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Abstract

:

Atomically precise silver nanoclusters (AgNCs) are small nanostructures consisting of only a few atoms of silver. The combination of AgNCs with cytosine-rich single-stranded oligonucleotides results in DNA-templated silver nanoclusters (DNA-AgNCs). DNA-AgNCs are highly luminescent and can be engineered with reproducible and unique fluorescent properties. Furthermore, using nucleic acids as templates for the synthesis of AgNCs provides additional practical benefits by expanding optical activity beyond the visible spectral range and creating the possibility for color tunability. In this study, we explore DNA oligonucleotides designed to fold into hairpin-loop (HL) structures which modulate optical properties of AgNCs based on the size of the loop containing different number of cytosines (HL-CN). Depending on the size of the loop, AgNCs can be manufactured to have either single or multiple emissive states. Such hairpin-loop structures provide an additional stability for AgNCs and further control over the base composition of the loop, allowing for the rational design of AgNCs’ optical properties. We demonstrate the potential of AgNCs in detecting Hg2+ by utilizing the HL-C13 design and its variants HL-T2C11, HL-T4C9, and HL-T6C7. The replacement of cytosines with thymines in the loop was intended to serve as an additional sink for mercury ions extending the detectable range of Hg2+. While AgNC@HL-T0C13 exhibits an interpretable quenching curve, AgNC@HL-T6C7 provides the largest detectable range of Hg2+. The results presented herein suggest that it is possible to use a rational design of DNA-AgNCs based on the composition of loop sequence in HL structures for creating biosensors to detect heavy metals, particularly Hg2+.
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1. Introduction


DNA-templated silver nanoclusters that are comprised of only a few silver atoms display attractive optical properties. Measuring less than two nm in size, AgNCs are highly luminescent [1,2]. The unique optical properties of AgNCs stem from their intermediate nature between atomic and bulk metal [3]. Furthermore, atomic composition, shape, and size of AgNCs control a unique optical behavior of these novel nanomaterials [4]. Single-stranded (ss), cytosine-rich DNA oligonucleotides are the most suitable capping agents for templating stable DNA-AgNCs due to high affinity of cytosine’s N3 heterocyclic atom to silver ions, Ag+ [5]. To date, various sequences have been reported to stabilize clusters with unique optical properties, including bright emission bands in the visible part of the spectrum [4]. Various colors have been previously reported based on the prevalent emission wavelengths for a particular DNA-AgNC [6]. The use of nucleic acids (DNA or RNA) as templates for synthesis of AgNCs provides additional practical benefits by expanding optical activity beyond the visible spectral range [6,7].



Combining AgNCs with DNA allows for using many advances already available in DNA nanotechnology. For example, creating larger patterned NA assemblies that incorporate multiple functionalities into one structure in a controllable manner [6,7]. Recently, a great deal of research has been conducted on the design of DNA-based metal ion sensors [8]. Further combining benefits of both DNA and AgNCs might lead to better designs of biosensors for metal ion detection. Both size and unique optical properties of AgNCs have prompted their novel practical applications for heavy metal detection [9,10]. Monitoring the levels of heavy metal ions such as Co(II), Ni(II), Cu(II), Pb(II), and Hg(II) has become quite important due to their wide industrial and medical use, which consequently has resulted in increased environmental levels of these ions [11]. For example, mercury is a highly toxic metal which migrates to soil and groundwater if not handled properly [12]. Mercury ions accumulated in water can have adverse health effects in humans and animals [13]. Short-term exposure to high concentrations, or long term exposure to low concentrations of mercury can cause severe damage to various organs [14]. Since mercury is not bio-degradable, its accumulation in plants and animals presents a significant environmental hazard. The need to detect and monitor the content of mercury in the environment is therefore significantly important from a human health perspective. This has stimulated a great deal of effort aimed at developing cost-effective, rapid, and easy-to-use methods to detect and monitor mercury. Many various potential detection strategies have been explored over the years and have recently also included biosensors [15,16].



Among the available suitable readout designs of biosensors for detecting and monitoring pollutants in the environment, optical assays represent simple, robust, and inexpensive methods. Optical biosensors have been widely utilized for detection of mercury due to their quick measurement processes and their easily detectable optical response, such as fluorescence [17,18]. Since the fluorescence signal produces a bright and distinctive color, it can serve as an effective means for both the detection and monitoring of the environmental mercury levels. Recent efforts concerning fluorescent silver nanoclusters have identified them as novel platforms for the development of mercury sensors with a high potential [9,19,20].



