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Abstract

:

Environmentally relevant contaminants endowed with chirality may include pharmaceutical compounds, flame retardants, perfluoroalkyl chemicals, pesticides, and polychlorinated biphenyls. Despite having similar physicochemical properties, enantiomers may differ in their biochemical interactions with enzymes, receptors, and other chiral molecules leading to different biological responses. In this work, we have designed a wireless miniaturized stereoselective light-emitting system able to qualitatively detect a chiral contaminant (3,4-dihydroxyphenylalanine, DOPA) dissolved in reduced volumes (in the microliters range), through bipolar electrochemistry. The diastereomeric environment was created by mixing the enantiomers of an inherently chiral inductor endowed with helical shape (7,8-dipropyltetrathia[7]helicene) and the chiral probe (DOPA) in micro-solutions of a commercial ionic liquid. The synergy between the inductor, the applied electric field, and the chiral pollutant was transduced by the light emission produced from a miniaturized light-emitting diode (LED) exploited in such an approach as a bipolar electrode.
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1. Introduction


In Nature proteins, enzymes, amino acids, carbohydrates, nucleosides and a number of alkaloids and hormones are chiral compounds, existing as mirror images, called enantiomers, with the same physicochemical scalar properties. Environmental chiral pollutants have been studied since the 90s. The introduction of new analytical techniques such as gas chromatography (GC), high-performance liquid chromatography (HPLC), and capillary electrophoresis (CE), often coupled to mass spectrometry (MS) and tandem mass spectrometry (MS/MS) for quantification, allowed the detection of their properties. [1]



Persistent organic pollutants (POPs), pesticides, flame retardants, and pharmaceuticals are the most widespread chiral chemicals. Since the enantiomers may have different biological and toxicological effects, it is of great interest to study and understand their environmental behavior. It is well known that the enantiomeric composition is unaffected by physical and chemical processes, and antipodes can be detected just in the case when they interact in a chiral environment.



Screening and monitoring approaches avoid the improper disposal of pollutant solutions improving chiral chemicals management. The analytical techniques listed above have been used to separate the pollutant enantiomers because of their high specificity, selectivity, and sensitivity, but they have shown some limitations such as the requirement of expensive and sophisticated equipment, operational complications, high cost of analysis, and time-consuming procedures. Moreover, these methods require tedious sample preparation, pretreatment, and pre-concentration protocols, before the analysis of trace-level pollutants in food and environmental samples resulting in unsuitable on-site or on-spot screening [2,3,4,5,6,7,8,9,10,11].



In this frame, electrochemical sensing strategies satisfy the desired expectations of the user providing reliability, simplicity, rapid analysis, portability, and low cost, in synergy with their appreciable selectivity, high sensitivity, ease of operation, and compatibility with complex samples [4,5,6,7,8,9,10,11,12,13,14,15]. In particular electroanalytical techniques allow quantifying the current, charge, phase, potential, and frequency signal outputs associated with chemical/biological/biochemical redox reactions [16,17,18,19,20,21].



However conventional electrodes and electrochemical set-ups are still rigid, and bulky, and require a relatively large volume of electrolytic solutions, hindering their on-site applications. Recently bipolar electrochemistry (BE) has become an interesting alternative to classic electrochemical set-ups. This approach is completely wireless, and the working electrode, or bipolar electrode (BPE), is remotely placed in the cell where the analytes of interest are collected. Briefly, by applying an electric field (ε), between two feeder electrodes, a polarization potential difference (ΔV) is generated at the extremities of a BPE. Commonly chemical transformations (redox reactions) are triggered only when the ΔV overcomes the thermodynamic threshold potential (ΔVmin). Indeed, this asymmetric polarization of the BPE generates a current, flowing through it, which is proportional to the concentration of the analytes under study [22,23,24]. This concept has been successfully used in electrosynthesis, [25,26] photoelectrochemistry [27], and electrochemical sensing. [28,29] Furthermore, this method has been recently coupled with chirality, to detect enantiomers quantitatively and qualitatively in solution via different optical, mechanical, and dynamic read-outs. [30,31,32,33,34,35,36] However, in most of these examples, sophisticated BPE designs are required, since at least the chiral inductor has to be deposited asymmetrically on one extremity of the electrode.



