probe in 10 mM Tris-acetate (pH = 7.5) after 24 h since silver reduction. 
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Figure 8. Fluorescence response of the Tel22C12-AgNCs in buffers w/o and with sodium ions at different K+ concentrations: (A) the emission spectra of Tel22C12-AgNCs upon adding increasing concentrations of K+ ions (0–150 mM) and (B) corresponding Stern–Volmer plot showing K+ quenching effect on Tel22C12-AgNCs emission spectra with λmax = 620 nm in the absence of sodium ions. Insert showing linear relationship in concentration ranges from 0 to 10 mM K+; (C) the emission spectra of Tel22C12-AgNCs in buffer with 150 mM NaCl upon adding increasing concentrations of K+ ions (0–10 mM) and (D) corresponding Stern–Volmer plot showing K+ quenching effect on Tel22C12-AgNCs emission spectra with λmax = 610 nm in the presence of sodium ions. Conditions: 2 μM probe in 10 mM Tris-acetate (pH = 7.5) after 24 h from silver reduction in buffer w/o metal cations. 






Figure 8. Fluorescence response of the Tel22C12-AgNCs in buffers w/o and with sodium ions at different K+ concentrations: (A) the emission spectra of Tel22C12-AgNCs upon adding increasing concentrations of K+ ions (0–150 mM) and (B) corresponding Stern–Volmer plot showing K+ quenching effect on Tel22C12-AgNCs emission spectra with λmax = 620 nm in the absence of sodium ions. Insert showing linear relationship in concentration ranges from 0 to 10 mM K+; (C) the emission spectra of Tel22C12-AgNCs in buffer with 150 mM NaCl upon adding increasing concentrations of K+ ions (0–10 mM) and (D) corresponding Stern–Volmer plot showing K+ quenching effect on Tel22C12-AgNCs emission spectra with λmax = 610 nm in the presence of sodium ions. Conditions: 2 μM probe in 10 mM Tris-acetate (pH = 7.5) after 24 h from silver reduction in buffer w/o metal cations.



[image: Chemosensors 09 00349 g008]







[image: Table] 





Table 1. The DNA oligonucleotide sequences used in this research.






Table 1. The DNA oligonucleotide sequences used in this research.





	Name
	Oligonucleotide Sequence
	Company





	C12
	5’-CCC CCC CCC CCC-3’
	IBA



	Tel22C12

TBAC12
	5’-AGG GTT AGG GTT AGG GTT AGG G CC CCC CCC CCC C-3’

5’-GGT TGG TGT GGT TGG CCC CCC CCC CCC-3’
	Genomed

Genomed
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Table 2. Melting temperatures (Tm) of G-quadruplex-forming oligonucleotide probes determined from the melting profiles monitored at 295 nm in the presence of K+ and Na+ ions.






Table 2. Melting temperatures (Tm) of G-quadruplex-forming oligonucleotide probes determined from the melting profiles monitored at 295 nm in the presence of K+ and Na+ ions.





	Abbreviation of Probes
	Tm/K+ (°C)
	Tm/Na+ (°C)





	Tel22
	62.0 1
	55.0 1



	Tel22C12
	37.5/65.0
	36.0/55.0



	Tel22C12-AgNCs
	64.5
	56.0



	TBA
	53.0 1
	24.0 1



	TBAC12
	18.2/52.0
	-



	TBA C12-AgNCs
	51.0
	42.0







1 Determined by us in 10 mM cacodylic buffer (pH 7.5).
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