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Negatively charged phospholipids can serve as biomarkers for a number of biological processes allowing detection of apoptosis in animal cells, drug-induced phospholipidosis as well as detection of bacteria. Selective detection of phospholipids thus represents an important but challenging goal. The development of fluorescent probes capable of selective recognition of specific phospholipids can be a promising solution to the problem. Along this line, we have developed the macrocycle-dye-anchor conjugates, in which the macrocycle recognizes the phosphate residue, hydrocarbon anchors ensure hydrophobic interaction with the membrane, and environment-sensitive fluorescent dye functions as a reporter unit. To the best of our knowledge, this is the first report of synthetic fluorescent probes for specific phospholipids using the macrocycle-dye-anchor concept. We have studied the effect of the structure of the anchor and the macrocycle on the resulting fluorescent response in the presence of two types of lipid vesicles: phosphatidylcholine as a model of healthy cells and phosphatidylcholine and phosphatidylserine (1:1), mimicking apoptotic cells. The properties of the obtained compounds were analyzed in various model media and in HeLa cell cultures. The response of fluorescent probes has been found to be strongly dependent on the macrocycle structure, length of the anchor, nature of the buffer, and pH. The probes showed significant fluorescence enhancement in apoptotic cells, thus providing the proof of concept for the macrocycle-dye-anchor design.

Introduction

The cell membrane is a complex signalling interface that separates the cell cytoplasm from the extracellular space. [START_REF] Lingwood | Lipid Rafts As a Membrane-Organizing Principle[END_REF][START_REF] Winkler | Optical Antenna-Based Fluorescence Correlation Spectroscopy to Probe the Nanoscale Dynamics of Biological Membranes[END_REF] This membrane is a glycerophospholipid bilayer that plays crucial roles in biomolecular transport and signal transduction. [START_REF] Hobson | Imaging specific cell-surface proteolytic activity in single living cells[END_REF][START_REF] Liu | Advances in the development of fluorescence probes for cell plasma membrane imaging[END_REF] Sphingolipids, cholesterol, and certain types of proteins can assemble into dynamic nanoscale clusters or micro-, nanodomains, also known as lipid rafts. [START_REF] Simons | Functional rafts in cell membranes[END_REF][START_REF] Tian | A single fluorescent probe enables clearly discriminating and simultaneously imaging liquid-ordered and liquid-disordered microdomains in plasma membrane of living cells[END_REF] These domains take part in various cellular functions, such as membrane transport, signal transduction, metabolism, motility, polarized secretion, and adhesion. [START_REF] Lingwood | Lipid Rafts As a Membrane-Organizing Principle[END_REF][START_REF] Jacobson | Lipid rafts: at a crossroad between cell biology and physics[END_REF] In addition to lateral heterogeneity in form of microdomains, the plasma membranes of eucaryotic cells exhibit transmembrane asymmetry. Thus, zwitterionic phosphatidylcholine (PC) is present in the outer leaflet of the bilayer, while the anionic phosphatidylserine (PS) is normally restricted to the inner leaflet (Figure 1). [START_REF] Murate | Revisiting transbilayer distribution of lipids in the plasma membrane[END_REF][START_REF] Nickels | Lateral organization, bilayer asymmetry, and inter-leaflet coupling of biological membranes[END_REF] Phosphatidylserine appears on the outer leaflet of the plasma membrane as a result of decreased aminophospholipid translocase activity and activation of a calcium-dependent scramblase. [START_REF] Fadok | The role of phosphatidylserine in recognition of apoptotic cells by phagocytes[END_REF] Phosphatidylserine exposure has several potential biological consequences, one of which is recognition and removal of the apoptotic cells by macrophages. Thus, PS serves as a hallmark of cell death processes, such as apoptosis -an essential process in animal development and homeostasis. [START_REF] Segawa | An Apoptotic 'Eat Me' Signal: Phosphatidylserine Exposure[END_REF][START_REF] Shlomovitz | Flipping the dogma -phosphatidylserine in non-apoptotic cell death[END_REF] Pathologically, the innate immunosuppressive effect of externalized PS has been hijacked by numerous viruses, microorganisms, and parasites to facilitate infection and in many cases, establish infection latency. PS is also profoundly dysregulated in the tumor cells and antagonizes the development of tumour immunity. [START_REF] Birge | Phosphatidylserine is a global immunosuppressive signal in efferocytosis, infectious disease, and cancer[END_REF] Figure 1. Structures of phosphatidyl-L-serine (PS) and phosphatidylcholine (PC) (Target (charged) fragments of these molecules are highlighted in red) and their localisation in the cell membrane.