Herein we designed a bipolar stereoselective light-emitting system able to qualitatively recognize a chiral contaminant in reduced volumes (in the microliters range), through bipolar electrochemistry. An inherently chiral helical molecule, namely the 7,8-dipropyltetrathia[7]helicene (7-TH-2Pr), is tested as a chiral inductor. Helicenes are inherently chiral molecules composed of ortho-annulated benzene or heteroaromatic rings, which assume a nonplanar helix-like structure because of the steric repulsive interaction between the terminal rings [37,38,39,40]. The helical structure can be either left- or right-handed, and according to the helicity rule proposed by Cahn, Ingold, and Prelog, [41] a helicene can have either M configuration and P configuration for left- and right-handed helixes, respectively. Owing to the electronic properties afforded by the π-conjugated system in combination with the chiroptical features provided by their peculiar screw-shaped skeleton, helicenes have been studied in different areas of science, including materials science, macromolecular chemistry, nonlinear optics, nanosciences, stereoselective catalysis, chemical biology, and supramolecular chemistry to name a few [37,38,42]. Nowadays, a plethora of structural modifications of the helicenes has been made to improve their physicochemical and chiroptical properties and provide novel functions. Among them, the introduction of a heterocycle (e.g., pyrrole, pyridine, furan, thiophene, silole, phosphole) in the benzene-based helical skeleton (i.e., carbohelicenes) leads to the class of heterohelicenes, in which the presence of the heteroatom significantly affects the geometric parameters and the electronic structure of the helix [43,44]. In particular, the family of thiahelicenes, formed by condensed thiophene and benzene rings, has attracted considerable attention because of the presence of thiophene rings which confer the peculiar electronic properties of oligothiophenes to the helical skeleton [45,46,47]. Indeed, thiahelicenes are electron-richer systems than carbohelicenes and have higher conjugation efficiency and electrochemical reactivity [48].



Tetrathia[7]helicenes, in which four thiophene rings alternate with three benzene rings, are a class of configurationally stable thiahelicenes having an extended conjugated π system [49]. The steric hindrance between thiophene terminals leads to a significant torsion with an energy barrier high enough to allow the molecule to exist as stable P and M enantiomers even at high temperatures (up to 200 °C) [50]. The tetrathia[7]helicene backbone exhibits several points of interest such as easy and regioselective functionalization of terminal thiophene rings, which can be controlled and driven to afford mono- or disubstituted derivatives, and the possibility of modulating the electron properties through appropriate substitutions in the 7- and 8-positions of the central benzene ring. [49] Moreover, its unique flexibility allows the introduction of substituents with different steric demands resulting in remarkable variations in the dihedral angle of the molecule, though preserving the defining helical structure [49]. All these features make tetrathia[7]helicenes valuable systems, especially for applications in optoelectronics, catalysis, biology, and more recently in chiral electroanalysis. In this context, tetrathia[7]helicenes were used to modify the electrode surface as inherently chiral films, by performing a potentiodynamic electrooligomerization of the corresponding enantiopure monomers. Cyclic voltammetry experiments result in significant potential differences (up to 200 mV) for the enantiomers of three chiral probes, in particular a chiral ferrocenyl derivative, DOPA methyl ester, and tyrosine [51].



In this study, the enantiomers of the 3,4-dihydroxyphenylalanine (DOPA) are used as model chiral contaminants. As a matter of fact, L-DOPA has shown lower toxicity than D-DOPA in different studies. Commonly the higher toxicity that D-DOPA exhibits towards mammalian cells, leads to the use of the opposite enantiomer, L-DOPA, in the treatment of Parkinson’s disease. Furthermore, the diastereomeric environment for the enantioselective bipolar test is achieved by mixing in the micro-solutions the enantiomers of an inherently chiral inductor endowed with helical shape and the DOPA analytes. The synergy between the inductor, the applied electric field, and the chiral pollutant is transduced in a straightforward optical readout, i.e., the light emission produced by a miniaturized light-emitting diode (LED).




