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A novel donor–acceptor–donor (D-A-D) type compound containing pyrazine as the acceptor and triphenylamine as the donor has been designed and synthesized. The photophysical properties and biocompatibility of this probe, namely (OMeTPA)2-Pyr for live cell imaging were systematically investigated, with observed large Stokes shifts, high photostability, and low cytotoxicity. Furthermore, we demonstrated that (OMeTPA)2-Pyr could permeate live cell membranes for labeling. The proposed mechanism of this probe was the binding and shafting through membrane integral transport proteins by electrostatic and hydrophobic interactions. These salient and novel findings can facilitate the strategic design of new pyrazine-fused charge-neutral molecular platforms as fluorescent probes, for long-term in situ dynamic monitoring in live cells.
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INTRODUCTION
Using fluorescent probes for long-term monitoring of live cells is the key to understanding and modulating molecular events happening within organelles, unraveling the physiological dynamics. Recently reported fluorogenic probes involve the D-A (donor–acceptor) type platforms such as substituted acetylnaphthalene derivatives (Tang and Jiang, 2017; Zhang et al., 2021a; Gao et al., 2021), BODIPYs (Tian et al., 2018; Bai et al., 2019; Liu et al., 2019; Zhang et al., 2021b; Li et al., 2021), AIEgens (Shi et al., 2019; Xu et al., 2021; Zheng et al., 2021), and organometallic compounds (Jin et al., 2021; Zhu et al., 2021; Ünlüer, 2021). However, tuning the bandgaps for predictable photophysical properties of D-A type molecules was limited by synthetic approaches. On the other hand, D-A-D type chromophores have currently attracted much research attention for showing great potentials as a fine-tuning platform for opto-electronic applications (Yang et al., 2020; Liu et al., 2021). In recent reports, D-A-D fluorescent probes have been used in imaging of lysosomal nitric oxide (Wang et al., 2018) and biothiol (Chen et al., 2018). With enriched variety of structure–activity relationships and a larger degree of conjugation that generates a longer wavelength emission, the D-A-D type molecular systems can reach desired performance indicators as probes through a rational design.
Under physiological microenvironments, aggregated caused quenching (ACQ) may happen that interferes the sensitivity and signal to noise ratio of fluorescent probes (Chen et al., 2020; Wang et al., 2021). Therefore, fluorophores with background-free signals are desired in bioimaging. It has been proven that in pure aqueous media, heteroaromatic-fused probes show none or weak fluorescence due to their formation of intramolecular H-aggregates, whereas in microenvironments with mixed organic media lipophilic and components, distinct fluorescence signals are obtained due to the unfolding and disruption of the probes’ single domain alignment (Kobayashi and Choyke, 2011; Lee et al., 2014; He et al., 2019). Considering choosing suitable aggregate moieties as functional groups in fluorescent probes, tetrenyl styrene (TPE), tetrenyl-1,4-dibutylene (TPBD), and distyrene (DSA) were reported susceptible to photothermal oxidation which leads to poor photostability, due to their strong electrophilic C-C double bonds that can react with nucleophilic reagents; the synthetic complexity of tetrenyl-1,4-dibutylene (TPBD) and hexabenzene (HPS) makes their scalability unfeasible for rapid accessible at a low cost (Chen et al., 2019; Xia et al., 2019; Cai and Liu, 2020). To tackle the above issues, in recent reports, a range of D-A-D type molecular systems have been reported. Lou et al. reported a D-A-D type curcuminoid-based fluorophore with a high signal to noise ratio (SNR) for biothiol recognition in living cells (Yang et al., 2020). Zhang et al. and Wang et al. reported fluorescent imaging via triphenylamine (TPA)-based probes (AS2CP-TPA, TTVP) with hydrophilic pyridinium salt moiety (Liu et al., 2020a), demonstrated a fast staining protocol. However, these probes were limited to stain the cell plasma membrane, thus, required additives such as lipid vesicle reagents (Morris et al., 2009; Suzuki et al., 2016; Han et al., 2017). Therefore, there is still an unmet demand for rational design and synthesis of novel probes with synthetic simplicity, tunable photophysical properties, greater stability, and biocompatibility (Liu et al., 2020b; Wang et al., 2020).