In this study, we report a new method to rationally design biosensors for monitoring and the detection of ionic form of mercury, Hg2+. Due to its toxicity, the detection and monitoring environmental levels of mercury present an important problem. The design of biosensors is based on DNA-templated AgNCs whose fluorescence is quenched in the presence of Hg2+. Typically, cytosine-rich single-stranded nucleic acid sequences are employed for synthesis of AgNCs [5,6,21]. Herein, we tested various sizes of cytosine-rich hairpin-loop structures for their ability to template stable and well-defined fluorescence patterns. Hairpin-loop DNA templates provide reproducibility in making AgNCs by removing structural ambiguity inherent to ss-CN templating sequences [6,22,23]. Such properties as AgNC’s stability and reproducibility of fluorescence signals are desirable for the use of DNA-AgNC as biosensors. We show that the increase of cytosines in CN loops of HL designs beyond N = 11 result in a primarily single emissive state of DNA-AgNC, rendering them suitable for making sensor designs. We chose HL-C13 with 13 cytosines to demonstrate the proof of concept for the rational design of a mercury sensor. The sensing modality is based on fluorescence quenching of AgNC by Hg2+. The fluorescence of AgNC@HL-C13 shows a nice fluorescence quenching response curve, with a linear relationship of (F0−F)/F0 vs. CHg2+ at low levels of Hg2+. Further modifications of HL-C13 to include extra thymine bases in the loop extends the range of detectable levels of Hg2+, in some cases up to 4 times, as identified for AgNC@HL-T6C7. This provides the platform for further improvement of biosensor performance based on a rational design of loop sequences in the HL structures.




2. Materials and Methods


2.1. Materials


All DNA oligonucleotides were purchased from Integrated DNA Technologies (IDT Inc., Coralville, IA, USA) as desalted products and are used without further purification. All sequences are listed in the Supporting Information. Nuclease-free water was obtained from IDT (Coralville, IA, USA). Sodium borohydride was purchased from TCI America, Inc. (Portland, OR, USA), and all other reagents were purchased from Sigma-Aldrich, Inc. (Saint Louis, MO, USA).




2.2. Synthesis of Ag-DNA Nanoclusters


In a typical preparation, DNA template – hairpin loop – HL-CN and AgNO3 aqueous solutions were mixed and incubated for 25 min at room temperature in ammonium acetate buffer (100 mM NH4OAc, pH 6.9). Next, an NaBH4 aqueous solution was added and samples were placed on ice and stirred vigorously. The final concentrations (C) of the components were as follows: CDNA-template = 10 μM; CAgNO3 = 12 μM, CNaBH4 = 12 μM, ammonium buffer acetate was at 20 mM. The solution was then incubated in the dark for 24 h at 4 °C. Synthesized DNA-AgNCs were then purified using 3 kDa Amicon centrifugal filters by washing twice with buffer. Purification was performed according to the protocol supplied by the manufacturer. Final concentrations of DNA-AgNC obtained after filtration were ~5.5 ± 1.0 μM and were evaluated by taking DNA absorption at a 265 nm wavelength. For nanocluster formation with prebound Hg2+, mercury was added first to a DNA solution with matching concentrations as per thymines in the loop, followed by the regular protocol. UV-vis absorption spectra of HL-TMCN designs, shown in supplementary Figure S1, were measured using a DS-11 spectrophotometer (DeNovix, Wilmington, DE, USA).




2.3. Fluorescence Measurements


The excitation and emission spectra were acquired on a Duetta – Fluorescence and Absorbance Spectrometer (Horiba, Inc., Chicago, IL, USA). In all the measurements, the concentration of the templating sequence was kept the same at ~6 µM. Fluorescence measurements were carried out in a Sub-Micro Fluorometer Cell, model 16.40F-Q-10 (from StarnaCells, Inc., Atascadero, CA, USA) at a room temperature of ~22 °C. The excitation–emission matrix spectra (EEMS) were recorded with 0.5 nm resolution. Fluorescence spectra were recorded with the emission wavelength range from 400 nm to 1000 nm, and the initial excitation wavelength was set to 350 nm, and the final excitation wavelength was set to 800 nm, with an increment of 0.5 nm. Matrix data were then used for a 2D contour plot using MagicPlot Pro software (St. Petersburg, Russia). Fluorescence quenching measurements were performed with freshly prepared samples (within one hour) by adding small volumes of Cu(NO3)2 or Hg(NO3)2 solution to deliver a desirable amount. The expected fluorescence, F0, was then adjusted using an appropriate dilution factor.