Therefore, the development of effective sensors for detecting PS is an important challenge for biochemistry and medicine. There are different analytical methods, which have been developed for cell plasma membrane analysis, such as atomic force microscopy (AFM), single molecule force spectroscopy (SMFS), and fluorescence microscopy, including super-resolution imaging, e.g., stochastic optical reconstruction microscopy (STORM) and etc. [START_REF] Zhao | Studying the Nucleated Mammalian Cell Membrane by Single Molecule Approaches[END_REF][START_REF] Golubev | Core-Valence Attosecond Transient Absorption Spectroscopy of Polyatomic Molecules[END_REF][START_REF] Ogiso | Analysis of lipid-composition changes in plasma membrane microdomains[S][END_REF] Among these methods, fluorescence analysis has a number of advantages, such as comparative ease of use, high sensitivity, and fast response time. [START_REF] Wu | Reaction-Based Fluorescent Probes for the Detection and Imaging of Reactive Oxygen, Nitrogen, and Sulfur Species[END_REF] Fluorescence microscopy is widely used to visualize cellular processes in real-time. [START_REF] Danylchuk | Targeted Solvatochromic Fluorescent Probes for Imaging Lipid Order in Organelles under Oxidative and Mechanical Stress[END_REF][START_REF] Zhang | Recent advances in the development of responsive probes for selective detection of cysteine[END_REF] One of the efficient methods to detect PS is the use of fluorescently labelled Annexin V -a calcium-dependent protein with high-affinity for PS on the surface of apoptotic cells. [START_REF] Gerke | Annexins: From Structure to Function[END_REF] Unfortunately, this binding is relatively slow and requires millimolar calcium concentrations. [START_REF] Kuypers | Detection of altered membrane phospholipid asymmetry in subpopulations of human red blood cells using fluorescently labeled annexin V[END_REF]. In comparison with Annexin V-based assay, the synthetic probes are more accessible and may be easily tuned in terms of selectivity and fluorescence response. [START_REF] Zhang | Recent advances in the development of responsive probes for selective detection of cysteine[END_REF][START_REF] Klymchenko | Fluorescent Probes for Lipid Rafts: From Model Membranes to Living Cells[END_REF] Some probes detect PS exposure as an increase in the negative surface charge at the surface. [START_REF] Shynkar | Fluorescent Biomembrane Probe for Ratiometric Detection of Apoptosis[END_REF] To achieve high selectivity to PS, several fluorescent probes based on cationic dipicolylamine-zinc (DPA-Zn) complexes coupled with dyes have been reported. [START_REF] Kj | Phenoxide-Bridged Zinc(II)-Bis(dipicolylamine) Probes for Molecular Imaging of Cell Death[END_REF][START_REF] Rice | Imaging and therapeutic applications of zinc(II)-dipicolylamine molecular probes for anionic biomembranes[END_REF] However, most of these probes suffer from intrinsic fluorescence, i.e., they fluoresce before and after binding to the target, which negatively affects cellular imaging. [START_REF] Kj | Phenoxide-Bridged Zinc(II)-Bis(dipicolylamine) Probes for Molecular Imaging of Cell Death[END_REF] Earlier, we proposed a fluorogenic viscosity-dependent molecular rotor for the detection and differentiation of early and late apoptosis. [START_REF] Ashokkumar | A fluorogenic BODIPY molecular rotor as an apoptosis marker[END_REF] The developed probe was composed of a BODIPY molecular rotor connected to a DPA-Zn ligand through a linker.

To expand the range of lipids to be determined, as well as to increase the binding affinity for the analyte, responsive macrocycles can be used. [START_REF] Yu | Design, synthesis and applications of responsive macrocycles[END_REF][START_REF] Oshchepkov | Control of Photoisomerization of an Azoazacryptand by Anion Binding and Cucurbit[8]uril Encapsulation in an Aqueous Solution[END_REF][START_REF] Liu | Surveying macrocyclic chemistry: from flexible crown ethers to rigid cyclophanes[END_REF] Despite progress in the synthesis and modification of selective macrocycles, the design of biochemical sensors remains a challenge. [START_REF] Liu | Surveying macrocyclic chemistry: from flexible crown ethers to rigid cyclophanes[END_REF][START_REF] Barla | Fluorescence-based ion sensing in lipid membranes: a simple method of sensing in aqueous medium with enhanced efficiency[END_REF] In a few reports, fluorescence detection of natural biological compounds (e.g., proteins) has been carried out either by dye displacement or by the creation of a complex multicomponent sensor system for the detection of amphiphilic compounds. [START_REF] Pinalli | Biochemical sensing with macrocyclic receptors[END_REF][START_REF] Xu | A Multi-Component Sensor System for Detection of Amphiphilic Compounds[END_REF] Anthracene and pyrene dyes linked with cyclam and cyclen macrocycles were used to detect negatively charged phospholipids such as PS. [START_REF] Kimura | A Macrocyclic Zinc(II) Fluorophore as a Detector of Apoptosis[END_REF][START_REF] Murcar-Evans | ProxyPhos sensors for the detection of negatively charged membranes[END_REF] In this case, the cavity of macrocycles was used for coordination with the zinc cation, and the resulting complex interacted with the negatively charged phospholipid head group. The compounds could selectively detect negatively charged phospholipids but not zwitterionic ones, as part of synthetic vesicles. [START_REF] Murcar-Evans | ProxyPhos sensors for the detection of negatively charged membranes[END_REF] Overall, insufficient attention has been paid to understanding the relationship between the structure of individual parts of fluorescent sensors for selectivity to charged phospholipids on the surface of cell membranes. [START_REF] Murcar-Evans | ProxyPhos sensors for the detection of negatively charged membranes[END_REF][START_REF] Qiu | Cell Membrane-Anchored Biosensors for Real-Time Monitoring of the Cellular Microenvironment[END_REF] Herein, we report on new macrocycle-dye-anchor conjugates for the fluorescent detection of phospholipids. Each structural fragment has its own specific function. The macrocycle is responsible for the binding to the hydrophilic head of the phospholipid, while the hydrocarbon anchor is responsible for the binding to the hydrophobic environment of the lipid tails. The environment-sensitive naphthalimide dye moiety in the probe produces fluorescence response upon a binding event. We have investigated the roles of the structure fragments, as well as factors affecting the selectivity of the detection of zwitterionic (PC) and negatively charged phospholipids (PS). We have investigated our probes with model membranes -lipid vesicles of two types: neutral ("PC": zwitterionic, 100% phosphatidylcholine) and negatively charged ("PS" 1:1 phosphatidylcholine : phosphatidylserine). The nature of the buffer, pH, and the structure of fluorescent probes have been varied to optimize the selectivity. The applicability of new probes to intact and apoptotic cells in culture has been demonstrated. To the best of our knowledge, this is the first report of synthetic fluorescent probes for specific phospholipids using the macrocycle-dye-anchor concept.