RESULTS AND DISCUSSION
Preparation of (OMeTPA)2-Pyr Probe
In view of current challenges in probing molecular platforms, we have synthesized a D-A-D type probe with a rational design. The consideration for the molecular design is to retain photostability and imaging brightness by expanding the degree of π-conjugation and enhancing the intramolecular charge transfer effect through the D-A-D configuration. Pyrazine was chosen as the core acceptor moiety, which reacted with 4-methoxytriphenylamine as the donor group. The lone-pair electrons of the terminal O and N atoms in the TPA groups were able to efficiently delocalize the π-bonds. As the LUMOs are relatively concentrated on the pyrazine core, the intramolecular charge transfer (ICT) effect would be promoted upon excitation during the imaging process to ensure the photostability (Yang et al., 2020; Liu et al., 2021). Synthesis was carried out in a one-pot reaction by the Suzuki coupling reaction Pd2 (dba)3, SPhos, and cesium carbonate aqueous solution in toluene, 80 °C, 12 hrs (Scheme 1) in moderate yield as yellow powder. The correct chemical structure of (OMeTPA)2-Pyr was verified by 1H and 13CNMR spectra alongside mass spectrometry (Supplementary Figure S1–3) with satisfactory analysis.
[image: Scheme 1]SCHEME 1 | The synthesis of (OMeTPA)2-Pyr. Reagents and conditions: Pd2 (dba)3, SPhos [2-Dicyclohexylphosphino-2′,6′-dimethoxybiphenyl] and cesium carbonate aqueous solution in toluene, 80°C, 12 h.
Density Functional Theory (DFT) Calculations
Introduction of the bulky 4-methoxy-TPA substituents as donor on the pyrazine core as the acceptor orchestrated the electronic distribution and photophysics property of the fused D-A-D type compound (Figure 1). It was found that the horizontal dispersion of LUMO levels was mostly distributed on the central pyrazine core with the central π bridge; however, the electronic cloud of the HOMO levels in the compound could be delocalized further over the entire molecule. This electronic distribution was considered facilitating the inherent intramolecular charge transfer (ICT) characteristics of (OMeTPA)2-Pyr, which were further confirmed via spectroscopy.
[image: Figure 1]FIGURE 1 | Energies and electronic orbital localizations of (OMeTPA)2-Pyr in its representative Frontier molecular orbital distributions.
Photophysics Analysis
From spectroscopy, (OMeTPA)2-Pyr was found with a quantum yield ΦFL = 0.36 and lifetime τ= 1.42 ns in DMF. In accord with the DFT calculation, the spectra have shown the existence of an intramolecular charge transfer (ICT) excited state in the D-A-D system. Two absorption bands of 289 nm (n→σ*) and 416 nm (n→π*) were observed in the UV-Vis spectrum, which were relatively insensitive to polarity changes in solvents (Figure 2A, Supplementary Figure S4). The maximum excitation wavelength of (OMeTPA)2-Pyr was found at 427 nm (Supplementary Figure S5), and the fluorescence emission spectra were strongly affected by the polarity of surrounding solvents (Figure 2B). The emission peak of (OMeTPA)2-Pyr red shifted from 489 nm (in hexane, apolar aprotic) to 551 nm (in DMF, polar aprotic), respectively (Table S1). The sensitivity of (OMeTPA)2-Pyr in the solvent environment was estimated by measuring the difference in units of wavenumbers (Δν) between the maximum absorption and emission, deduced from the Lippert-Mataga equation (Chen et al., 2019) (Zhang et al., 2021a),
[image: image]
in which, νAbs is the wavenumber of the absorption, νF is the wavenumber of the fluorescent emission, h is Planck’s constant, c is the velocity of light, and a is the Onsager cavity radius around the fluorophore, which was calculated from the DFT optimized lowest energy structure. In this case, the Onsager radius a (0.68 Å) was taken as half the average distance between the 4-methoxyphenylaniline (-OCH3) in the donor moiety and the imine nitrogen carbon of the pyrazine acceptor, which correlates with the longest possible axis across the molecule where charge separation could take place; Δμ = (μE-μG) represents the difference between excited and ground states dipole moments. Δf is