3. Results and Discussion


3.1. Design of the Hairpin-Loop AgNC DNA Template


To date, various nucleic acid sequences have been reported to stabilize AgNCs with unique optical properties, including bright emission bands in the visible part of the spectrum [15]. Cytosine-rich DNA oligonucleotides have been demonstrated to be very suitable capping agents for templating stable DNA-AgNCs [21]. This suitability is due to the high affinity of cytosine’s N3 heterocyclic atom to silver ions, Ag+ [5]. Our previously published data suggested that the formation of alternative DNA structures via strong silver mediated C-Ag-C base paring results in heterogeneity of DNA-AgNC populations [6]. HL nucleic acid structures appear to improve the results by forming a homogeneous, both structurally and optically, population of AgNCs [23]. HL consists of a base-paired stem and a loop sequence with unpaired nucleotide bases (Figure 1A) and represent a key building block of many folded RNA secondary structures found in nature, including ribozymes and messenger-RNA [24]. Hairpin-loop DNA are non-canonical structures as DNA primarily exist in a double-stranded form. HL DNA represents a flexible template that has both double and single-stranded regions. While double-stranded regions provide stability, single-stranded cytosine-rich portions are suitable for hosting AgNCs. Additionally, nucleic acid sequences are ubiquitous material building blocks in nucleic acid nanotechnology approaches [25]. They provide versatility and an opportunity to combine unique moieties into larger nano-assemblies, sometimes with multiple functionality [6,7]. We have designed the stem-loop with a varied length of the cytosine only loop containing N cytosines-CN, and a stem comprised of the following 7 complementary nucleobases: 5′-TATCCGGT-3′ (Figure 1, Table S1). A similar design, but with smaller loops, in the range between C3 and C12, has been utilized previously and indicated that the fluorescence pattern is modulated by the size of the loop, suggesting that variation in AgNC’s size and shape guide optical properties of the AgNCs [22].



Herein, we have attempted to identify a suitable loop size for the design of an effective sensing strategy towards heavy metals, particularly Hg2+. Our choice of loop sizes spanned from C7 to C19 with a +2C increment. Although other designs have been utilized for sensing Hg2+ [26], we have chosen to work with DNA HL templates to avoid structural and functional uncertainties [23] and to make the structures suitable for further implementation into larger nano-designs [6,7]. AgNCs are highly susceptible to oxidation with dramatic changes in optical properties of the nanoclusters [6]. A closed geometry of DNA/RNA templates results in an improved stability of AgNCs against oxidative species present in solution, including dissolved oxygen [7,23]. Looped templates used in the current study, therefore, provide additional advantages of increased AgNCs stability.




3.2. Optical Properties of AgNCs Templated by Various Hairpin-Loop DNA Templates


The formation of DNA-AgNCs is typically monitored by the color changes in the solution that are observed after the successive addition of silver nitrate and sodium borohydride followed by incubation in the dark for ~24 h (Figure 1B–D). Various colors in the visible spectral range (e.g., blue, green, red) of DNA-AgNCs have been previously reported based on the prevalent emission wavelengths for a particular nanocluster [6]. Recent reports also indicate that DNA-AgNC emissions are not limited to just a visible spectral range, but also extend into UV as well as NIR portions of the electromagnetic spectrum [4,6,27,28]. Various sizes of CN loops generate DNA-AgNCs with distinct fluorescence patterns [22,23]. Figure 2 shows the excitation–emission plots (EEMs) for AgNCs templated on hairpins with C7, C9, C11, C13, C15, C17, and C19 loop sizes.