Materials and methods

Synthesis

The starting compounds were purchased from TCI, Sigma-Aldrich and Acros Chemicals. All the solvents were dried according to standard procedures. Reactions were performed in oven-dried round bottom flask. Crude products were purified by column chromatography on silica gel 100-200 mesh. TLC plates were visualized by exposure to ultraviolet light and/or by exposure to acidic ethanolic solution of ninhydrin followed by heating (<1 min) on a heat gun (~250 °C). Organic solutions were concentrated on rotary evaporator at 35-40 °C. NMR Spectra were measured on ASCEND 600 FT spectrometer (Bruker Corp., Billerica, MA), 600 MHz for 1 H NMR and 150.9 MHz for 13 C NMR. The chemical shifts are reported in δ [ppm] relative to external standards (solvent residual peak). The solvent used is reported for each spectrum. Mass Spectra: Finnigan MAT TSQ 7000 (ESI). Melting Point: Melting Points were determined on Büchi SMP or a Lambda PhotometricsOptiMelt MPA 100.

Lipid Vesicles preparation

Large unilamellar vesicles (LUVs) were obtained by the extrusion method as described in the literature. [START_REF] Hope | Production of large unilamellar vesicles by a rapid extrusion procedure. Characterization of size distribution, trapped volume and ability to maintain a membrane potential[END_REF] Briefly, a suspension of multilamellar vesicles was extruded by using a Lipex Biomembranes extruder (Vancouver, Canada). The size of the filters was first 0.2 μm (7 passages) and after that 0.1 μm (10 passages). Mean diameter of the monodisperse vesicles were measured with a Malvern Zetamaster 300 (Malvern, U.K.) and it was found to be 0.11 to 0.12 μm. Using this method, the following LUVs were prepared: PC (dioleoylphosphatidylcholine (DOPC) -100%) and PC/PS 1:1 (phosphatidylcholine/ phosphatidylserine).

Spectroscopic studies

Absorption spectra were measured in 1 cm quartz cuvettes with Cary 5000 spectrophotometer (Agilent). Emission spectra were recorded with an aqueous buffered solution in 1 cm quartz cuvettes (Hellma) on a FS5 (Edinburgh) spectrofluorometer with temperature control. Relative fluorescence quantum yields were measured using Quinine sulfate in 0.1 M aqueous H2SO4 (QY = 0.54) as standard. [START_REF] Lakowicz | Principles of Fluorescence Spectroscopy[END_REF] The final solutions of fluorescent probes with concentrations of 50 nM in buffer (TRIS, 150 mM NaCl with pH 7.4 or PBS with pH 7.4 or 5.8), (0.5% DMSO) were prepared for fluorescence binding studies. The titrant (LUVs: PC (dioleoylphosphatidylcholine (DOPC)) or PC/PS (phosphatidylcholine/ phosphatidylserine)) was sequentially added to a 1 mL sample of the host solution of the probes in the spectrometric cell and the changes in the spectral features were monitored. Fluorescence experiments were performed after equilibrating the solution with added LUVs. Fluorescence spectra were recorded three times. The following setup parameters were used for fluorescence titration experiments: excitation: 440 nm, slit 4/4, emission: 460-660 nm.

Cell culture preparation and fluorescence imaging

HeLa cells (ATCC® CCL-2) were grown in Dulbecco's modified Eagle medium (DMEM, Gibco-Invitrogen), supplemented with 10% fetal bovine serum (FBS, Lonza) and 1% antibiotic solution (penicillinstreptomycin, Gibco-Invitrogen) at 37° C in a humidified atmosphere containing 5% CO2. KB (ATCC CCL-17) cells were grown in Dulbecco's modified eagle medium (DMEM, Gibco Invitrogen) and supplemented with 10% FBS, 1% L-glutamine (Sigma-Aldrich), 1% non-essential amino acid solution (Gibco-Invitrogen), and 1% MEM vitamin solution (Gibco-Invitrogen) at 37 °C in a humidified 5% CO2 atmosphere. Cells were seeded onto a chambered coverglass (IBiDi®) at a density of 1×10 5 cells/well 24h before the microscopy measurements. Then, the cells were washed twice with fresh medium and treated with 1 µM of Staurosporine (Sigma-Aldrich) for 2 h at 37° C to induce apoptosis. For co-labelling imaging, cells were incubated with 5 µg/ml of WGA Alexa 647 conjugate (ThermoFisher Scientific) in warm Hanks' balanced salt solution (HBSS, Gibco-Invitrogen) for 10 min at 37°C and washed thrice with PBS before adding the dye. Then, images were acquired in epi-fluorescence mode with a Nikon Ti-E inverted microscope, with a CFI Plan Apo 60x oil objective (NA 1.4, Nikon) and a Hamamatsu Orca Flash 4 sCMOS camera. The excitation was provided by light emitting diodes (LED, SpectraX, Lumencor). Acquisition settings were: for dyes, excitation 440 nm; emission: 531/40 nm band-pass filter with an exposure time of 200 ms; for WGA, excitation 640 nm; emission:705/72 nm band-pass filter and exposure time of 10 ms. ImageJ software was used to process the fluorescence images. For the same conditions, all images are presented with the same brightness and contrast. For photostability studies, upon apoptosis induction (see above), the dyes were incubated and imaged. As a reference dye, violet ratiometric membrane asymmetry probe F2N12S (ThermoFisher Scientific) was used at 100 nM. 50 frames/condition were acquired during 120 s by the Leica SP8 confocal microscope with HXC PL APO 63×/1.40 OIL CS objective. The excitation light was provided by a 405 nm laser (excitation power was set to 50 %), while the fluorescence was detected between 480-560 nm. Intensity profiles were analyzed using ImageJ in individual cells. At least 10 cells were analyzed per condition.