defined by the dielectric constant ε and the refractive index n, which represents the orientation polarizability. In accord with the Lippert–Mataga formula, the Stokes displacement is proportional to the orientation polarizability with different solvents, relevant to Δμ (the difference between the dipole moment between the excited state and the ground state). The D-A-D type structure with the planar TPA group and twisted molecular conformation made the (OMeTPA)2-Pyr probe possess both π-conjugation and intermolecular π-π interactions. Upon excitation, π electrons are easily polarized. The dipole moments in the excited state are known to be greater than theirs in the ground state. Hence, the excited energy of this molecule would be stabilized by the polar solvent to a greater extent, which correlates with the solvent dependency of Stokes’ shift changes. The Stokes’ shift measured in the variant solvent can be seen changing linearly in the Lippert-Mataga plot (Supplementary Figure S7, S8) in response to the solvent polarity. The Stokes shift of (OMeTPA)2-Pyr changed from 64 nm (3080cm-1) in hexane to 124 nm (5314cm-1) in DMF, respectively, correlating with Δμ (8.0 D), proportional to the orientation polarizability.
[image: Figure 2]FIGURE 2 | (A) Normalized absorption and fluorescence emission spectrum of (OMeTPA)2Pyr in DMF; (B) Fluorescence spectra of (OMeTPA)2Pyr in variant solvents (λex = 427 nm).
From the spectroscopy-measured excited-state dipole moment data alongside DFT calculation, the electron transfer process can be seen in this D-A-D molecular system. The obtained DFT values of redox potentials indicate that the subunits interact very weakly in the ground states. Introduction of electron-donating methoxy groups enhanced the electron push-pull effect and the conjugate level of the D-A-D molecule. Meanwhile, due to the rotation of the 2-phenylpyrazine single bonds between the donor and acceptor, activation of the ICT process was observed accompanying by conformational changes in molecular geometry and therefore, induced the formation of twisted intramolecular charge transfer (TICT) states apart from the excited state charge transfer (Supplementary Figure S9).
Considering the use of (OMeTPA)2-Pyr for live cell probing under physiological environments, the fluorescent property was then tested in the gradient mixture of DMF with water (protic solvent). Intensity of maximum fluorescence increased with water fraction range 30–70%. Dynamic light scattering measurement has found a smaller average diameter (19 nm) and a fewer polydispersity index (0.305) of the probe in aqueous solution than in DMF solvents (Supplementary Table S2, Figure S10). Attribute to the free rotation of methoxy groups with minimum electron affinity in the D-A-D axis plane orientations, the non-aggregate homogenous distribution property in the aqueous solution maketh the probe compatible for live cell imaging.
Molecular Docking Simulations
Using the aromatic heterocycle with two nitrogen atoms, the pyrazine core could affect the protonation and hydrogen-bond formation with the membrane integral transport proteins and facilitate the live cell membrane permeability. To validate this hypothesis, (OMeTPA)2-Pyr was docked into the binding site of the human asialoglycoprotein receptor ASGPR (PDB ID: 1DV8, typeII membrane integral transport protein). The maximum binding affinity between (OMeTPA)2-Pyr and the ASGPR was predicted to be -5.6 kcal/mol. The probe adopted a compact conformation to bind at the site of the ASGPR (Figure 3A). The probe located at the hydrophobic pocket, surrounded by the residues Val-155, Trp-166, Ala-173, and Pro-271, forming a stable hydrophobic binding (Figure 3B). Detailed analysis showed that the phenyl groups of the (OMeTPA)2-Pyr formed cation-π and anion-π interactions with the residues Lys-172 and Asp-176, respectively. Importantly, two key hydrogen bond interactions were observed between the (OMeTPA)2-Pyr and the residues Ser-170 and Ala-173 (bond lengths: 2.2 Å and 2.2 Å), which was the main interaction between the (OMeTPA)2-Pyr and the ASGPR (Figure 3B). All these interactions facilitated the probe to anchor tightly into the binding pocket of ASGPR, rather than attach at the shallow surface of the peptide side chains. Therefore, this charge neutral probe was enabled to interact with membrane transporters for attained live cell permeability, which was then confirmed by time-resolved live cell imaging results.