The HL-CN designs with smaller number of cytosines (N = 7, 9, 11) in the loop produce obvious multi-peak patterns with dominating fluorescence peaks in the “green” region of EEMs of AgNCs. AgNC@HL-C9 has a pattern featuring three peaks: one green (λEXC/λEM = 410/520 nm) and two red (λEXC/λEM = 490/600 nm, λEXC/λEM = 560/602 nm), while both HL-C7 and HL-C11 produce dual peak patterns (λEXC/λEM = 465/540 nm, λEXC/λEM = 590/645 nm for C7 and λEXC/λEM = 483/575 nm, λEXC/λEM = 545/600 nm for C11). Larger CN loops, such as HL-C13, HL-C15, HL-C17, and HL-C19, feature primarily one dominating red peak of fluorescence (Figure 2D–G). Although red peaks seem dominant in C13-C19 hairpin-loop designs, less intense peaks in the green region still indicate the ubiquitous multi-peak nature of AgNCs’ fluorescence. Figure 2H shows the graph of maxima λEXC/λEM, of the most intense peaks for all tested AgNC@HL-CN. It is obvious that the increase in the excitation wavelength results in the increase of emission wavelength, which is typically observed for organic fluorophores as well. The plot, shown in Figure S2, reveals that the Stokes shift, ∆E = EEM−EEXC, decreases dramatically with the increase in wavelengths despite the apparent linear appearance of the plot. The Stokes shift changes from ∆E = 11.3 cm−1 for AgNC@HL-C9 to ∆E = 28.8 cm−1 for AgNC@HL-C15. This trend reverses for AgNC@HL-C17 and AgNC@HL-C19, which feature a gradual decrease in the Stokes shift as compared to AgNC@HL-C15 (Figure S2).



Since it is often suggested that the larger size of the clusters produce higher emission wavelengths, it might be tempting to speculate that the increase in loop size allows for larger clusters to be formed. However, upon careful examination of the plot, we noted that while in general loop size does influence the pattern, it does not necessarily increase excitation/emission wavelengths. For example, AgNC@HL-C9 has the lowest wavelengths, while AgNC@HL-C7 and AgNC@HL-C11 both have higher wavelengths. It becomes even more apparent for the larger CN loops: AgNC@HL-C13 has λEM = 620 nm followed by the increased λEM = 658 nm for AgNC@HL-C15, the trend reverses after that with λEM = 645 nm for AgNC@HL-C17 and even lower, λEM = 630 nm, for AgNC@HL-C19. This observation suggests that a complex interplay of factors might be involved in defining AgNC@HL-CN optical properties and emission peak positions. Additionally, we have recently demonstrated that the number of silver atoms that comprise AgNC for AgNC@HL-C7, AgNC@HL-C9, AgNC@HL-C11, and AgNC@HL-C13 remains virtually the same (~10) for all these templates [23]. It is, therefore, reasonable to propose that such factors as nanoclusters’ geometry, their charge state, and the degree of exposure to the environment may play a more important role than size in shaping the fluorescence pattern of AgNC@HL-CN. Additionally, several studies suggested a very tight connection between DNA bases and optical properties of AgNC [27,29,30,31]. One possible explanation is the large degree of charge transfer character between Ag and DNA bases facilitated by cytosines [32]. A different number of cytosines in AgNC@HL-CN can influence the degree of charge transfer and thus can lead to different fluorescence patterns. While the nature of multipeak patterns of AgNC fluorescence is currently debated, practical applications can still be devised using the unique optical properties of AgNCs.



Various practical applications of the hairpin-loop templated AgNCs are feasible. For example, we have recently studied the antibacterial activity of AgNC@HL-C7, AgNC@HL-C9, AgNC@HL-C11, and AgNC@HL-C13 [28]. AgNC@HL-C13 showed the largest inhibition of bacterial growth while maintaining a stable “red” fluorescence peak with maximum emission wavelength at λMAX = 640 nm (Figure 2F). This template also produces bright red emissive AgNCs as visualized by direct excitation using the UV-lamp (Figure 1D).



Based on the prevailing “red” peak for the N > 11 in AgNC@HL-CN shown in Figure 2D–G, we can suggest that larger sizes might all be suitable for designing Hg-sensors. We have chosen AgNC@HL-C13 to demonstrate the feasibility of the sensing strategy and to uncover the details of such a design. Most sensors towards Hg2+ involve some degree of base-pair mismatching of double-stranded nucleic acid. Such base-pair modification primarily includes a T-T mismatch, where mercury may bind via T-Hg-T, artificially pairing two thymines in the double stranded portion of the Hg recognition sequence [33,34].



