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INTRODUCTION

Engineering of cell surfaces is a rapidly developing research area because of its applicability to many practical applications including tissue engineering, [START_REF] Rogozhnikov | Scaffold Free Bio-Orthogonal Assembly of 3-Dimensional Cardiac Tissue via Cell Surface Engineering[END_REF][START_REF] Gartner | Programmed Assembly of 3-Dimensional Microtissues with Defined Cellular Connectivity[END_REF][START_REF] Todhunter | Programmed Synthesis of Three-Dimensional Tissues[END_REF][START_REF] Gong | A Strategy for the Construction of Controlled, Three-Dimensional, Multilayered, Tissue-like Structures[END_REF] stem cells differentiation or homing, [START_REF] Pulsipher | Long-Lived Engineering of Glycans to Direct Stem Cell Fate[END_REF][START_REF] Zhao | Mimicking the Inflammatory Cell Adhesion Cascade by Nucleic Acid Aptamer Programmed Cell-cell Interactions[END_REF] modulation of cell-cell signaling pathways, [START_REF] Morsut | Engineering Customized Cell Sensing and Response Behaviors Using Synthetic Notch Receptors[END_REF] immuno-and/or cancer therapies. [START_REF] Shi | Spatiotemporal Control of Cell-Cell Reversible Interactions Using Molecular Engineering[END_REF][START_REF] Ko | Targeting Mesenchymal Stem Cells to Activated Endothelial Cells[END_REF][START_REF] Sugimoto | Surface Engineering of Macrophages with Nucleic Acid Aptamers for the Capture of Circulating Tumor Cells[END_REF][START_REF] Sun | DNA-Edited Ligand Positioning on Red Blood Cells to Enable Optimized T Cell Activation for Adoptive Immunotherapy[END_REF][START_REF] Shi | Host-Guest Recognition on Photo-Responsive Cell Surfaces Directs Cell-Cell Contacts[END_REF] Studies to induce reversible cell assembly of red blood cells have been triggered by clinical interest, [START_REF] Neu | Depletion-Mediated Red Blood Cell Aggregation in Polymer Solutions[END_REF] and have led to a steady increase in the development of potent tools for programming cell-cell interactions. [START_REF] Csizmar | Programming Cell-Cell Interactions through Non-Genetic Membrane Engineering[END_REF] Despite these important advances, programmed aggregation of cells applied to bacterial systems is only emerging. Manipulating bacterial aggregation by integrating artificial and modulating natural surface ligands can be harnessed in the design of alternative treatment modalities to combat antimicrobial resistance or for the construction of functional materials such as artificial biofilms. [START_REF] Kong | Engineering Bacterial Surface Interactions Using DNA as a Programmable Material[END_REF] The boundaries of this emerging field are dictated by the selection of the chemistry used in the molecular handles integrated on cell surfaces. The criteria are rather strict since an ideal conjugation chemistry for inducing controlled, artificial cell-cell aggregations should be fully orthogonal to the biological systems so as to avoid off-target aggregations or loss of biological activity. In addition, chemical handles should not induce any undesired toxicity, and their production needs to be high yielding under in vivo conditions. [START_REF] Kong | Engineering Bacterial Surface Interactions Using DNA as a Programmable Material[END_REF][START_REF] Ma | Chemical-Biological Approaches for the Direct Regulation of Cell-Cell Aggregation[END_REF] In this context, Bertozzi et al. introduced in 2000 the Staudinger ligation reaction as biorthogonal reaction for reliable and controlled cell-cell aggregation. [START_REF] Saxon | Cell Surface Engineering by a Modified Staudinger Reaction[END_REF] Since this pioneering work, other approaches based on covalent or non-covalent fixation have been developed for the induction of bioorthogonal interactions between bacteria including the grafting of antigen-nanobody, [START_REF] Glass | A Synthetic Bacterial Cell-Cell Adhesion Toolbox for Programming Multicellular Morphologies and Patterns[END_REF][START_REF] Chen | Programmable Living Assembly of Materials by Bacterial Adhesion[END_REF] antiparallel coiled-coil peptides, [START_REF] Veiga | Autotransporters as Scaffolds for Novel Bacterial Adhesins: Surface Properties of Escherichia Coli Cells Displaying Jun/Fos Dimerization Domains[END_REF][START_REF] Kozlowski | Genetically Programmable Microbial Assembly[END_REF][START_REF] Chao | A Platform for Programmable Cellular Assembly in Bacteria and Human Cells[END_REF] photoswitchable proteins. [START_REF] Chen | Bioluminescence-Triggered Photoswitchable Bacterial Adhesions Enable Higher Sensitivity and Dual-Readout Bacterial Biosensors for Mercury[END_REF][START_REF] Chen | Blue-Light-Switchable Bacterial Cell-Cell Adhesions Enable the Control of Multicellular Bacterial Communities[END_REF] Tagged proteins were also immobilized on bacteria cell surface for whole-cell biocatalytic purposes. [START_REF] Peschke | Orthogonal Surface Tags for Whole-Cell Biocatalysis[END_REF][START_REF] Gallus | Surface Display of Complex Enzymes by in Situ SpyCatcher-SpyTag Interaction[END_REF][START_REF] Feng | Fe(Iii)-Complex Mediated Bacterial Cell Surface Immobilization of EGFP and Enzymes[END_REF] Despite the recent developments, alternative, chemical and biological approaches and tools for manipulating bacterial surfaces are still in dire need.