Results and discussion

Synthesis of fluorescent probes

The main design idea is to develop fluorescent probes for specific lipids on the cell membrane surface and monitor their local organization (Figure 2a). To this end, we designed probes that combine a recognition fragment (macrocycle), and a solvatochromic dye with various hydrocarbon anchors (Figure 2b). The solvatochromic dye is expected to light up its fluorescence and shift the emission colour because of a change in surrounding medium polarity -from highly polar (buffer) to low polar (lipid membrane). [START_REF] Klymchenko | Solvatochromic and Fluorogenic Dyes as Environment-Sensitive Probes: Design and Biological Applications[END_REF] As a solvatochromic fluorescent dye, we used a naphthalimide derivative, because of its synthetic availability, high brightness, photostability as well as compatibility with two-photon excitation, important for bioimaging [Anal. Chem. 2021, 93, 5, 3052-3060; Results in Chemistry, Volume 3, 2021, 100100; Journal of Applied Spectroscopy volume 86, pages 1071-1076 (2020)]. The main synthetic route toward macrocycles is shown in Scheme 1. First, the corresponding amines a, b and c were acylated by commercially available 4-bromo-1,8-naphtalic anhydride 1 according to the known and adapted literature procedures. [START_REF] Montoya | Selective turn-on fluorescent probes for imaging hydrogen sulfide in living cells[END_REF][START_REF] Wang | Substituent Effects on Cytotoxic Activity, Spectroscopic Property, and DNA Binding Property of Naphthalimide Derivatives[END_REF][START_REF] Popov | Synthesis and properties of novel fluorescent-tagged polyacrylate-based scale inhibitors[END_REF][START_REF] Chuard | Activation of Cell-Penetrating Peptides with Ionpair-π Interactions and Fluorophiles[END_REF] Second, 4 th position of the naphthalimide core of 2a-c was substituted by TREN with a quantitative yield. Condensation of 3a,b with 2,6-pyridinedicarboxaldehyde followed by a reduction step yielded 4a,b in good yields. Compounds 5a,c were synthesized by the reaction of activated acyl with diamines 3a,c. The activated acyl was prepared according to the known procedure. [START_REF] Picard | Desymmetrization Reactions: A Convenient Synthesis of Aromatic Diamide Diamines[END_REF] The synthesis of compounds 3a [START_REF] Oshchepkov | Naphthalimide-Based Polyammonium Chemosensors for Anions: Study of Binding Properties and Sensing Mechanisms[END_REF] and 5a [START_REF] Oshchepkov | Conformational Selection in Anion Recognition: cGMP-Selective Binding by a Naphthalimide-Functionalized Amido-Amine Macrocycle[END_REF] was described by us previously.

Scheme 1. Synthetic routes toward target compounds. (R-anchor: propyl, hexyl, and aminopropyl hydrocarbon chain)

To recognize the hydrophilic part of phospholipids (phosphate residues), two types of macrocycles were used, containing either amine (macrocycles 4a,b) or amide groups (macrocycles 5a,b) (Figure 2). [START_REF] Oshchepkov | Conformational Selection in Anion Recognition: cGMP-Selective Binding by a Naphthalimide-Functionalized Amido-Amine Macrocycle[END_REF][START_REF] Oshchepkov | Dyefunctionalized phosphate-binding macrocycles: from nucleotide to G-quadruplex recognition and "turn-on" fluorescence sensing[END_REF] We have previously shown that the selective binding of the anion by the macrocycle leads to a shift in the pKa values of amines. [START_REF] Oshchepkov | Naphthalimide-Based Polyammonium Chemosensors for Anions: Study of Binding Properties and Sensing Mechanisms[END_REF][START_REF] Oshchepkov | Fluorescence detection of phosphonates in water by a naphthalimide-based receptor and its derived cryopolymers[END_REF] This, in turn, blocks the transfer of electrons from the amine to the fluorophore, which causes an increase in fluorescence. As a solvatochromic dye, 1,8-naphthalimide was chosen since it can be easily functionalized and the derivatives have high chemical stability. [START_REF] Gopikrishna | Functional 1,8-Naphthalimide AIE/AIEEgens: Recent Advances and Prospects[END_REF][START_REF] Oshchepkov | Naphthalimide-Based Fluorescent Polymers for Molecular Detection[END_REF][START_REF] Dong | 1,8-Naphthalimide-based fluorescent chemosensors: recent advances and perspectives[END_REF] The length and the nature of the hydrocarbon chain (anchor) used can play a decisive role in both analyte recognition and cell membrane binding. [START_REF] Chuard | Activation of Cell-Penetrating Peptides with Ionpair-π Interactions and Fluorophiles[END_REF][START_REF] Bagheri | Current Methods for Detecting Cell Membrane Transient Interactions[END_REF][START_REF] Oshchepkov | Naphthalimide-functionalized bisphosphonates for fluorescence detection of calcification in soft tissues[END_REF][START_REF] Guo | A side-chain engineering strategy for constructing fluorescent dyes with direct and ultrafast self-delivery to living cells[END_REF] In the current study, three anchors were used that determine the strength of the interaction of the fluorescent probe with the hydrophobic tails of phospholipids: small, propyl, long hexyl, and aminopropyl, containing a terminal amino group. The latter was used as a reference compound because of the ability to form additional hydrogen bonds with the phosphate headgroup of the phospholipid. 