The four designs we have tested involved progressive incorporation of thymines in the stem of the hairpin-loop structure, replacing cytosines. Figure 3, top panel (A-D) schematically shows the four designs termed as: HL-T0C13; HL-T2C11; HL-T4C9; HL-T6C7, based on the number of thymines and cytosines present in the loop of the HL structure. Cytosines remain the main binding sites for silver atoms and the main templating site for the silver nanocluster. The progressive increase of thymines in the loop effectively decreased the number of AgNC templating cytosines. This change in the DNA template was expected to alter the structure of AgNC and, as a result, its optical properties. Surprisingly, the observed changes were not very significant, with the main “red” peak remaining the dominant emitting state (Figure 3, bottom panel (E–H)). Additionally, the position—λEXC/EM—of this peak is almost identical for all four designs, as summarized in Table 1. This suggests a large degree of similarity in the structure of the fluorescent AgNCs formed on all four HL designs. Perhaps the biggest difference in the fluorescence pattern of AgNCs formed on the HL-TMCN templates is observed in the “green” peak, which is present in the fluorescence pattern of AgNC@HL-T0C13 as a faint trace peak and in the fluorescence pattern of AgNC@HL-T4C9 as a fully developed peak. The “Green” peak is completely absent in both AgNC@HL-T2C11 and AgNC@HL-T6C7. Based on the number of templating cytosines, one would expect that the fluorescence pattern of AgNC@HL-TMCN would resemble that of AgNC@HL-CN. However, comparing the plots of EEMs indicates that the new patterns of the AgNC@HL-TMCN, shown in Figure 3, do not resemble any of the AgNC@HL-CN designs shown in Figure 2. Since the only difference between these designs is the presence of additional thymines in the loop of the HL, this observation suggests the importance of the nucleobase nature positioned close to the stem of the HL structure. The only design with clear multipeaked EEM is AgNC@HL-T4C9, but its appearance is closer to AgNC@HL-C7 than AgNC@HL-C9. We hypothesize that an additional void in the loop created by unpaired thymines provides more room in the loop, changing its geometry and thus the resultant shape of the AgNC in such a loop.




3.3. Hg2+ Sensing with AgNC’s Fluorescence


Detection of mercury relies on the fluorescence response of the recognition sequence in the presence of Hg2+. AgNCs provide several possibilities for sensing mechanism: (1) switch-on (intensity enhancement) [34], (2) switch-off (intensity quenching) [35], (3) fluorescence pattern changes as observed in EEMs [36]. Our designs had the opportunity to provide all three mechanisms. Figure 4 summarizes the outcome of the addition of mercury in a stepwise manner to the pre-preformed AgNC@HL-T0C13. We found that the fluorescence intensity of the “red” peak with λMAX = 640 nm rapidly decreases in the presence of Hg2+, Figure 4A. The concentration of AgNC@HL-T0C13 in solution was kept at 6.2 μM, while the metal ion concentration was varied from 0 μM to 6.2 μM. More quenching occurs with the increase of mercury content, eventually dropping fluorescence to almost undetectable levels (see Figure S3), indicating complete fluorescence quenching at around an equimolar ratio of Hg2+ to AgNC.



We have evaluated the rate of quenching as a function of Hg2+ using a Stern–Volmer relationship. Figure 4B shows the Stern–Volmer fluorescence quenching curve typically plotted for quenching processes as the ratio of F0/F vs. CHg2+, where F is the fluorescence intensity and F0 is the fluorescence intensity observed without the quencher. Measured data points deviate largely from the expected classical Stern–Volmer relationship. Generally, a linear Stern–Volmer plot indicates a single class of fluorophores, which are all equally vulnerable to quenching via a dynamic quenching mechanism [37]. The dynamic quenching takes place due to the collision of an emitting fluorophore, AgNC, with a quenching moiety, Hg2+ in this case. We attempted to fit the data points to Equation (1) assuming only dynamic quenching. Only a few data points at a low range of Hg2+ concentrations could be fitted with the linear relationship as described by Equation (1).