2. Materials and Methods


2.1. Synthesis


Racemic 7,8-dipropyltetrathia[7]helicene ((±)-7-TH-2Pr) was synthesized following the published methodology [52].




2.2. Enantioselective HPLC


HPLC-grade solvents were supplied by Aldrich (Milan, Italy). HPLC enantioseparations were carried out by using stainless-steel Chiralpak® IA 250 mm × 4.6 mm, 5 μm, and Chiralpak® IA 250 mm × 10 mm, 5 μm, columns (Chiral Technologies Europe, Illkirch-Graffenstaden, France). The analytical HPLC apparatus consisted of a PerkinElmer 200 LC pump equipped with a Rheodyne injector, a 100 μL sample loop, an HPLC Dionex CC-100 oven, and a Jasco Model CD 2095 Plus UV/CD detector. For semi-preparative resolutions, a PerkinElmer 200 LC pump equipped with a Rheodyne injector, a 2 mL sample loop, a PerkinElmer LC 101 oven, and Waters 484 detector was employed. The signal was acquired and processed by the Clarity software of DataApex.




2.3. Circular Dichroism


The circular dichroism spectra of the enantiomers of 7-TH and 7-TH-2Pr were recorded in chloroform at 25 °C by using a Jasco Model J-700 spectropolarimeter. The optical path was 1 mm. The spectra are averagely computed over four instrumental scans and the intensities are presented in terms of ellipticity values (mdeg).




2.4. Electrochemistry


Au wires (d = 0.25 mm, Alfa Aesar, Haverhill, MA, USA, 99.9%), L- and D- 3,4-dihydroxyphenylalanine (Aldrich, St. Louis, MO, USA, ≥95%), 1-butyl-3-methylimidazolium bis(trifluoro-methylsulfonyl)imide (BMIMtfsi, Aldrich, ≥98%) and miniaturized green light-emitting diodes (LED, 0603 SMD diode, OSRAM Opto Semiconductors, Regensburg, Germany, 1.70 mm × 0.8 mm) were used as received. Electrochemical characterizations were performed in a 50 µL droplet of an ionic liquid (IL) solution containing 10 mM (P)- or (M)-7-TH-2Pr (Scheme 1a) in the presence of 20 mM D-DOPA. Differential pulse voltammetry (DPV) measurements were performed by means of a PalmSense4 potentiostat connected to a personal computer. For the voltammetric measurements, screen-printed electrodes (SPEs, BVT Technologies, WE: carbon, CE: carbon; RE: Ag|AgCl) was used as a miniaturized electrochemical cell. For the bipolar recognition, the light-emitting diode was placed at the center of a glass slide, between two Au feeder electrodes separated by 0.6 cm. Light-emitting bipolar recognition was carried out in 50 µL of an ionic liquid solution containing 10 mM of (P)- or (M)-7-TH-2Pr in the presence of 20 mM D- or L-DOPA. Experiments were monitored by using a charge-coupled device (CCD) camera (CANON EOS 70D, Objective Canon Macro Lens 100 mm 1:2.8). Images were processed with ImageJ software.





3. Results


3.1. HLC Separation and Absolute Configuration Assignment of the Enantiomers of 7-TH-2Pr


To develop enantioselective conditions capable of separating the enantiomers of 7-TH-2Pr on an analytical scale, the Chiralpak IA was selected as a chiral stationary phase (CSP) and used in combination with normal-phase n-hexane-dichloromethane eluents. This specific experimental design is due to two main reasons: (i) the Chiralpak IA CSP has shown a good chiral recognition ability to the analog 7-TH devoid of two propyl chains [51]; (ii) the presence of dichloromethane as a cosolvent ensures an appreciable solubility of the sample in the mobile phase. In this regard, it is important to emphasize that in the Chiralpak IA CSP, the amylose tris(3,5-dimethylphenylcarbamate) selector is immobilized onto 5 μm silica particles. The anchoring procedure onto the silica matrix guarantees universal solvent compatibility of the chromatographic chiral packing material and allows the use of medium polarity solvents such as dichloromethane without causing the dissolution of the polymer selector. The best resolution was obtained employing the mixture n-hexane–dichloromethane 100:5 (v/v) as a mobile phase at a column temperature of 5 °C. Under these conditions, the baseline separation of two enantiomers resolution was achieved within 10 min (Figure 1).