Solvatochromic Properties

Solvatochromic fluorescent probes can provide much information about the local environment on the cell membrane, such as polarity, hydration, and lipid organization. [START_REF] Klymchenko | Solvatochromic and Fluorogenic Dyes as Environment-Sensitive Probes: Design and Biological Applications[END_REF][START_REF] Bondelli | Fluorescent probes for optical investigation of the plasma membrane[END_REF] The molecular system of 1,8-naphthalimide has a push-pull character with a donor at 4 th position of the naphthalimide and acceptor carbonyl groups. [START_REF] Thomas | Solvatochromic and pH-Sensitive Fluorescent Membrane Probes for Imaging of Live Cells[END_REF] Intramolecular charge transfer (ICT) occurring in the excited state depends on the solvent and thus significantly affects the spectral properties of dyes: Stokes shift, quantum yields, and solvatochromic properties. [START_REF] Mishra | Optical sensors for water and humidity and their further applications[END_REF] In our study, the absorption and fluorescence spectra of the obtained dyes were measured in the following solvents: polar protic water and methanol, polar aprotic acetonitrile and apolar aprotic 1,4dioxane. With an increase in the polarity of the solvent, a bathochromic shift in the absorption and fluorescence maxima were observed (Figure 3, SI: Spectroscopic characteristics Figures S11-S16). The main spectroscopic characteristics are shown in Table 1. Careful data analysis showed that the smallest solvatochromic shifts were observed for compound 5c. The possible reason could be the effect of relatively polar amino residue, which produces bathochromic shifts in apolar dioxane compared to alkylated derivatives 5a,b. On the other hand, there was a significant increase in the fluorescence intensity (and quantum yields) with a decrease in the solvent polarity. The fluorescence enhancement is associated with a reduction in the quenching phenomena related to excited state electron transfer and twisted intermolecular charge transfer, consistent with the literature data on 1,8-naphthalimide derivatives [START_REF] Dong | 1,8-Naphthalimide-based fluorescent chemosensors: recent advances and perspectives[END_REF][START_REF] Yang | Photoinduced Intramolecular Electron Transfer in Phenylene Ethynylene Naphthalimide Oligomers[END_REF] and many other solvatochromic dyes. [START_REF] Klymchenko | Solvatochromic and Fluorogenic Dyes as Environment-Sensitive Probes: Design and Biological Applications[END_REF] Table 1. Spectroscopic properties of 3-5.

Probe name

Solvent or medium In an aqueous medium, the probes show small quantum yields because of (i) the electron transfer from the amino groups to the fluorophore and (ii) quenching by water molecules. Moreover, in water, the dimeric dye may form non-fluorescent dimers or larger aggregates [START_REF] Bouhedda | A dimerization-based fluorogenic dye-aptamer module for RNA imaging in live cells[END_REF][START_REF] Johansson | Intramolecular Dimers: A New Strategy to Fluorescence Quenching in Dual-Labeled Oligonucleotide Probes[END_REF][START_REF] Agafontsev | Ratiometric Detection of ATP by Fluorescent Cyclophanes with Bellows-Type Sensing Mechanism[END_REF][START_REF] Karpenko | Fluorogenic Squaraine Dimers with Polarity-Sensitive Folding As Bright Far-Red Probes for Background-Free Bioimaging[END_REF][START_REF] Daly | Action-Self Quenching: Dimer-Induced Fluorescence Quenching of Chromophores as a Probe for Biomolecular Structure[END_REF]. We expected that the fluorophore could be inserted into the lipid membrane after recognition of the target lipids, followed by the fluorescence turn-on response (Figure 2c).

Interaction with model cell membranes (lipid vesicles)

To investigate the obtained probes with PS-rich membranes, we prepared liposomes of two different compositions. First, liposomes are entirely composed of neutral zwitterionic phosphatidylcholine "PC", mimicking the membranes of healthy cells. Second, liposomes type "PS" composed of phosphatidylcholine and phosphatidylserine in a 1:1 ratio. Because of the presence of phosphatidylserine, they carry a negative charge, mimicking the surface of apoptotic cells. The following physiological conditions were chosen for the first experiments: 150 mM NaCl in TRIS buffer, pH 7.4.