[image: Figure 3]FIGURE 3 | (A) Total view of; (B) Detailed view of (OMeTPA)2Pyr docked into the binding site of the ASGPR transmembrane glycoprotein. Representative binding residues were shown in blue/green lines; the probe molecule was represented with rose red sticks with N/O atoms highlighted; The hydrogen bonds were shown in yellow dotted lines.
Live Cell Confocal Laser Scanning Microscopy Imaging
Confocal laser scanning microscopy (CLSM) imaging results (Figure 4) showed that the distribution of (OMeTPA)2-Pyr was mainly in live cell plasma, fewer at cell nucleus, none co-localizing with the commercial nuclear stain RedDot™ (Figure 4) nor Hoechst 33,342 (Figure 5); partially co-localizing with the commercial mitochondria tracker MitoTracker® Red (Pearson correlation 35.7%). The linear fluorescence intensity was measured using ImageJ; the average diameter of the stained points was 1.27 mm with high uniformity (Supplementary Figure S11). (OMeTPA)2-Pyr was found to effectively label the cells with obviously homogenous distribution in the cytoplasm without leaching out from the stained cells over incubation time (24 h). This result suggested that (OMeTPA)2-Pyr is unlikely to cause false positive stain due to leakage. The membrane permeability and live cell-specific labeling of (OMeTPA)2-Pyr was then confirmed by imaging results in fixed cells (Figure 5). In 4% formaldehyde-fixed Hela cells, (OMeTPA)2-Pyr was stained solely on the cell membrane thitherto none uptake by the cytoplasm after 24 h incubation. In accord with the molecular docking simulations, hydrophobic pocket binding formation of (OMeTPA)2-Pyr with the asialoglycoprotein receptor (ASGPR)-a type II transmembrane glycoprotein played important role in its live cell cytoplasm localization.
[image: Figure 4]FIGURE 4 | CLSM images of (A) Merged image of all channels for the cells co-stained with a commercial nuclear stain RedDot™(1.0 μM, 30 min) and probe; (B) (OMeTPA)2Pyr (2.0 μM with 0.1% DMSO in cell medium) treated live Hela cells after 30 min staining; (C) Calculation of co-localization coefficient. Scale bar: 20 μm.
[image: Figure 5]FIGURE 5 | CLSM images of live Hela cell (a-/b-/c-/d-live) and DMF fixed cell (a-/b-/c-/d-fix) co-stained with commercial dyes and probe: (A) channels of nuclear stain Hoechst 33,342; (B) channels of mitochondria tracker MitoTracker® Red; (C) channels of fixed and live cells stained with (OMeTPA)2-Pyr (1.5 μg/ml) in 24 h, respectively; (D) Merged image of all channels. Scale bar, 10 μm.
The photophysical fidelity and biocompatibility of (OMeTPA)2-Pyr in live cell imaging were further examined. Photo-bleaching, which is a common challenge for many organic probes were not observed in this case. Live Hela cells precultured with (OMeTPA)2-Pyr were exposed to constant 405 nm laser illumination, the intracellular fluorescence intensity was recorded over time by confocal microscopy and calculated by ImageJ software. Results have showed that (OMeTPA)2-Pyr exhibited constant fluorescence emission and the relative intensity remained over 70% after 2 h illumination, suggesting the photostability of (OMeTPA)2-Pyr inside live cells (Supplementary Figure S13). The biocompatibility of (OMeTPA)2-Pyr was evaluated in HeLa and 4T1 cells by CCK-8 assay for 24 h incubation at a dosage up to 50 μg/ml (Supplementary Figure S14), which was over 30 fold higher than the concentration used in cell labeling. The data suggested that (OMeTPA)2-Pyr labeling did not affect cell viability. Moreover, the quality of fluorescence images retained over different generations of (OMeTPA)2-Pyr-labeled live cells. Results have shown that the probe could be carried over to the three generation of offspring cells with photophysical consistency (Figure 6).
[image: Figure 6]FIGURE 6 | CLSM images of live Hela cells stained with (OMeTPA)2Pyr (1.5 μg/ml) over different cell generation. Scale bar, 10 μm.
CONCLUSION
A pyrazine-bridged D-A-D type fluorescence probe, namely (OMeTPA)2-Pyr, was designed and synthesized. This charge neutral probe was found selectively binding to membrane transporter protein and thus, could be taken by live cells for cytoplasm imaging. The advantages of photostability and long-term labeling render great potential to develop a novel molecular platform for long-term live cell imaging.