     F 0   F  =   1 +  K D   C  H g 2 +      



(1)







Red line in Figure 4B represents the best fit to data points within the range 0–2 μM of Hg2+. The large deviation exhibits an overall upward curvature of the plot, suggesting that the quenching mechanism is not limited to dynamic quenching only (Figure 4B inset). Typically, a static mechanism of quenching might also be incurred in the behavior of fluorescence quenching, leading to upward curvature of the Stern–Volmer plot [37]. Fitting the data points with a modified Stern–Volmer relationship represented by Equation (2) improved the fit only slightly, shown in the blue solid curve in Figure 4B.


     F 0   F  =   1 +  K D   C  H g 2 +       1 +  K S   C  H g 2 +      



(2)







This observation suggests a complex nature of fluorescence quenching via more than two deactivation pathways, such as dynamic quenching, with a characteristic constant—KD, and static quenching with characteristic constant—KS not fully describing F0/F vs. CHg2+ dependence. While uncovering all the details of quenching will require further studies, we hypothesize that the complex static mechanism might occur due to binding of Hg2+ to AgNC@DNA.




3.4. Extending the Range of Detectable Hg2+ Concentrations Using Rational Design of HL Template


We have tested all four AgNC@HL-TMCN designs presented in this study to verify that they are all suitable for the detection of Hg2+. Replotting the fluorescence intensity as (F0−F)/F0 vs. CHg2+, Figure 5, allowed us to identify the range of Hg2+ concentrations where intensity enters an asymptotic behavior, indicating nearly complete quenching of fluorescence. For example, the blue circles in Figure 5 represent replotted data points for AgNC@HL-T0C13, for the Stern–Volmer curve shown in Figure 4B.



The region beyond 2 μM of CHg2+ can be described as the region where near complete quenching occurs. Since this higher amount of mercury, >2 μM, results in an almost complete quenching, it would still be suitable for detecting mercury. AgNC@HL-T0C13 design, however, would not be suitable for monitoring purposes where reporting on the exact amount of mercury present in the solution is required. The near complete quenching region sets the upper limit of concentrations available for Hg2+ monitoring using the fluorescence of AgNC@HL-TMCN. Earlier reports established that mercury ions can bind to mismatched thymines serving as “glue” between the T of adjacent DNA strands [38]. Thus, we reasoned that the increasing number of mismatching thymines in the loop of the AgNC@HL-TMCN designs might provide an additional sink for the binding of mercury ions and to modify the quenching behavior of AgNCs. Such a design was hypothesized to be suitable for extending the range of monitorable Hg2+ concentrations. Indeed, all four designs exhibit different behaviors of fluorescence quenching by Hg2+. While AgNC@HL-T2C11 delayed complete quenching to ~5 μM, extending the range of monitorable mercury concentration, AgNC@HL-T4C9 was unexpectedly quenched faster than both AgNC@HL-T0C13 and AgNC@HL-T2C11, despite the larger content of T mismatches. We argue that such behavior might be related to the presence of an active extra emissive state in the green region of EEM, Figure 3G. An additional channel of quenching due to intramolecular “red” to “green” conversion could be responsible for faster quenching of AgNC@HL-T4C9 at low Hg2+ concentrations as we have previously observed for other quenchers [23].



Perhaps the best among all four designs is the AgNC@HL-T6C7, shown as red circles in Figure 5. This design extends the range of monitorable Hg2+ concentrations beyond twice the AgNC@HL-T6C7 concentration, reaching only 0.5 of (F0−F)/F0 values at CHg = 14 μM. This observation suggests that there is a lot more room for improvement of the biosensor’s capability. The linear relationship of (F0−F)/F0 vs. Hg2+, observed for AgNC@HL-T6C7 design is also advantageous for mercury monitoring. The linear regression analysis of the data points provided the slope of the fit as 0.039 with R2 = 0.9965 (see Figure S4 for details). Using the parameters of this fit, we extrapolated the upper limit of monitorable Hg2+ concentration at 25 μM, which is ~4 times the original concentration of AgNC@HL-T6C7 fluorophores. Based on the excellent linear relationship presented in Figure 5, no lower limit of Hg2+ exists for the AgNC@HL-T6C7 design, which is quite advantageous for the monitoring of mercury content.