By increasing the concentration of lipid vesicles, an increase in the fluorescence intensity and a hypsochromic shift in the spectra of 4a and 4b were observed (Figure 4, Figure S17) for both PC and PS vesicles. These data indicate an active interaction of fluorescent probes with lipids, accompanied by fluorescence enhancement. However, the amplitude of the fluorescent response was different for 4a and 4b. Having a longer hydrocarbon anchor, 4b showed stronger fluorescence enhancement with uncharged PC as compared to PS vesicles. In contrast, probe 4a bearing a shorter chain showed significantly higher fluorescence intensity in the presence of PS vesicles. Our previous findings show that NH sites in macrocycles are protonated and thus can strongly interact with the negatively charged phosphate residues. The results suggest that binding of 4a is driven by electrostatic attraction, while 4b preferentially forms hydrophobic interaction due to the hexyl anchor. This behavior agrees with the estimated apparent binding constants between fluorescent probes and lipid vesicles (Table 2). Indeed, 4a showed higher affinity to the anionic vesicles, while the opposite was observed for 4b. Thus, the length of the lipophilic anchor significantly affects the selectivity of probes. In the case of a neutral amide macrocycle 5a and 5b, the difference in the fluorescence response to PC and PS vesicles was not so significant (Figure 5). This difference was also reflected in the association constants with lipid vesicles, which were lower than those for 4a and 4b (Table 2). The strongest interaction with lipids was observed for compound 5b, and the fluorescent enhancement with PC was also higher, than for PS vesicles. It should be noted that compound 5c, which has the terminal amino group at the anchor, did not give a noticeable response in the presence of PC vesicles. However, slight increase in the fluorescence intensity could be observed in the presence of PS vesicles. Thus, replacing lipophilic anchor with the amino group (protonated at neutral pH) leads to a loss of affinity for lipid membranes, and appearance of some preference to negatively charged lipids. In order to neutralize the influence of the phosphate residues of lipids on the interaction with fluorescent samples, experiments were carried out in phosphate-buffered saline (PBS) at the same pH 7.4 For compound 4а, both the fluorescence response and selectivity slightly decreased (See SI: Interactions with Lipid Vesicles, Figures S21-23, Table S1). This experiment supports the electrostatic nature of supramolecular interactions of the macrocycles with phospholipids. [START_REF] Saito | Synthesis of 1,8-naphthalimide-based probes with fluorescent switch triggered by flufenamic acid[END_REF][START_REF] Wu | Fluorescent cellulose nanocrystals with responsiveness to solvent polarity and ionic strength[END_REF] In a case of compound 4b with a hexyl anchor the fluorescence response of did not change so dramatically. Apparently, in this case, the decisive influence is exerted by the long anchor, which ensures strong hydrophobic interactions with lipid vesicles, independently of the presence of phosphate ions. Likely the nature of the buffer, plays also a significant effect on receptor-lipid interactions. [START_REF] Ghosh | The Effects of Buffers on the Thermodynamics and Kinetics of Binding between Positively-Charged Cyclodextrins and Phosphate Ester Guests[END_REF][START_REF] Jordan | Buffer and Salt Effects in Aqueous Host-Guest Systems: Screening, Competitive Binding, or Both?[END_REF] We tested the effect of pH on the fluorescence response of the probes (See SI: Interactions with Lipid Vesicles, Figures S24-28). Acidic pH values from pH 5.6 to 6.8 is a hallmark of tumors, resulting from glycolysis of tumor cells and hypoxia. [START_REF] Lin | Acidic pH and High-H2O2 Dual Tumor Microenvironment-Responsive Nanocatalytic Graphene Oxide for Cancer Selective Therapy and Recognition[END_REF][START_REF] Kumari | Naphthalimides in fluorescent imaging of tumor hypoxia -An up-to-date review[END_REF] Detection of PS on the surface of cancer cells as a marker of apoptosis is an important task for the diagnostics and treatment of the disease. [START_REF] Khodavirdipour | Apoptosis Detection Methods in Diagnosis of Cancer and Their Potential Role in Treatment: Advantages and Disadvantages: a Review[END_REF][START_REF] Carneiro | Targeting apoptosis in cancer therapy[END_REF] In our experiments, the pH of PBS buffer was lowered to a value of pH 5.8. Previously, we have shown that the degree of protonation of the macrocycles increases in acidic media. [START_REF] Oshchepkov | Naphthalimide-Based Polyammonium Chemosensors for Anions: Study of Binding Properties and Sensing Mechanisms[END_REF][START_REF] Oshchepkov | Conformational Selection in Anion Recognition: cGMP-Selective Binding by a Naphthalimide-Functionalized Amido-Amine Macrocycle[END_REF] An increase in the degree of protonation led to an increase in the initial fluorescence of the compounds due to the suppression of the PET process, as well as to an increase in the binding constants with anions. [START_REF] Mittapalli | Selective recognition of oxalate in water: effect of pH on binding strength and sensing mechanisms[END_REF][START_REF] Szakács | Strong ion pair charge transfer interaction of 1,8-naphthalimide-bipyridinium conjugates with basic anions -towards the development of a new type of turn-on fluorescent anion sensors[END_REF] In the experiments performed at pH 5.8 (Figure 6), a significant increase in the fluorescent response of probes 4 and 5 to negatively charged PS vesicles was observed in comparison with pH 7.4. The results indicate an increase in the degree of electrostatic interaction between fluorescent probes and PS vesicles. At the same time, the most remarkable difference in responses to PS and PC vesicles was observed for compounds 4а and 5а bearing a short, propyl anchor (Figure 6 a,c). For compound 5b, the difference between PS and PC vesicles was negligible, while the binding constant become higher for PS vs PC vesicles (Figure 6d, Table 2). Thus, we can conclude that the macrocycle contributes significantly to the strength and specificity of the interaction between the probe and lipids: lower pH, which should increase the positive charge of macrocycles, leads to an increase in the selectivity to negatively charged PS vesicles. It should also be noted that the interaction strength of 4a,b with phosphate buffer increased at low pH, which was reflected in a decrease in the binding constants to PC vesicles (Table 2). Interestingly, at low pH values, compound 5c began to demonstrate a significant fluorescent response to PS vesicles. The participation of the terminal amino group of the anchor in the interaction with the anionic headgroup of the PS phospholipid was so significant that the difference in the fluorescent response to PC and PS became strong, with 3-fold higher in the fluorescence intensity in PS vs PC vesicles. Nevertheless, the binding constant with PS vesicles still remained an order of magnitude lower than that of the other compounds.

