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| INTRODUCTION

Luminescent nanomaterials have been widely used in various applications, including optical signal processing, [START_REF] Mamun | Recent progress in nanomaterial enabled chemical sensors for wearable environmental monitoring applications[END_REF] fluorescence imaging, [START_REF] Ji | Organic dye assemblies with aggregation-induced photophysical changes and their bio-applications[END_REF] and environment-sensitive probes. [START_REF] Xue | Aggregation-induced emission nanofiber as dual sensor for aromatic amine and acid vapor[END_REF][START_REF] Caroleo | Advances in optical sensors for persistent organic pollutant environmental monitoring[END_REF] Doping fluorescent materials onto various carriers, such as colloidal silica, [START_REF] Li | Classification, synthesis, and application of luminescent silica nanoparticles: a review[END_REF][START_REF] Ihara | Luminescent supramolecular gel for light management technology[END_REF] magnetic particles, [START_REF] Fang | Multifunctional magneticfluorescent nanoparticle: fabrication, bioimaging, and potential antibacterial applications[END_REF] graphenes, [START_REF] Krishnan | A review on graphene-based nanocomposites for electrochemical and fluorescent biosensors[END_REF] selfassemblies, [START_REF] Zhang | Self-assembled fluorescent organic nanomaterials for biomedical imaging[END_REF][START_REF] Cao | Amplified polarization properties of electrospun nanofibers containing fluorescent dyes and helical polymer[END_REF] and polymer nanofibers, [START_REF] Kaerkitcha | A review on electrospun luminescent nanofibers: photoluminescence characteristics and potential applications[END_REF] is a common technique for obtaining them. Accordingly, extending the variants of these "luminophore-on-carrier" systems is an ongoing process to expand their potential applications.

Alternatively, the magnitude of the Stokes shift is a crucial component in defining the characteristics of luminescent nanomaterials. Using a luminophore with a significant Stokes shift, for instance, the excitation-inducing light and fluorescence can be separated in fluorescence microscopy of living cells. [START_REF] Sednev | Fluorescent dyes with large Stokes shifts for super-resolution optical microscopy of biological objects: a review[END_REF][START_REF] Gao | A fluorescent dye with large Stokes shift and high stability: synthesis and application to live cell imaging[END_REF] The capacity to alter the Stokes shift in spectral converters facilitates the matching of the solar cell wavelength pattern and manufacturing devices that effectively harvest solar light, [START_REF] Albano | Synthesis of new bis[1-(thiophenyl)propynones] as potential organic dyes for colorless luminescent solar concentrators (LSCs)[END_REF][START_REF] Albano | Photophysical properties of new p-phenylene-and benzodithiophene-based fluorophores for luminescent solar concentrators (LSCs)[END_REF] which increases the conversion efficiency of solar cells. [START_REF] Jintoku | Molecular gel-mediated UV-to-visible spectral conversion for enhancement of power-conversion efficiency[END_REF][START_REF] Jintoku | Molecular gelation-induced functional phase separation in polymer film for energy transfer spectral conversion[END_REF][START_REF] Li | Large stokes shift and high efficiency luminescent solar concentrator incorporated with CuInS 2 /ZnS quantum dots[END_REF] Accordingly, several strategies to augment the Stokes [This article is part of the Special issue: Chiral Materials. See the first articles for this special issue previously published in Volumes 34:12, 35:2, 35:3, 35:4, 35:5 and 35:6. More special articles will be found in this issue as well as in those to come.] shift have been developed, including the construction of an excited-state molecule with intramolecular proton transfer. [START_REF] Zhang | Alkyl chain-dependent ESIPT luminescent switches of phenothazine derivatives in response to force[END_REF] Another approach involves the formation of a donor and acceptor unit within the same molecule via chemical modification to induce fluorescence resonance energy transfer or through-bond energy transfer. [START_REF] Xue | Through-bond energy transfer cassette with dual-Stokes shifts for "double checked" cell imaging[END_REF][START_REF] Liu | A FRET chemosensor for hypochlorite with large Stokes shifts and long-lifetime emissions[END_REF] However, these approaches yield molecules with complicated architectures, necessitating complex synthesis and purification processes.