Watson-Crick base-pairing conveys DNA a high degree of programmability which combined with its inherent robustness makes it an excellent biomaterial for the spatial control of different building blocks and their assembly into precisely defined three-dimensional nanostructures. Functionalization of the surface of mammalian cells with DNA oligonucleotides showed for instance the possibility of assembling multicellular structures, 28- 30 implementing a streamlined 3D paracrine signaling network, [START_REF] Gartner | Programmed Assembly of 3-Dimensional Microtissues with Defined Cellular Connectivity[END_REF] and elucidating a mechanism of action of T cell interactions. [START_REF] Taylor | A DNA-Based T Cell Receptor Reveals a Role for Receptor Clustering in Ligand Discrimination[END_REF] Imaging applications have also been developed. [START_REF] Nieves | Covalent Labelling of Genetically Encoded Protein Tags for DNA-PAINT Imaging[END_REF][START_REF] Yao | Application of SNAP-Tag in Expansion Super-Resolution Microscopy Using DNA Oligostrands[END_REF] But only few studies have reported the inclusion of DNA oligonucleotides on bacterial cell surfaces: lipid-DNA conjugates for selective detection of bacteria by microscopy, [START_REF] Tian | Efficient and Selective DNA Modification on Bacterial Membranes[END_REF] aldehydehydrazine condensation for S. oneidensis attachment to coated electrode surfaces to produce electricity, [START_REF] Twite | Direct Attachment of Microbial Organisms to Material Surfaces Through Sequence-Specific DNA Hybridization[END_REF][START_REF] Furst | DNA Hybridization to Interface Current-Producing Cells with Electrode Surfaces[END_REF] DNA polymers to encapsulate bacteria, [START_REF] Gao | Design and Fabrication of Flexible DNA Polymer Cocoons to Encapsulate Live Cells[END_REF] DNA origami nanostructures as a vehicle to deliver antimicrobial agent, [START_REF] Mela | DNA Nanostructures for Targeted Antimicrobial Delivery[END_REF] aptamer or DNA-small molecule conjugates for cancer therapy application. [START_REF] Geng | Aptamer-Assisted Tumor Localization of Bacteria for Enhanced Biotherapy[END_REF][START_REF] Lahav-Mankovski | Decorating Bacteria with Self-Assembled Synthetic Receptors[END_REF] A significant drawback of DNA engineered systems is their susceptibility to nuclease-mediated degradation. While chemical alterations of the nucleosidic scaffold can at least partially remediate this shortcoming, examples of chemically modified oligonucleotides involved in cell interactions are scarce. One of the few examples has been reported in 2021 by Gavins et al. where xeno nucleic acids (XNA), more specifically peptide nucleic acid (PNA), was engineered at the cell surface for fluorescence imaging applications [START_REF] Gavins | Live Cell PNA Labelling Enables Erasable Fluorescence Imaging of Membrane Proteins[END_REF] . More recently Lu et al. used a protein ligase to connect PNA to a cell surface protein. [START_REF] Lu | OaAEP1-Mediated PNA-Protein Conjugation Enables Erasable Imaging of Membrane Proteins[END_REF] In this article, we exploited the orthogonality and biostability of XNAs combined with SNAPtag engineering to develop a robust and versatile methodology for mediating artificial cell-cell interactions. To do so, we genetically engineered E. coli to express the protein SNAP-tag at the cell surface and subsequently conjugated it to both complementary unmodified and modified oligonucleotides at the surface of two distinct cell populations forming a bacterial tissue. Interestingly, SNAP-tag technology has barely been used in bacterial systems and was mainly dedicated to the capture of environmental molecules [START_REF] Scott | Engineering a Living Biomaterial via Bacterial Surface Capture of Environmental Molecules[END_REF] , bioimaging [START_REF] Stöhr | Quenched Substrates for Live-Cell Labeling of SNAP-Tagged Fusion Proteins with Improved Fluorescent Background[END_REF] and bacterial cell display. [START_REF] Csibra | Bacterial Cell Display as a Robust and Versatile Platform for Engineering Low-Affinity Ligands and Enzymes[END_REF] Covalent surface immobilization of oligonucleotides via SNAP-tag conjugation allows to induce more robust artificial contacts between non-adherent cells. The attachment of the chemically modified oligonucleotides at the cell surface is inducible, selective and covalent but the aggregation itself is non-covalent and moreover reversible. For the first time XNA and more precisely 1,5-anhydrohexitol nucleic acids (HNA) (Figure 1) were immobilized on bacterial cells using SNAP-tag as surface display system and proved to be a powerful approach for cell aggregation induction. 