Finally, we investigated sensitivity of the most promising probes 4a and 5b to reactive oxygen, nitrogen, and sulfur species, which can be naturally present in biological media and affect the response of the probes. A large excess (100 eq., 1 mM) of the following compounds were tested: Na2S2O3, Na2S, Na2SO4, Na2S2O8, glutathione, cysteine, KNO3, NaNO2, diethylamine NONOate sodium salt, NaClO, and H2O2. As it can be seen from Figure S29, even with this excess of the reactive species, the changes in the fluorescence of the studied probes did not exceed 10%. The only exception was probe 4a with hypochlorite, where a relatively small increase in the signal was observed. This effect can be explained by the polyamine group in 4a, which could be easily oxidized with strong oxidants. Overall, these results suggests good chemical stability and insensitivity of 4a and 5b to a variety of reactive species and, thus, specificity to the anionic phospholipids.

Experiments with living cells

Next, we explored the possibility of using these probes for sensing purposes, in particular, apoptosis detection. First, the interaction of probes with cell plasma membranes of intact cells was studied at different pH in PBS. At pH 7.4, the probes with longer anchor groups (4b and 5b) were brighter than their short-anchor analogues (4a and 5a) (See SI: Cell culture preparation and fluorescence imaging. Figures S29-32). It is clear that longer alkyl chains favor binding to the lipid structures of the cells. Over time, some probes can readily penetrate the cells and stain intracellular compartments. In the case of compound 5c, mainly dotted perinuclear fluorescence was observed, which could be assigned to lysosomes (Figure S33). At pH 5.8, the recognition pattern was similar: the signal from long-anchor probes 4b and 5b was higher compared to 4a and 5a. These results are in line with those in model lipid membranes, showing that longer linkers increase non-specific binding to lipid membranes. Moreover, the profile of the cell plasma membrane became more clearly delimited for both 4b and 5b (Figures S35,S37), probably because at lower pH, larger positive charge of the macrocycle limits penetration of the probes inside the cells. One can also note some dotted intracellular fluorescence, which could be assigned to lysosomal compartments. Since the lysosomes have acidic medium, the PET process in fluorescent molecules is suppressed, and as a result, these parts of the cells are intensely stained. Also, in Figure S38 one can see a bright fluorescent necrotic cell. An increase in the fluorescence intensity inside necrotic cells can be caused by several factors, which includes faster accumulation of the probes inside the necrotic cells and eventual binding to the intracellular PS lipid. [73][START_REF] Akçapınar | Designing of various biosensor devices for determination of apoptosis: A comprehensive review[END_REF][START_REF] Han | Small-molecule fluorescence-based probes for interrogating major organ diseases[END_REF] Further studies were performed to verify the ability of these probes to detect PS in apoptotic cells. Thus, HeLa and KB cells, two classical models for cellular studies, were treated with 1 µM of staurosporine for 2 h to induce apoptosis. [START_REF] Hu | A Cell Apoptosis Probe Based on Fluorogen with Aggregation Induced Emission Characteristics[END_REF][START_REF] Belmokhtar | Staurosporine induces apoptosis through both caspase-dependent and caspase-independent mechanisms[END_REF] The cells were subsequently stained with 25 nM of probes in PBS pH 7.4 and directly imaged. Treatment of cells with staurosporine resulted in high cellular toxicity visible by cellular morphological changes, like shrinkage. [START_REF] Liu | Caveolin-1 expression sensitizes fibroblastic and epithelial cells to apoptotic stimulation[END_REF] As a consequence, strong intracellular fluorescence of selected probes was observed (Figure 7-8, Figures S40-41), as compared to control cells treated only with DMSO. This labelling was quite photostable compared to a commercially available apoptosis probe F2N12S [https://doi.org/10.1021/ja068008h] (Figure S43). One can remark a good contrast between control and apoptotic cells for probes 4a and 5b. Though 5b did not show great selectivity in PS detection in the experiments with lipid vesicle, it still worked well with cells. This observation underlines the fact our model studies in lipid vesicles are not sufficient to predict the probe behavior in cells. Apparently other membrane parameters and membrane lipids may play a significant role in the probe binding. Remarkably, healthy HeLa cells identified by morphology in the bright field (white arrows) showed low fluorescence signal, which implies selectivity of the probes to apoptotic cells. With the co-labelling with a commercial membrane marker, WGA-Alexa Fluor™ 647, we could observe that our probes have both membrane and cytoplasmic labelling (Figures S44-47). This tendency of accumulation intracellularly rather than just staining of the plasma membrane, may indicate that the increase in the permeability of the cell plasma membranes of apoptotic cells could contribute to the probe response to apoptosis, in addition to PS recognition. Moreover, WGA was also detectable inside the cells in apoptotic cells (Figures S44-47), which confirmed the increase in the cell permeability. 