In this paper, we demonstrate a facile approach for increasing the Stokes shift without carrying out any chemical modification of the dyes. In particular, we focused on the phenomena of dye aggregation by utilizing the more pronounced absorption advantages of a blue-shifting H-aggregation over a red-shifting J-aggregation. In addition, red-shifting emission is anticipated to occur during excimer formation, whereas Haggregation demonstrates fluorescence quenching. [START_REF] Kasha | The exciton model in molecular spectroscopy[END_REF][START_REF] Deng | H-and J-aggregation of fluorene-based chromophores[END_REF][START_REF] Basak | Tailor-made design of Jor H-aggregated naphthalenediimide-based gels and remarkable fluorescence turn on/off behaviour depending on solvents[END_REF] Thus, we designed the chirally twisted H-aggregation of fluorescent dyes, employing a chiral host template comprising poly (lysine) ( pLys) that may form a righthanded α-helical structure by modifying external conditions such as pH (Figure S1). Consequently, the side chain amino groups that serve as electrostatic dye binding sites are ordered and chirally organized along the helical backbone. [START_REF] Shibata | Unique property of cyanine dyes on charged poly(L-lysine)[END_REF] On the other hand, our approach can have fascinating effects in addition to the large Stokes shift because it is known that chiral perturbation to nonchiral dyes can induce circular dichroism (CD) and circularly polarized luminescence (CPL). [START_REF] Liu | Supramolecular chirality in selfassembled systems[END_REF][START_REF] Albano | Chiroptical properties in thin films of π-conjugated systems[END_REF][START_REF] Pescitelli | ECD exciton chirality method today: a modern tool for determining absolute configurations[END_REF] Particularly, CPL generation, which is useful for chiroptical application such as chemical or biological sensors, [START_REF] Imai | A smart sensing method for object identification using circularly polarized luminescence from coordination-driven self-assembly[END_REF][START_REF] Yuasa | Fingerprint signatures of lanthanide circularly polarized luminescence from proteins covalently labeled with a β-diketonate europium (iii) chelate[END_REF] light emitting devices, [START_REF] Zhang | Recent advances in circularly polarized electroluminescence based on organic light-emitting diodes[END_REF] security devices, [START_REF] Mackenzie | Circularly polarized lanthanide luminescence for advanced security inks[END_REF] has been actively studied in recent years. Therefore, this study also focused on CPL generation. Figure 1 schematically illustrates our approach for realizing a blue shift due to chiral Haggregation of the dye with α-helical pLys, a large Stokes shift through a red shift due to excimer emission, and CPL generation based on chiral orientation of dyes.

| MATERIALS AND METHODS

| Materials

Poly(L-or D-lysine) hydrobromides, pLys (Mw: 70,000-150,000) [the polymer host], as well as NK2751, NK2012, and NK77 [fluorescent dyes] were purchased from Sigma-Aldrich and Hayashibara Co., Ltd., respectively. The other dyes such as pyrene-1-sulfonic acid, methyl orange, methylene blue, and acridine orange were purchased from Nacalai Tesque Inc. The dyes used in this study are shown in Figure S1. Spectrophotometric grade methanol and millipore-deionized water were used throughout this study. Additionally, all the chemicals were used as obtained, without further purification.

| Sample preparation

A typical dye-on-pLys system was prepared as follows. First, pLys from L-enantiomer and the dye (NK2751, NK77, methyl orange, pyrene-1-sulfonic acid, etc.) were dissolved separately in methanol. Each solution was then adjusted to respectively yield a 1 unit-mM pLys solution and 1 mM of dye solution. Subsequently, 50 μL of dye solution and 1 mL of pLys solution were combined to achieve a dye concentration of 5 μM. Using a similar procedure, water-methanol mixed solutions of varying compositions were prepared for the NK2751-on-pLys system.

| Measurements

Fluorescence (FL) spectroscopy was performed on a JASCO FP-6500 spectrofluorometer. UV-visible absorption and CD spectroscopy were performed using a JASCO V-630 spectrophotometer and a JASCO J-725 spectrodichrometer, respectively. In addition, the CPL spectra were acquired using a JASCO CPL-300 CPL spectrophotometer. Moreover, a long-pass filter (R60, HOYA) was used to reduce the excitation light during the CPL measurement. Additionally, all spectroscopic measurements were carried out at 20 C, in a cell with a 10 mm optical path length.