In the successive step, the enantiomer separation was scaled up on a semipreparative scale by using a 250 mm × 10 mm Chiralpak IA column. The sample solution was prepared by dissolving 25 mg of racemate in 1.5 mL of dichloromethane and adding 8.5 mL of n-hexane. The injection volume for a single chromatographic run was 0.5 mL which corresponds to 1.3 mg of chiral sample. By setting the flow rate at 5.0 mL min−1, the enantiomers were collected with a high enantiomeric excess (ee > 99%) and yielded approximately 85% in a time scale similar to the analytical conditions. Assignment of the absolute configuration to the enantiomers collected at the semipreparative level was empirically established by circular dichroism correlation, using the enantiomers of 7-TH as references to known stereochemistry [53,54]. As shown in Figure 2, sharing the same π-conjugated[7]helicene scaffold the enantiomers of the two chiral compounds exhibit intense and very similar electronic CD spectra in chloroform solution. This is indicative that the first eluted enantiomers of both chiral compounds have a P configuration and the more retained one’s M configuration. Notably, at the diagnostic wavelength of 325 nm, it exists a univocal correlation between the online CD peak sign acquired during HPLC enantioseparation (Figure 1) and absolute configuration (i.e., the positive online CD peak is attributable to the P enantiomer and vice versa).




3.2. Bipolar Stereoselective Recognition


The experimental set-up designed for the stereoselective recognition of the chiral contaminant is displayed in Scheme 1b. Two gold wires, placed at a distance of 0.6 cm, were used as feeder electrodes, whereas a miniaturized green light-emitting diode (0.2 cm length) was used as a BPE. Light emitting systems have gained considerable attention, due to the easy and straightforward visualization of chemical information [55,56,57,58,59]. In particular, light-emitting diodes (LEDs) present the main advantage that light emission can be triggered by the proper coupling of redox reactions at the anode and cathode of the device. Thus, chemical information is encoded on the electric current passing through the LED. In this frame, the use of light emission as a straightforward tool for the possible transduction of chiral information is of great interest. For example, Salinas et al. designed a hybrid polymer microelectronic device modified with intrinsically chiral oligomers, for the wireless transduction of chiral information [33,34]. However, this approach requires the physicochemical modification of one or both poles of the LED, by the direct contact of its extremity with a surface-modified electrode. Such handmade devices lead to electric connection problems which hinder the flow of electrons, triggered by the redox reactions, from the anode to the cathode of the device. To avoid such a limitation, in this work we take advantage of the possible enantioselection capability of chiral inductors dissolved in solution.



In particular, the enantiomers of a helically shaped inherently chiral thia[7]helicene derivative functionalized with two propyl chains in 7 and 8 positions were used as chiral inductors in the solution (Scheme 1a).



At first, to test the effective enantioselection capability of the chiral inductor endowed with a helical shape, voltammetric enantiorecognition experiments were carried out. Such potentiodynamic measurements were performed by dissolving the enantiopure inductors in an achiral commercial ionic liquid (BMIMtfsi) with the enantiomers of the chiral pollutant (L- or D-DOPA), and by spreading a droplet of the mixture on SPEs. As can be seen from Figure 3a, the (P)- and (M)- helicene, tested towards D-DOPA, show a peak-to-peak separation of 100 mV between the two enantiomers of the helical inductors. This means that, potentially, it is possible to oxidize only one of the DOPA antipodes, by applying a specific potential in the presence of the helicene endowed with the favorable configuration, which induces the stereospecific reaction. Such difference in thermodynamic potential value is based on the induction of a chiral electrode/electrolyte interphase. Since in the presence of an electric field, the helical chiral inductor enables the reorganization of the ionic liquid, the electron transfer takes place in a highly ordered chiral electrode interface. Thus, the oxidation of the chiral analyte is favored only in the proper diastereomeric environment.