METHODS
Synthesis of (OMeTPA)2-Pyr
In a 50 ml Shrek tube, the mixture of 2,5-dibromopyrazine (242 mg, 1.01 mmol), 4-methoxy-N-(4-methoxyphenyl)-N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)--phenyl)aniline (1.29 g, 3.04 mmol),Pd2 (dba)3 (127 mg, 0.14 mmol),SPhos (88 mg, 0.21 mmol), and Cs2CO3 (6.91g, 21.21 mmol) in toluene/H2O (2:1, 15 ml) was stirred at 85 °C for 24 h under the protection of N2. After cooling the solution to room temperature, the reaction mixture was poured into a 250 ml separatory funnel to separate the organic phase and using CH2Cl2 to extract the aqueous phase. Then, the combined organic phase was dried by MgSO4 and concentrated by rotavapor. At last, the residue was purified by a silica gel column (Hexane:DCM = 1:1) to afford (OMeTPA)2-Pyr as a yellow solid (402 mg, 58% yield). 1HNMR (400 MHz, CDCl3): δ = 3.81 (s, 12H), 6.86 (d, J = 8Hz, 8H), 7.01 (d, J = 8 Hz 4H), 7.11 (d, J = 8Hz, 8H), 7.85 (d, J = 8Hz, 4H), 8.91 (s, 2H) ppm; 13CNMR (100 MHz, CDCl3): δ = 55.46, 114.75, 119.69, 127.07, 127.17, 127.65, 140.19, 149.21, 149.98, 156.26 ppm. HRMS (EI) m/z: calcd for C44H38N4O4 = 686.29; found [M+1]+ = 687.2965.
Density Functional Theory (DFT) Calculations
Highest occupied (HOMO) and lowest unoccupied (LUMO) Kohn–Sham orbitals were conducted by TDDFT/B3LYP/6-31G*(d,p) for C/H/O/N based on the optimized molecular geometries in the ground state and first excited state. The orbital energies shown in parentheses were established with DFT calculations using Gaussian 09 software package. The optimized geometry and space plots were visualized using Multiwfn and VMD software.
Molecular Docking Simulation
Dock vina 1.1.2 was used to investigate the binding mode between (OMeTPA)2-Pyr and the membrane transporter human asialoglycoprotein receptor (ASGPR). The 2D structure of the (OMeTPA)2-Pyr was drawn and converted to a 3D structure by ChemBio3D Ultra 14.0 software. The 3D structure of ASGPR (PDB ID: 1DV8) was downloaded from the RCSB Protein Data Bank (www.rcsb.org). AutoDockTools 1.5.6 package (Cai and Liu, 2020) was employed to generate the docking input files. The ligand was prepared for docking by merging non-polar hydrogen atoms and defining rotatable bonds. The search grid of the ASGPR site was identified as center_x: 3.911, center_y: 17.995, and center_z: 32.857 with dimensions size_x: 39.75, size_y: 39.75, and size_z: 35.25. In order to increase the docking accuracy, the value of exhaustiveness was set to 20. For Vina docking, the default parameters were used if it was not mentioned. The best-scoring pose as judged by the Vina docking score was chosen and visually analyzed using PyMoL 1.7.6 software (www.pymol.org).
Cell Imaging
Cells were seeded on 35 mm glass-bottom dishes (NEST) and incubated in DMEM culture medium at 37 °C in 5% CO2 overnight. The cells were cultured for 40 min in DMEM spiked with (OMeTPA)2-Pyr (1.5 μg/ml) and commercial trackers. The cells were washed with PBS (1 ml) and placed in fresh culture medium. Then, the cells were analyzed by confocal fluorescence microscopy (Leica SP8) using the following filters: λex = 405 nm and λem = 420–550 nm for (OMeTPA)2-Pyr signal, λex = 552 nm and λem = 587–657 nm for the Mitotracker Red signal, and λex = 638 nm and λem = 710–880 nm for the RedDotTM1 signal. The fluorescence signals of MitoRed, RedDotTM1, and (OMeTPA)2-Pyr inside cells were merged using Photoshop CS 5.0. The fluorescence values and distributions were analyzed by the software of ImageJ.
Cytotoxicity Assay (CCK-8)
To determine the biocompatibility of (OMeTPA)2-Pyr against different cell types, 4T1 and HeLa cells were seeded in the 96-well plate with 5 × 103 cells per well and incubated overnight in DMEM culture medium. The cells were washed with PBS once and then incubated in fresh culture medium containing various amounts of (OMeTPA)2-Pyr (0, 10, 20, and 50 μg/ml) for 48 h respectively. After washing with PBS twice, the cells received CCK-8 analysis following the manufacturer’s protocols.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
