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Electrochemiluminescent enantioselective detection with chiral-imprinted mesoporous metal surfaces

Electrochemiluminescent enantioselective detection with chiral-imprinted mesoporous metal surfaces Sopon Butcha, ‡a,b Jing Yu, ‡a Zikkawas Pasom,a,b Bertrand Goudeau,a Chularat Wattanakit,*b Neso Sojic,*a and Alexander Kuhn*a,b Chiral-imprinted mesoporous Pt-Ir alloy surfaces were combined in a synergetic way with electrochemiluminescence (ECL) to detect the two enantiomers of phenylalanine (PA) as a model compound, acting simultaneously as a chiral target and as a co-reactant to generate significant differences in ECL signals. The chiral features of the metal surfaces are converted into an enantioselective electrogeneration of the excited state of the [Ru(bpy)3]2+ dye, which in fine produces the differentiating light emission with up to 20-fold differences in intensity for the two enantiomers. These findings open up the possibility of developing new ECL-based bioassays and microscopy of chiral environments.

The enantioselective recognition of chiral compounds is crucial for various potential applications, especially in the field of sensing.1 Although multiple techniques have been successfully applied to discriminate chiral molecules, they often suffer from some limitations related to the high cost of advanced instrumentation, the difficulty of sample purification or derivation, and timeconsuming analytical processes.2 Thus, there is still a strong need to develop new and straightforward approaches allowing the discrimination of enantiomers.3

In this context, electrochemical concepts offer several advantages. One of them is electrochemiluminescence (ECL). ECL is a light-emitting phenomenon, which can be decomposed into three sequential main steps: i) the electrochemical trigger for the generation of reactive intermediates, involving a luminophore and a sacrificial co-reactant; ii) their homogeneous reaction leading to the formation of the excited state of the luminophore; iii) its relaxation to the ground state accompanied by photon emission. ECL provides several outstanding advantages, including a controllable electrochemical reaction and ultrasensitive detection of the emitted light.4 Consequently, this allows the investigation of a relevant analyte at very low concentrations (10-11 to 10-15 M), down to imaging at the single-molecule level.5 In addition, ECL is considered a rapid, costeffective, and easy to operate technique.4 Qualitative and quantitative analysis of specific compounds can be carried out based on the luminescence produced by the electrochemical reaction occurring at the electrode surface.6 Up to now, this approach has also been widely associated with other techniques for a large number of practical applications, such as immunosensing, and imaging of (bio)chemical reactions.6-7 However, ECL is a technique that is usually insensitive to chiral information because its intrinsic readout signals, such as the current and the wavelength/intensity of the emitted light, are identical for two enantiomers. To overcome this limitation, we recently reported that resolving the circular polarization of the ECL emission provides valuable information on the excited state of the luminophore. The two individual enantiomers of different luminophores (bispyrene organic macrocycle and the model compound [Ru(bpy)3]2+) were detected selectively by circularly polarizedelectrochemiluminescence (CP-ECL).8 Other groups also reported stereoselective ECL sensors based on various ingredients.9 Nevertheless, in all these cases, a chiral molecular selector had to be integrated into the more or less complex systems.

Herein, we propose a general strategy that is completely different, relying first of all on the fact that specific chiral molecules can play the role of ECL co-reactants, and second, that the enantiodiscrimination occurs on metal surfaces, which are encoded with structural chiral information.

Recently, chiral mesoporous metal structures have been developed.10 They combine the advantages of the mesoporosity, providing a high active surface area and improved mass transport,11 with enantioselective adsorption on surfaces.12 To extend the scope of this strategy, noble and non-noble metals, such as platinum (Pt)10 and nickel (Ni)13 or alloyed platinum-iridium (Pt-Ir),14 have been investigated. These nanostructured surfaces could be used as electrodes for three major aspects of chiral technologies: asymmetric synthesis,10c-e,13,14 chiral separation,15 and enantioselective analysis.10a-b,16 Most importantly, when an alloy is used instead of a monometallic matrix, a significantly improved stability of the chiral features has been observed,14a making these surfaces interesting candidates for the asymmetric synthesis of chiral compounds via both electrocatalysis,14a and heterogeneous chemical catalysis.14b

This structural stability makes an imprinted Pt-Ir alloy also a material of choice for coupling with ECL, because high positive potentials have usually to be applied to the electrode for these experiments. The chiral imprinting should, in this case, allow generating an enantioselective ECL signal when one of the ingredients, either the luminophore or the co-reactant, has chiral features. Thus, we tested an imprinted Pt-Ir alloy as a working electrode for the electrooxidation of the amino acid phenylalanine (PA) as a chiral co-reactant, together with [Ru(bpy)3]2+ as a model luminophore (Scheme 1). In other words, to achieve enantioselective ECL detection, we target in this approach the initial electrochemical triggering step and not the generation of polarized light as in previous studies.8 The amino acid acts simultaneously as the chiral target (Fig. S1, ESI †) and also as the coreactant in the ECL mechanism.14a,17 As illustrated in Scheme 1, when Pt-Ir encoded with D-PA is used as a working electrode, an ECL signal with a significantly higher amplitude is expected for D-PA as an analyte compared to L-PA, due to preferential oxidation at the specific chiral recognition sites. This concept opens up perspectives for a more general use of molecular-imprinted metals in combination with an ECL readout in advanced chiral technologies.