Conclusions

A family of new fluorescent probes with "macrocycle-dye-anchor" design were successfully synthesized and investigated in terms of phospholipid recognition. The obtained compounds exhibited solvatochromic properties that are beneficial to investigate their interaction with model lipid membranes. Compounds with longer hydrocarbon anchors showed greater affinity for neutral (uncharged) lipid membranes, while compounds with short anchors demonstrated selectivity in the fluorescent response to negatively charged membranes containing phosphatidyl serine. The structure of the anchor appeared to play a crucial role in binding: by replacing the methyl end of the anchor with the hydrophilic amino group, the entire sensor molecule lost affinity to lipid membranes. We found that the macrocycle structure not only determines the selectivity of binding to a certain phospholipid, but also, can affect the analytical response of the entire sensor molecule as a result of protonation at different pH. Thus, not only the structure of the sensor molecule but also the environment can critically change the affinity and the selectivity of the probe to lipids. Cell experiments suggest that probes with longer anchor groups exhibit stronger binding to cell membranes and intracellular compartments. Our probes light up apoptotic cells while showing low or no signal in healthy ones. The results set the stage for the development of effective fluorogenic sensors for phospholipids detection based on macrocycledye-anchor concept.

Figure 2 .

 2 Figure 2. Principle of design of fluorescent probes specific to lipids. a) Schematic illustration of "macrocycle-dye-anchor" concept for detection of phospholipids. "PR"-hydrophilic part of a phospholipide (phosphate residue). b) Structures of investigated macrocycles. And proposed mechanisms of interaction of macrocycles with the target anionic group of phospholipids, leading to a change in the analytical signal. c) Schematic representation of fluorescence enhancement; d) interaction with the cell membrane.

Figure 3 .

 3 Figure 3. Spectroscopic properties of compound 5b in different solvents of varied polarity. (a) Normalized absorption spectra and (b) fluorescence spectra (λ ex = 440 nm).

Figure 4 .

 4 Figure 4. Fluorescence enhancement of 4a in the presence of lipid vesicles (0-1000 equiv): (a) PC (dioleoylphosphatidylcholine (DOPC)-100%) and (b) PS: PC/PS (phosphatidylcholine/ phosphatidylserine) 1:1. Change in fluorescence intensity (I 0 -initial fluorescence intensity, Iintensity after addition of lipid vesicles) with increasing concentration of lipid (0-50 µM) vesicles for compound (c) 4a and (d) 4b. Conditions: receptors at 50 nM in 20mM TRIS buffer, 150mM NaCl, pH=7.4, λ ex =440 nm, λ em =460-660 nm.

Figure 5 .

 5 Figure 5. Changes in fluorescence intensity with increasing concentration of lipid vesicles for compounds (a) 5a and (b) 5b, and (c) 5c. Conditions: receptors at 50 nM in 20mM TRIS buffer pH=7.4, 150mM NaCl, λ ex =440 nm, λ em =460-660 nm.

Figure 6 .

 6 Figure 6. Change in fluorescence intensity at pH 5.8 with increasing concentration of lipid vesicles for compound (a) 4a, (b) 4b, (c) 5a, (d) 5b and (e) 5c. Conditions: receptors with concentrations of 50 nM in PBS buffer pH 5.8, λ ex =440 nm, λ em =460-660 nm.

Figure 7 .

 7 Figure 7. Fluorescence images of HeLa cells stained with probe 4a ( λ ex = 440 nm, λ em = 531/40 nm) upon induction of apoptosis. HeLa cells were treated with DMSO (Control) or 1 µM of staurosporine (Staurosporine) for 2 hours at 37°C, followed by staining with 25 nM of probe 4a in PBS pH=7.4. The images were acquired using a 200 ms exposure time. Scale bars: 20 µm.

Figure 8 .

 8 Figure 8. Fluorescence images of HeLa cells stained with probe 5b (λ ex = 440 nm, λ em = 531/40 nm) upon induction of apoptosis. HeLa cells were treated with DMSO (control) or 1 µM of staurosporine (Staurosporine) for 2 h at 37°C, followed by staining with 25 nM of probe 5b in PBS pH=7.4. The images were acquired using a 200 ms exposure time. Scale bars: 20 µm.

Table 2 .

 2 Apparent binding constants (logK) determined by fluorescence experiments. a Binding constants were determined by fitting the experimental data of fluorescence measurements with a 1:1 stoichiometry binding model. Experimental errors do not exceed 5%. b Fluorescence changes were too small to calculate stability constants.

	Compound	20mM TRIS buffer, 150mM NaCl,	PBS buffer,	
		pH=7.4		pH=5.8	
		PC	PS	PC	PS
	4a	5.06	5.50	4.72	5.58
	4b	5.96	5.30	5.37	5.19
	5a	4.15	4.06	4.52	5.41
	5b	5.66	5.43	6.01	6.39
	5c	b	b	b	4.74
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