PL Investigation, Formal analysis, Data curation, and Validation; SC Investigation and Formal analysis; WZ Investigation and Formal analysis; SW Resources and Formal analysis; LX Data curation and Visualization; DB Conceptualization, Methodology, Investigation, Validation, Writing, Reviewing, and Editing; Funding acquisition. All authors have read and approved the manuscript.
FUNDING
This work is supported by the Science Technology and Innovation Commission of Shenzhen Municipality (JCYJ20190806153018791), Natural Science Foundation of Zhejiang Province (LGF19H200005), The Innovation and Entrepreneurship Project for Undergraduate Students (S202110699680, XN2021119), the Japan China Medical Association (国卫-2018920). The roles of the above funders are as follows: advocacy work, monitoring implementation outcomes, and dissemination of knowledge.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
The Frontiers Science Center for Flexible Electronics (FSCFE) is further acknowledged in providing space, facility, and services.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fchem.2021.782827/full#supplementary-material
REFERENCES
 Bai, L., Sun, P., Liu, Y., Zhang, H., Hu, W., Zhang, W., et al. (2019). Novel Aza-BODIPY Based Small Molecular NIR-II Fluorophores for In Vivo Imaging. Chem. Commun. 55 (73), 10920–10923. doi:10.1039/c9cc03378e
 Cai, X., and Liu, B. (2020). Aggregation‐Induced Emission: Recent Advances in Materials and Biomedical Applications. Angew. Chem. 132 (25), 9952–9970. doi:10.1002/ange.202000845
 Chen, D., Long, Z., Dang, Y., and Chen, L. (2019). A New Fluorescent Probe for Specific Detection of Cysteine with Facile Preparation and Living Cell Imaging. Dyes Pigm. 166, 266–271. doi:10.1016/j.dyepig.2019.03.051
 Chen, D., Yang, J., Dai, J., Lou, X., Zhong, C., Yu, X., et al. (2018). A Low Background D-A-D Type Fluorescent Probe for Imaging of Biothiols in Living Cells. J. Mater. Chem. B 6, 5248–5255. doi:10.1039/c8tb01340c
 Chen, Q., Fang, H., Shao, X., Tian, Z., Geng, S., Zhang, Y., et al. (2020). A Dual-Labeling Probe to Track Functional Mitochondria-Lysosome Interactions in Live Cells. Nat. Commun. 11 (1), 6290–6310. doi:10.1038/s41467-020-20067-6
 Gao, L., Wang, W., Wang, X., Yang, F., Xie, L., Shen, J., et al. (2021). Fluorescent Probes for Bioimaging of Potential Biomarkers in Parkinson's Disease. Chem. Soc. Rev. 50 (2), 1219–1250. doi:10.1039/d0cs00115e
 Han, Y., Li, M., Qiu, F., Zhang, M., and Zhang, Y. H. (2017). Cell-permeable Organic Fluorescent Probes for Live-Cell Long-Term Super-resolution Imaging Reveal Lysosome-Mitochondrion Interactions. Nat. Commun. 8 (1), 1307–1309. doi:10.1038/s41467-017-01503-6
 He, L., Yang, Y., and Lin, W. (2019). Rational Design of a Rigid Fluorophore-Molecular Rotor-Based Probe for High Signal-To-Background Ratio Detection of Sulfur Dioxide in Viscous System. Anal. Chem. 91 (23), 15220–15228. doi:10.1021/acs.analchem.9b04103
 Jin, C., Li, G., Wu, X., Liu, J., Wu, W., Chen, Y., et al. (2021). Robust Packing of a Self‐Assembling Iridium Complex via Endocytic Trafficking for Long‐Term Lysosome Tracking. Angew. Chem. Int. Ed. 60 (14), 7597–7601. doi:10.1002/anie.202015913
 Kobayashi, H., and Choyke, P. L. (2011). Target-cancer-cell-specific Activatable Fluorescence Imaging Probes: Rational Design and In Vivo Applications. Acc. Chem. Res. 44 (2), 83–90. doi:10.1021/ar1000633
 Lee, S. K., Mortensen, L. J., Lin, C. P., and Tung, C. H. (2014). An Authentic Imaging Probe to Track Cell Fate from Beginning to End. Nat. Commun. 5 (1), 5216–5218. doi:10.1038/ncomms6216
 Li, K., Duan, X., Jiang, Z., Ding, D., Chen, Y., Zhang, G. Q., et al. (2021). J-aggregates of meso-[2.2] Paracyclophanyl-BODIPY Dye for NIR-II Imaging. Nat. Commun. 12 (1), 1–9. doi:10.1038/s41467-021-22686-z
 Liu, C., Gao, X., Yuan, J., and Zhang, R. (2020). Advances in the Development of Fluorescence Probes for Cell Plasma Membrane Imaging. Trac Trends Anal. Chem. 133, 116092. doi:10.1016/j.trac.2020.116092
 Liu, D., He, Z., Zhao, Y., Yang, Y., Shi, W., Li, X., et al. (2021). Xanthene-Based NIR-II Dyes for In Vivo Dynamic Imaging of Blood Circulation. J. Am. Chem. Soc. 143 (41), 17136–17143. doi:10.1021/jacs.1c07711
 Liu, L. Y., Fang, H., Chen, Q., Chan, M. H. Y., Ng, M., Wang, K. N., et al. (2020). Multiple‐Color Platinum Complex with Super‐Large Stokes Shift for Super‐Resolution Imaging of Autolysosome Escape. Angew. Chem. 132 (43), 19391–19398. doi:10.1002/ange.202007878