After this set of experiments, we evaluated the electric field required to switch on the LED, in the presence of the pristine ionic liquid and a mixture of the IL + L- or D-DOPA, separately. As stated above, the LED was placed at the center of a glass slice between two Au feeder electrodes (Scheme 1b). Afterward, a droplet of the corresponding solution was spread between the feeder electrodes, to guarantee the electrical connection between the two poles of the BPE and the Au wires. Theoretically, when a high enough electric field is applied in such a setup, the BPE gets sufficiently polarized to induce redox reactions at each extremity of the LED.



Based on the principles of BE, the electric field value can be calculated by Equation (1).


ε = ΔE/L



(1)




where ΔE is the applied difference of potential and L is the distance between the feeder electrodes. Such ε value is intimately related to the oxidat[6]ion and reduction potential values of the analytes in solution (Eox and Ered, respectively) and the size of the BPE (l), as established in Equation (2).


ε = ΔV/l = Eox − Ered/l



(2)







Considering that L and l are constant along all the experiments (0.6 cm and 0.2 cm, respectively), any variation of the applied electric field is directly related to the physicochemical properties of the analytes in the solution.



As can be seen at electric fields below 200 V cm−1 no light emission is produced in both experiments (Figure 3b). However, above 250 V cm−1 the oxidation and reduction of DOPA and the IL, respectively, take place, with the concomitant light emission (Figure 3b black dots). For the experiment carried out only with the pristine ionic liquid, electric field values above 350 V cm−1 are required to trigger the light emission. In this case, it is possible to assume that the oxidation of the BMIM+ cation and the reduction of the tfsi− anion are the induced redox reactions. Thus, the presence of the chiral analyte (i.e., DOPA) shifts to lower electric fields the thermodynamic threshold value required to switch on the LED. Since the reduction of the BMIM+ cation is the same in both cases, such differentiation in the absence of the chiral inductor is caused by the lower oxidation potential value of DOPA in comparison to the tfsi− anion.



Finally, after the evaluation of the threshold electric field value, the enantiomeric discrimination by means of the wireless light-emitting device was studied. To test such proof-of-concept, four independent mixtures containing the ionic liquid, one of the enantiomers of DOPA, and one of the enantiomers of the helical inductor were prepared. For each of the four experiments, a droplet of the correspondent mixture was spread on the hand-made bipolar electrochemical cell and the threshold electric field was evaluated. In this case, the triggered redox reactions that occur at the extremities of the LED are (i) the oxidation of DOPA and (ii) the reduction of the IL cation (Scheme 1b).



Theoretically, the presence of the chiral inductor, i.e., the chiral helicene, enables the enantioselective oxidation of a chiral probe. As mentioned above, this is due to the energetically favorable interaction between the chiral inductor and the analyte, which results in a difference in oxidation potential between the enantiomers of the chiral probe. Thus, according to Equation (2), a shift of the threshold electric field to lower values is expected when the chiral analyte oxidizes in the proper diastereomeric environment. As can be seen from Figure 4a, when the (M)-chiral inductor is present in the mixture of ionic liquid and D-DOPA, the threshold electric field required to trigger the light emission is 220 V cm−1; whereas in the presence of the chiral inductor with the opposite configuration, the potential shifts to higher values (above 280 V cm−1). The specular behavior was obtained with L-DOPA since its oxidation is energetically favored by the (P)-chiral inductor (200 V cm−1, Figure 4b).





4. Discussion


Bipolar electrochemistry is presented as a powerful tool for the transduction of chemical information in solution. As it was demonstrated, a small peak-to-peak separation of 100 mV obtained by conventional electrochemistry, can be enhanced by two orders of magnitude with this wireless approach (difference of threshold electric field around 60 V cm−1 or 30 V estimated by Equation (1)). This presents an important advantage when using this concept in enantiomeric mixtures, allowing to obtain well defined individual transduction signals. In the present work, an ionic liquid was chosen as solvent due to its relatively high viscosity, in synergy with the efficient solvent capability, which allows it to work in droplets containing relatively small concentrations of the chiral inductors. Nonetheless, it is important to highlight, that due to the relatively high conductivity of the IL, [58] high electric field values are required to trigger the asymmetrical polarization of the LED, in comparison with aqueous systems. However, it has been demonstrated that an electrified interface can extend the supramolecular order of the ionic liquids [60,61,62,63,64]. In fact, the use of simple ILs, like BMIMtfsi, has shown self-assembling in the presence of an applied electric field. In this specific case, the helical chiral inductor can reorganize the ionic liquid interface when the electric field is applied, inducing a chiral environment. Thus, the electron transfer, associated with the redox processes, takes place in a highly ordered chiral interface. In this context, the electric field differences associated with the oxidation of L- or D-DOPA in the presence of the (P)- or (M)-chiral inductors, are intimately related to the electron transfers occurring in the proper diastereomeric environment. Furthermore, the above results are the first application of the synergy between bipolar electrochemistry and chiral inductors directly dissolved in solution. Thus, the possible quantitative analysis of different chiral probes by means of this wireless bipolar light-emitting approach is currently under investigation.