Co-electrodeposition from chloroplatinic acid hydrate (H2PtCl6•xH2O) and dihydrogen hexachloroiridate (IV) hydrate (H2IrCl6•xH2O), in the simultaneous presence of a non-ionic surfactant, polyethylene glycol hexadecyl ether (Brij®C10), and chiral templates, either L-or D-PA, with a molar ratio of PA/(PtCl62-+ IrCl62-)= 1/12, was used to elaborate the chiral encoded mesoporous Pt-Ir electrodes.14a The deposited Pt-Ir alloy, obtained with a deposition charge density of 4 C cm-2, provides outstanding properties such as a perfectly smooth outermost surface (Fig. S2, ESI †) and a uniform thickness of approximately 500 nm (Fig. 1a). The scanning transmission electron microscopy (STEM) image (Fig. 1b) reveals an ordered pore arrangement with an average pore diameter of approximately 5 nm, similar to what has been obtained previously .11,14a,15 The high porosity of the electrode is further emphasized by a significantly larger cyclic voltammetric (CV) signal. Typically, the electrochemically active surface area is estimated in the region of hydrogen adsorption/desorption in a potential window between 0.0 to -0.25 V vs. Ag/AgCl,18 and these measurements allow calculating a roughness factor of up to 100 (Fig. 1c).

PA was selected as a bifunctional model molecule, acting as an analyte and also as a sacrificial co-reactant in combination with the model luminophore [Ru(bpy)3]2+. Both compounds were dissolved in phosphate buffer solution (PBS, pH 7.3). To verify the electrochemical behavior of both PA and [Ru(bpy)3]2+ in PBS solution, a classical Pt electrode was used as a working electrode. Differential pulse voltammetry (DPV) indicates the oxidation of L-PA and [Ru(bpy)3]2+ at approximately 0.75 and 1.1 V vs. Ag/AgCl (sat. KCl), respectively (Fig. 1d).19

The ECL signal starts to be generated at 1 V, where [Ru(bpy)3]2+ oxidation occurs. It reaches a maximum intensity at 1. 15 V.19a The Pt disk electrode does not provide any enantioselectivity, and a specular signal is obtained for both enantiomers (signal ratio of 1.0 ± 0.3 (n=5)). In the case of mesoporous Pt-Ir electrodes, a very pronounced capacitive current (Fig. S3a,ESI †) is observed due to their high active surface area. The ECL signal appears nevertheless at the same oxidation potential as for the classical Pt surface, and its amplitude depends on the PA concentration (Fig. S3b, ESI †). In order to avoid the large capacitive currents, DPV was therefore chosen to further study the chiral discrimination. With a non-imprinted Pt-Ir electrode, the ECL signal was recorded during the DPV scan (DPV-ECL) in a PBS solution containing [Ru(bpy)3]2+ without and with PA (Fig. S3c,ESI †). In a solution containing only the supporting electrolyte there is no ECL signal. A negligible ECL signal was found in the [Ru(bpy)3]2+ solution. However, when adding the PA co-reactant, strong ECL is observed. These observations demonstrate the importance of PA as a co-reactant and that ECL emission is generated at the oxidation potential of [Ru(bpy)3]2+. It further indicates that the mechanism follows an oxidative-reduction route, like in the case of the well-known tri-n-propylamine combined with [Ru(bpy)3]2+.19a-b

Although DPV can be used as a standalone technique for studying chiral recognition,10ab,14a enantioselective ECL emission can lead to an alternative and straightforward readout of analytical information. Fresh L-PA imprinted mesoporous Pt-Ir reveals chiral recognition properties with a higher ECL signal for L-PA than D-PA (Fig. 2a). Similarly, D-PA gives a stronger ECL signal on D-PA imprinted mesoporous Pt-Ir electrodes with respect to L-PA solution (Fig. 2b). In order to check the reproducibility of this discrimination we performed a series of three experiments for every type of electrode. In average the imprinted enantiomer leads to a three times higher ECL signal (Fig. S4) and the recognition ability does not seem to be strongly affected by the scan rate (Fig. S5).