 Liu, Z., Jiang, Z., Yan, M., and Wang, X. (2019). Recent Progress of BODIPY Dyes with Aggregation-Induced Emission. Front. Chem. 7, 712. doi:10.3389/fchem.2019.00712
 Morris, G. M., Huey, R., Lindstrom, W., Sanner, M. F., Belew, R. K., Goodsell, D. S., et al. (2009). AutoDock4 and AutoDockTools4: Automated Docking with Selective Receptor Flexibility. J. Comput. Chem. 30 (16), 2785–2791. doi:10.1002/jcc.21256
 Shi, R., Chen, H., Qi, Y., Huang, W., Yin, G., and Wang, R. (2019). From Aggregation-Induced to Solution Emission: a New Strategy for Designing Ratiometric Fluorescent Probes and its Application for In Vivo HClO Detection. Analyst 144 (5), 1696–1703. doi:10.1039/c8an01950a
 Suzuki, R., Tada, R., Hosoda, T., Miura, Y., and Yoshioka, N. (2016). Synthesis of Ester-Substituted Dihydroacridine Derivatives and Their Spectroscopic Properties. New J. Chem. 40 (3), 2920–2926. doi:10.1039/c5nj02839f
 Tang, Y., and Jiang, G.-F. (2017). A Novel Two-Photon Fluorescent Probe for Hydrogen Sulfide in Living Cells Using an Acedan-NBD Amine Dyad Based on FRET Process with High Selectivity and Sensitivity. New J. Chem. 41 (14), 6769–6774. doi:10.1039/c7nj01080j
 Tian, D., Qi, F., Ma, H., Wang, X., Pan, Y., Chen, R., et al. (2018). Domino-like Multi-Emissions across Red and Near Infrared from Solid-State 2-/2,6-aryl Substituted BODIPY Dyes. Nat. Commun. 9 (1), 2688–2689. doi:10.1038/s41467-018-05040-8
 Ünlüer, Ö. B. (2021). Development of Iridium Based Fluorimetric Method for Determination of Cystein. Hacettepe J. Biol. Chem. 49 (4), 355–365. doi:10.15671/hjbc.798021
 Wang, F., Yu, S., Xu, Z., Li, L., Dang, Y., Xu, X., et al. (2018). Acid-Promoted D-A-D Type Far-Red Fluorescent Probe with High Photostability for Lysosomal Nitric Oxide Imaging. Anal. Chem. 90 (13), 7953–7962. doi:10.1021/acs.analchem.8b00612
 Wang, K., Ma, W., Xu, Y., Liu, X., Chen, G., Yu, M., et al. (2020). Design of a Novel Mitochondria Targetable Turn-On Fluorescence Probe for Hydrogen Peroxide and its Two-Photon Bioimaging Applications. Chin. Chem. Lett. 31 (12), 3149–3152. doi:10.1016/j.cclet.2020.08.039
 Wang, K. N., Shao, X., Tian, Z., Liu, L. Y., Zhang, C., Tan, C. P., et al. (2021). A Continuous Add‐On Probe Reveals the Nonlinear Enlargement of Mitochondria in Light‐Activated Oncosis. Adv. Sci. 8, 2004566. doi:10.1002/advs.202004566
 Xia, F., Wu, J., Wu, X., Hu, Q., Dai, J., and Lou, X. (2019). Modular Design of Peptide- or DNA-Modified AIEgen Probes for Biosensing Applications. Acc. Chem. Res. 52 (11), 3064–3074. doi:10.1021/acs.accounts.9b00348
 Xu, C., Zhou, Y., Li, Z., Zhou, Y., Liu, X., and Peng, X. (2021). Rational Design of AIE-Based Fluorescent Probes for Hypochlorite Detection in Real Water Samples and Live Cell Imaging. J. Hazard. Mater. 418, 126243. doi:10.1016/j.jhazmat.2021.126243
 Yang, Y., Wang, S., Lu, L., Zhang, Q., Yu, P., Fan, Y., et al. (2020). NIR‐II Chemiluminescence Molecular Sensor for In Vivo High‐Contrast Inflammation Imaging. Angew. Chem. Int. Ed. 59 (42), 18380–18385. doi:10.1002/anie.202007649
 Zhang, X., Ren, T., Zhang, Q., Zeng, T., Li, Z., Yang, F., et al. (2021). Molecular Design Strategy to Alleviate Environmental Interference on Two-Photon Fluorescence Probes. Cel Rep. Phys. Sci. 2 (6), 100471. doi:10.1016/j.xcrp.2021.100471
 Zhang, Y., Zhang, J., Su, M., and Li, C. (2021). Rational Molecular Design of a Reversible BODIPY-Based Fluorescent Probe for Real-Time Imaging of GSH Dynamics in Living Cells. Biosens. Bioelectron. 175, 112866. doi:10.1016/j.bios.2020.112866
 Zheng, Y., Ding, Y., Zheng, X., Zhang, C., Zhang, Y., Xiang, Y., et al. (2021). Long-Term Dynamic Imaging of Cellular Processes Using an AIE Lipid Order Probe in the Dual-Color Mode. Anal. Chem. 93 (29), 10272–10281. doi:10.1021/acs.analchem.1c01681
 Zhu, J.-H., Yiu, S.-M., Tang, B. Z., and Lo, K. K.-W. (2021). Luminescent Neutral Cyclometalated Iridium(III) Complexes Featuring a Cubic Polyhedral Oligomeric Silsesquioxane for Lipid Droplet Imaging and Photocytotoxic Applications. Inorg. Chem. 60 (15), 11672–11683. doi:10.1021/acs.inorgchem.1c01728
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Liu, Chen, Zhao, Wang, Wu, Xu and Bai. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fchem-09-782827-g005.gif
o 5T
P