5. Conclusions


In conclusion, miniaturized LEDs have been used for a straightforward optical read-out of chiral information based on bipolar electrochemistry. The novelty of the present approach compared to previous ones [33,34] is that the chiral inductors are directly dissolved in solution instead to be electrodeposited on a conductor connected to the anode of the LED. Thus, this approach is based on the synergy between the diastereomeric environment, formed by the ionic liquid and the chiral inductor, and the proper enantiomer dissolved in the solution. Furthermore, the wireless light emission can be modulated by the applied electric field to selectively oxidize only one of the enantiomers. In addition, with this setup, it is possible to work with microcells where only a few microliters of the solution containing the analytes are required to guarantee contact between the LED and the feeder electrodes. Furthermore, the light intensity of the device is found to be directly related to the intrinsic chirality of the system. Finally, the electrochemical characterization and the evaluation of the enantioselective capability of alternative chiral inductors in different media, rather than ionic liquids, will open up novel applications in the field of chiral recognition. Therefore, the presented approach opens up an alternative and complementary strategy for chiral discrimination with respect to more conventional electrochemical and spectroscopic methods.
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Scheme 1. (a) Chemical structures of the enantiomers of the 7,8-dipropyl-tetrathia[7]helicene ((P)- or (M)-7-TH-2Pr). (b) Set-up used for the stereoselective recognition together with the redox reactions associated with the enantioselection process. The BPE is represented by the green LED in the middle that is emitting light according to diastereomeric interactions occurring in the mixture in which it is dipped. Feeder electrodes are the gold wires at the two sides of the scheme. 
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Figure 1. HPLC separation of enantiomers of 7-TH and 7-TH-2Pr on the Chiralpak IA CSP. Chromatographic conditions: column, Chiralpak IA (250 mm × 4.6 mm, 5 μm); mobile phase, n-hexane/dichloromethane 100:5 (v/v); temperature, 5 °C; flow rate, 1 mL/min; detection, CD at 325 nm. 
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Figure 2. CD spectra of the first eluted (red line) and second eluted (green line) enantiomers of 7−TH and 7−TH−2Pr in chloroform solution. 
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Figure 3. (a) Enantioselection DPV tests carried out on screen-printed cells by dissolving the (P)- and (M)- chiral inductors (red and green lines, respectively) with 20 mM D-DOPA in a drop of ionic liquid. The orange line stands for the pristine ionic liquid measured in the same operative conditions. (b) On the top: optical pictures at different applied electric fields, indicated in the figure, for the devices tested in the presence of pristine IL (first row) and with IL + 20 mM D-DOPA (second row). On the bottom: maximum light intensity as a function of the applied electric field for the same devices tested in the presence of the pristine IL (orange dots) and with the IL + 20 mM D-DOPA (black dots). 
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Figure 4. On the top: Optical pictures of the stereoselective devices at different applied electric fields, indicated in the figure, in the presence of (a) D- or (b) L-DOPA, respectively. The readout time for all the experiments is 20 s. On the bottom: maximum light intensity as a function of the applied electric field for two independent devices dipped in mixtures containing (a) 20-mM D-DOPA and (b) 20 mM L-DOPA dissolved in BMIMtfsi ionic liquid in the presence of (P)- and (M)-7-TH-2Pr chiral inductors (red and green dots, respectively). 
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