Even though freshly prepared Pt-Ir electrodes can discriminate between PA enantiomers, the sensitivity of this ECL analysis is still limited as the surface can be gradually passivated by the adsorption of molecules. In order to enhance the ECL signal, we therefore employed a potentialinduced surface regeneration concept. The metal surface was activated and cleaned using chronoamperometry, applying a constant negative potential of -0.1 V for 30 s to remove any physisorbed species on the mesoporous metal surface before ECL analysis. 20 The discrimination ability is dramatically improved in this case (Fig. 2c andd). The enantioselectivity, expressed by the ratio of the respective ECL signals, reaches values of over 20. This enhanced enantioselectivity could be ascribed to the fact that the cleaning step equally affects the enantioselective internal surface of the mesopores and the unselective outer surface of the Pt-Ir layer. As the mesopores represent a higher fraction of the total available surface area, this leads to a relative increase in the signal of the imprinted species, which preferentially react inside the pores. This results in a higher probability for the bimolecular reaction between oxidized [Ru(bpy)3]2+ and PA species to occur in a stereoselective way and consequently generates a significantly larger ECL signal for the imprinted enantiomer (Scheme S1).5a,10a-b,19a However, the opposite enantiomers also leads to light emission, even though with much lower intensity. Thus, it is for example not possible to measure enantiomeric excess with a single electrode. However, one could combine in a single experiment two electrodes, one imprinted with the R-enantiomer and the other one with the S-enantiomer. The difference in ECL signal could then be used to estimate the ratio of both enantiomers. From a series of experiments studying the ECL intensity as a function of concentration (Figure S6), one can further estimate that the lower limit of discrimination is around 10 M.

As these ECL experiments require relatively high positive potentials, which might lead to oxidation of the metal surface, and thus to a gradual loss of chiral information, the stability and reusability of the alloy surfaces was investigated. This loss of selectivity relates to the formation of metal oxide while applying highly anodic potentials. The generated metal oxide partially hinders the electrooxidation of PA, resulting in diminished ECL intensities (a loss of 0.4 a.u. of the absolute value of ECL intensity).21 It should be noted that in our previous report,14a the chiral imprinted Pt-Ir alloys demonstrated outstanding discrimination ability of enantiomers, even after several excursions to positive potentials. However, the experiments were carried out in an acidic halide solution (HCl, pH at 1.3), in which the halide species prevent the growth of metal oxides, allowing more efficient oxidation of the reactants. 22 In strong contrast to this, the ECL analysis in this present study was conducted in neutral PBS solution (pH 7.3), in order to maximize ECL intensity which is strongest at neutral pH. Thus, surface passivation leads to a gradual decrease in enantiomeric discrimination efficiency.

In summary, our results demonstrate for the first time that chiral imprinted mesoporous metals can be used for enantio-discrimination by ECL. The selected amino acid, phenylalanine, was efficiently employed as a co-reactant to generate the stereoselective emission of ECL signals. A pronounced selectivity was observed for the target enantiomer. This example illustrates the power of using an ECL-based readout, combined with its usual advantages, such as a low background signal. As the ECL activity is based on the presence of the amino group in the target molecule, it is easy to imagine that the strategy can be extended to other molecules with amino functions and, most notably, to other members of the family of amino acids. Therefore, the findings of these proof-ofprinciple experiments open up interesting perspectives for developing other molecular encoded metal structures that can be used for such an optical detection strategy.
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Fig. 1

 1 Fig. 1 Characterization of the chiral imprinted mesoporous Pt-Ir electrode. (a) cross-sectional view of the SEM image; (b) STEM image of a thin layer of a porous Pt-Ir sample; (c) Cyclic voltammograms of porous Pt-Ir (red) and commercial flat Pt (black) recorded in 0.5 M H2SO4 solution at a scan rate of 100 mV s -1 ; the Pt-Ir alloy is obtained by electrodeposition with a charge density of 4 C cm -2 . (d) Differential pulse voltammogram and ECL intensity recorded with a commercial Pt disk electrode in a solution composed of 10 mM L-PA and 1 mM [Ru(bpy)3] 2+ dissolved in 0.1 M PBS solution (pH 7.33).

  Fig. S7a (ESI †) shows the ECL response of a D-PA imprinted Pt-Ir surface in the presence of D-and L-PA during the first anodic scan of fresh electrodes, and Fig. S7b-e (ESI †) display the ECL signals recorded during four subsequent anodic scans with the same electrodes. The relative ECL intensity measured in the solution containing L-PA tends to increase compared to D-PA. It shows that the imprinted Pt-Ir surface can be reused for up to four detection cycles, despite a decrease in enantioselectivity.

Fig. 2

 2 Fig. 2 Chiral discrimination by ECL on pristine (upper row) and activated (lower row) encoded Pt-Ir alloy electrodes. ECL signals for discrimination between PA enantiomers of (a), (c) L-PA, and (b), (d) D-PA imprinted Pt-Ir electrodes. The experiments were conducted in both 10 mM L-PA or D-PA/1 mM [Ru(bpy)3]2+
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