(blive)

(c-fix) )

4

)
e

)






OPS/images/fchem-09-782827-g006.gif





OPS/images/fchem-09-782827-g003.gif





OPS/images/fchem-09-782827-g004.gif





OPS/images/fchem-09-782827-g007.gif





OPS/images/math_1.gif
-1
i)

;y Gmse)
e

]





OPS/xhtml/nav.xhtml
Contents

		Cover

		Novel Pyrazine-Bridged D-A-D Type Charge Neutral Probe for Membrane Permeable Long-Term Live Cell Imaging		Introduction

		Results and Discussion		Preparation of (OMeTPA)2-Pyr Probe

		Density Functional Theory (DFT) Calculations

		Photophysics Analysis

		Molecular Docking Simulations

		Live Cell Confocal Laser Scanning Microscopy Imaging





		Conclusion

		Methods		Synthesis of (OMeTPA)2-Pyr

		Density Functional Theory (DFT) Calculations

		Molecular Docking Simulation

		Cell Imaging

		Cytotoxicity Assay (CCK-8)





		Data Availability Statement

		Author Contributions

		Funding

		Publisher’s Note

		Acknowledgments

		Supplementary Material

		References









OPS/images/cover.jpg
* frontiers
in Chemistry

Novel Pyrazine-Bridged D-A-D
Type Charge Neutral Probe for
Membrane Permeable Long-
Term Live Cell Imaging





OPS/images/fchem-09-782827-g001.gif





OPS/images/fchem-09-782827-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
in Chemistry