F I G U R E 1 Strategic approach used in the current study to achieve a large Stokes shift with induction of circular dichroism (CD) and circularly polarized luminescence (CPL) via a "dye-oncarrier" approach using α-helical poly (lysine) as a chiral template.

In this study, we expected that pLys, which possesses an ordered arrangement of side chain amino groups on a rigid and cylindrical structure based on α-helix, plays a crucial role in inducing chirality when nonchiral fluorophores were mixed. Accordingly, we experimentally applied seven fluorescent dyes (Figure S1) in righthanded α-helical pLys from L-enantiomers, to carry out a preliminary study, due to the electrostatic interactions occurring on the side chain functional groups on pLys. Based on the outcome, a disulfonic NK2751 dye was selected as one of the best candidates In contrast, the structurally identical NK2012 and NK77 dyes were not used for further research because NK2012 exhibited similar results to NK2751 as shown in Figure S2 but was relatively weak for UV-irradiation, and the cationic NK77 dye had no meaningful response, perhaps due to its cationic nature. Similarly, other cationic dyes such as acridine orange and methylene blue did not exhibit no significant spectral change. In contrast, only minor spectral changes were observed with monosulfonic dyes such as methyl orange and pyrene-1-sulfonic acid, making them unsuitable for our strategy. Based on these preliminary results, it was determined that the structure in which the two sulfonic acid groups linked to the planar structure of the dyes are bound to pLys-like double anchors matches the objective of this study.

Figure 2 shows the absorption and CD spectra of NK2751 in the visible region. As observed from the black line in Figure 2A, the maximum absorption of NK2751 in the absence of pLys was observed at 571 nm, corresponding to a monomeric dispersion state. Due to its lack of chirality in NK2751, no CD signal was detected around the absorption band (shown in the black line of Figure 2B). In contrast, for the same system including pLys, the maximum absorption distinctly shifted to the shorter wavelength of 104 nm (shown in the bold red line of Figure 2A). In addition, a strong Davidoff splitting of the CD pattern was found around the red-shifted absorption band of NK2751 (shown in the bold red line of Figure 2B). These spectral behaviors can be described by the dimer formation depicted in the inset of Figure 2B, where the red-shift is attributed to a head-to-head orientation, such as H-aggregation, and the chirally bimolecular stacks near the center of the molecule produce a split CD pattern. Accordingly, pLys interacted with NK2751 to induce chirality in the dye.

Figure 2C illustrates the FL spectra of NK2751. Excited at 571 nm and lacking pLys, a black-line spectrum with a maximum emission at 605 nm was produced for the system. Accordingly, the Stokes shift was observed to be 34 nm. In contrast, the maximum emission was seen at 705 nm when pLys was present and excited at 475 nm, as depicted by the bold red line in Figure 2C. In this instance, the Stokes shift reached 230 nm, indicating several unique features. First, the maximum emission wavelength was 100 nm longer than the monomer emission wavelength. Second, the FL intensity with the pLys system was comparable with half of what it would have been without the system. Finally, the emission band was much broader with pLys than it was without pLys, with respective half-value widths of 50 and 108 nm. These characteristics match those of an excimeric emission. Therefore, a large Stokes shift can be achieved through excimer formation based on H-aggregation with pLys.