The performance of a biosensor is usually evaluated based on two critical parameters: sensitivity and specificity. We have showed that the AgNC’s sensitivity can be tailored by the rational design of stem–loop sequences. We next evaluated the specificity of the designed probes. Similar measurements of fluorescence quenching were performed using Cu2+ instead of Hg2+. The results presented in Figure S5 indicate that although sensitive, our DNA-AgNC biosensor is not very specific. The fluorescence of AgNC@HL-TMCN is effectively quenched by Cu2+ in the same range of concentrations. The quenching rates differ for AgNC@HL-T0C13 but appear very similar for AgNC@HL-T6C7. These results reinforced our conclusion that the sensitivity of the probe to the ionic analyte can be rationally designed by selecting the right sequence; however, AgNC@HL-TMCN probes are not completely specific to only one type of ion and recognize both Hg2+ and Cu2+. It is also apparent that the dynamic mechanism dominates the quenching of AgNC@HL-T6C7 fluorescence, making it a more manageable strategy for ion detection and monitoring. On the other hand, fluorescence quenching of AgNC@HL-T0C13 is ruled by a complex mix of both static and dynamic quenching mechanisms.





4. Conclusions


In conclusion, through the characterization of the optical properties of several hairpin-loop DNA templates used in this study, we were able to demonstrate that sensitive probes can be designed for the detection and monitoring of heavy metals, particularly mercury ions, Hg2+. HL templates allow for the reliable and reproducible synthesis of AgNCs, with 2D fluorescence patterns characteristic of specific CN loop sizes in the HL design of DNA. Fluorescence of AgNCs was found to be quenched in the presence of mercury by what appears to be a complex combination of dynamic and static mechanisms of quenching. Furthermore, we demonstrate that by replacing cytosines with thymines in the loop of HL structures, it is possible to (1) rationally design biosensors, and (2) modulate the sensing capability of the biosensor. We hypothesize that thymine mismatching pairs provide additional binding sites for mercury ions, changing thus the sensitivity range to which the sensors can respond. Our findings highlight the large flexibility of the design that can be afforded by novel fluorescently active AgNCs templated on DNA hairpin-loops for sensing applications.
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Figure 1. (A) schematic representation of HL-C13 design; (B) AgNC synthesis; (C) AgNC hosted within the loop of HL-C13 has a single peak bright-red emission, AgNC@HL-C13; (D) bright red color is apparent under UV excitation. 
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Figure 2. Excitation–emission fluorescence maps of tested AgNCs templated on CN hairpin-loop structures: (A) AgNC@HL-C7; (B) AgNC@HL-C9; (C) AgNC@HL-C11; (D) AgNC@HL-C13; (E) AgNC@HL-C15; (F) AgNC@HL-C17; (G) AgNC@HL-C19. (H) The maximum of excitation/emission wavelengths for the most intense peaks of the AgNC@HL-CN. 
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Figure 3. Top panel schematically shows tested HL-TMCN hairpin-loop structures: (A) HL-T0C13; (B) HL-T2C11; (C) HL-T4C9; (D) HL-T6C7; color code is the same as in Figure 1. Excitation-emission fluorescence maps of tested AgNCs templated on TMCN hairpin-loop structures: (A) AgNC@HL-T0C13; (B) AgNC@HL-T2C11; (C) AgNC@HL-T4C9; (D) AgNC@HL-T6C7. 
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Figure 4. Fluorescence quenching of AgNC@HL-T0C13 by Hg2+. (A) Concentration dependent fluorescence spectrum of “red” emissive state, λEXC = 560 nm. (B) Stern-Volmer, F0/F vs. CHg2+, plot indicative of unusual quenching behavior of AgNC@HL-T0C13 fluorescence due to Hg2+. Red solid line is the fit of data points at low Hg2+ concentrations (0–2 μM) to Equation (1) and blue solid line is the fit to Equation (2). The inset in Figure 4B shows an enlarged region of low Hg2+ concentrations between 0–2 μM. 
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Figure 5. Fluorescence quenching curve plotted as (F0−F)/F0 vs. CHg2+. Blue—AgNC@HL-T0C13, green—AgNC@HL-T2C11, burgundy—AgNC@HL-T4C9, red—AgNC@HL-T6C7. Measurements were omitted in the range indicated by brackets. 
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Table 1. Comparison of the main “red” peak positions, λEXC and λEM, for AgNC@HL-TMCN.
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	HL-T0C13
	HL-T2C11
	HL-T4C9
	HL-T6C7





	λEXC, nm
	560
	562
	568
	550



	λEM, nm
	640
	642
	636
	640
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