Additionally, we explored a second matter. Generally, H-aggregation prevents electron transitions, resulting in a minuscule emission intensity based on the quenching mechanism with the exciton theory. [START_REF] Kasha | The exciton model in molecular spectroscopy[END_REF][START_REF] Deng | H-and J-aggregation of fluorene-based chromophores[END_REF][START_REF] Basak | Tailor-made design of Jor H-aggregated naphthalenediimide-based gels and remarkable fluorescence turn on/off behaviour depending on solvents[END_REF] However, our system is unique in that it can achieve both Haggregation and fluorescence and induce secondary chirality that brings CPL as discussed later. Here, compared with the previously reported examples on H-aggregation, Rösch et al. reported the formation of fluorescent, twisted H-aggregates with merocyanine derivatives while chirality induction was not realized in this system. [START_REF] Rösch | Fluorescent Haggregates of merocyanine dyes[END_REF] On the other hand, we recently reported twisted H-aggregates exhibiting fluorescence and chirality by immobilizing nonchiral dyes onto chiral lipid aggregates but were unable to achieve CPL. [START_REF] Ryu | Fluorescence emission originated from the H-aggregated cyanine dye with chiral gemini surfactant assemblies having a narrow absorption band and a remarkably large stokes shift[END_REF] In addition, as for the large blue shift and sharpening of the absorption peak, the H*aggregation mechanism has been proposed. [START_REF] Belko | H*-and J-aggregates of an indotricarbocyanine dye: steady-state spectral properties and excitedstate dynamics[END_REF] In this regard, our system may also apply this mechanism; however, the previously reported ones were nonfluorescent and did not include the importance of chirality. [START_REF] Belko | H*-and J-aggregates of an indotricarbocyanine dye: steady-state spectral properties and excitedstate dynamics[END_REF][START_REF] Herz | Aggregation of sensitizing dyes in solution and their adsorption onto silver halides[END_REF] Therefore, we speculate that both twisted H-aggregation and chiral configuration are important in realizing our special phenomenon.

The influence of pLys helicity on the H-aggregation of dyes was also investigated. In general, ionic repulsion between side chain groups is known to influence the conformational variations of poly (amino acid)s. [START_REF] Grigsbya | Effect of secondary structure on the potential of mean force for poly-L-lysine in the α-helix and β-sheet conformations[END_REF][START_REF] Gupta | Helix-coil transition in poly-L-lysine and poly-L-glutamic acid[END_REF] Accordingly, the degree of helicity can be adjusted by altering the polarity and pH of the solvent. Figure S3 depicts the CD spectra of pLys in the mixed solvent system. When methanol was utilized as the sole solvent, a typical righthanded α-helical CD pattern was observed. Since the material pLys employed in this work is an HBr salt, essentially no electrostatic repulsion was seen in methanol. However, the addition of water to the mixed solvent triggered a fall in helicity. The concentration dependence of the α-helicity content of water is illustrated in Figure 3. When more than 40% water was added, the helicity almost disappeared and became a random coil.

Figure 4 depicts the effect of water content on the visible, CD, and FL spectra for the NK2751-pLys mixed system. All spectroscopic results suggested that NK2751 dimerization diminished as the water content in the solvent increased. In particular, H-aggregation was eliminated (Figure 4A), and chirality and excimer emission disappeared (Figure 4B,C, respectively). Many studies have described the changes in the chiral stacking states due to the solvent changes. [START_REF] Resta | Natural α-amino acidfunctionalized poly (phenyleneethynylene)s (PPEs): synthesis and chiroptical characterization of aggregate states[END_REF][START_REF] Korevaar | Pathway complexity in π-conjugated materials[END_REF][START_REF] Hassan | Impact of chirality on the aggregation modes of L-phenylalanine-and Dglucose-decorated phenylene-thiophene oligomers[END_REF] However, in our system, the addition of water to the solvent induced α-helix-torandom coil transition of pLys as a primary effect. Therefore, the main factor of the spectral change due to the change of solvent is considered to be the dimer-tomonomer transition of dyes on pLys instead of the change of solvation. Considering that no such effects were observed with monosulfonic acid dyes such as methyl orange and pyrene-1-sulfonic acid, it is estimated that the disulfonic acid structure of NK2751 plays a significant role, as it acts as a double anchor to attach to the two amino groups of the lysine moiety. As depicted in the inset of Figure 3, the chiral H-aggregation of NK2751 can only be produced by the α-helical conformation of pLys. In contrast, NK2751 in pure water exhibited a visibly distinct spectrum in the presence and absence of pLys (Figure S4), but no CD was detected (Figure S5). Therefore, NK2751 interacted with randomly coiled pLys in pure water without promoting dimerisation.

As our system generates both chirality and fluorescence, applications to circularly polarized light emission (CPL) need to be addressed. As a chiroptical light source, CPL represents one of the most recent periods of technological advancement in optical science. Various CPL generation compounds with precise molecular designs have been produced in the last decade. [START_REF] Morisaki | Planar chiral tetrasubstituted [2.2]paracyclophane: optical resolution and functionalization[END_REF][START_REF] S Anchez-Carnerero | Circularly polarized luminescence from simple organic molecules[END_REF][START_REF] Homberg | Combined reversible switching of ECD and quenching of CPL with chiral fluorescent macrocycles[END_REF][START_REF] Tanaka | Circularly polarized luminescence and circular dichroisms in small organic molecules: correlation between excitation and emission dissymmetry factors[END_REF][START_REF] Takaishi | Chiral exciplex dyes showing circularly polarized luminescence: extension of the excimer chirality rule[END_REF][START_REF] Baciu | Dithia[9]helicenes: molecular design, surface imaging, and circularly polarized luminescence with enhanced dissymmetry factors[END_REF][START_REF] Ouyang | Intramolecular energy and solvent-dependent chirality transfer within a BINOL-perylene hetero-cyclophane[END_REF][START_REF] Zullo | Tunable excimer circularly polarized luminescence in isohexide derivatives from renewable resources[END_REF] However, these approaches combine elements both of fluorescence and chirality into a single molecule, resulting in a lengthy and complex synthetic pathway and purifying process. To solve this issue, a new way of combining nonchiral fluorescent agents with a chiral template has been proposed and developed. [START_REF] Goto | Induction of strong and tunable circularly polarized luminescence of nonchiral, nonmetal, low-molecular-weight fluorophores using chiral nanotemplates[END_REF][START_REF] Jiang | Circularly polarized luminescence of achiral cyanine molecules assembled on DNA templates[END_REF][START_REF] Han | Full-color tunable circularly polarized luminescent nanoassemblies of achiral AIEgens in confined chiral nanotubes[END_REF][START_REF] Yang | Highly efficient full-color and white circularly polarized luminescent nanoassemblies and their performance in light emitting devices[END_REF][START_REF] Harada | Lanthanide ion-doped silica nanohelix: a helical inorganic network acts as a chiral source for metal ions[END_REF][START_REF] Zhang | Circularly polarized luminescence of agglomerate emitters[END_REF] The NK2751-on-pLys system is a strong candidate for CPL generation using this method. Figure 5 depicts an example of two CPL spectra in the presence of pLys from L-or D-enantiomers. Excitation at the absorption maximum of the H-aggregates produced a unique CPL with a mirror image between the L-and Denantiomers. The emission area of the resulting CPL is nearly identical to that of the NK2751 excimer. The g lum value, which refers to the optical purity of CPL, is roughly 2 Â 10 À3 , which is not particularly high. However, it is the first CPL generation achieved by assisting with α-helical poly (amino acid), and this achievement is noteworthy as a new step forward in CPL research.

| CONCLUSION

Using functional groups arranged chirally on the stiff and cylindrical structure of poly(a-amino acid) and the way of binding nonchiral fluorescent agents to it, a new method for achieving a significant Stokes shift was established in the current study. By selecting the appropriate dye, Haggregates were produced on the chiral template, which altered the excimer emission's absorption wavelength to shorter wavelengths and emission wavelength to longer wavelengths. In addition, we successfully demonstrated the efficient luminescence of H-aggregates, where the phenomenon of quenching is prevalent. In other words, the chiral twisted H-aggregation of the dyes allows for the necessary electron transfer for light emission. In addition, because our system is capable of both fluorescence and chirality, we have succeeded in developing CPL generation, which is likely to garner significant attention in optical research. It is, therefore, anticipated that additional research on this system will demonstrate the significant development potential of the suggested technology for CPL generation.
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  I G U R E 2 UV-visible (A), circular dichroism (CD) (B), and fluorescence (FL) (C) spectra of NK2751 in methanol at 20 C. The bold red lines and the black lines show the results obtained with and without pLys, respectively. The concentrations of NK2751 and pLys were fixed to 5 μM and 0.1 mM, respectively. The FL spectra (C) were obtained by excitation at 475 and 575 nm with and without pLys, respectively.

F

  I G U R E 3 Concentration dependencies of water on the α-helicity of pLys (left vertical axis) and the dimer-monomer ratio of NK2751 (right vertical axis).

F

  I G U R E 4 Concentration dependencies of water on visible (A), circular dichroism (CD) (B), and fluorescence (FL) (C) spectra for the NK2751-pLys mixed system at 20 C. The concentrations of NK2751 and pLys were fixed to 5 μM and 0.1 mM, respectively. The excitation wavelength was performed at 475 nm for the FL spectra.
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