MATERIALS AND METHODS

Reagents

Synthesis of the precursor O 6 -Benzylguanine (BG) phosphoramidite conjugate

The synthesis of 2-cyanoethyl (1-(4-(((9-trityl-2-(tritylamino)-9H-purin-6yl)oxy)methyl)phenyl)-2,5,8,11-tetraoxatridecan-13-yl)diisopropylphosphoramidite (compound 6) started with the conjugation of mono-TBD protected 1-4 benzene dimethanol on 1-(2-Amino-7H-purin-6-yl)-1-methyl-pyrrolidinium chloride followed by the protection of the guanine amine functions. Then the benzyl alcohol function was released, coupled with the linker, i.e. protected tetraethylene glycol, which was in turn finally phosphitylated (see SI part A for synthesis details).

Scheme 1

Reagents and conditions: i. NaH, dry DMF, 0 °C to rt, 12h; ii. Triphenylmethyl chloride, DMAP, DIPEA, dry DMF, 70 °C, 8-12h; iii. 1M TBAF, dry THF, 2h; iv. Potassium tert-butoxide, dry DMF, 0 °C to rt; v. 1M TBAF, dry THF, 5h. vi, 2-Cyanoethyl N,N diisopropylchlorophosphoramidite , DIPEA, CH 3 CN, 4 h;

Synthesis of modified oligonucleotides

Oligonucleotides were synthesized on an Expedite DNA synthesizer (Applied Biosystems) by g h h h d h. 3'-T 3'-(6-FAM CPG (LGC, Biosearch Technologies) and O 6 -Benzylguanine phosphoramidite conjugate (compound 6) were used under standard conditions. The oligomers were cleaved from the solid support and deprotected by treatment with aqueous ammonia (30%) for 3 hours at room temperature. After gel filtration on a NAP-25 column (GE Healthcare) with water as an eluent, the crude mixture was purified on RP-HPLC (C18 column, Kinetex) using a gradient of NaClO4 in 15% CH3CN and 20 mM Tris-HCl buffer, pH 7.4 at the flow rate of 1 mL•min -1 . Oligomers were characterized by mass spectrometry (see Supporting Information).

Bacterial strain, growth conditions and cells preparation before treatment E. coli UT5600 (F -, araC14, leuB6(Am), secA206(aziR), lacY1, proC14, tsx-67 Δ( Tf ) 66 403 g X44( ) λ-, trpE38, rfbC1, rpsL109(strR), xylA5, mtl-1, thiE1) was used for the experiments. The host strain was transformed by the plasmid pSK004_SNAPtag_Arabinose (see SI part B for the plasmid map). The cells were typically g w LB g 50 μg/ L f 37 ° d 00 . w inoculated with 1:1000 (by volume) of an overnight pre-culture, and grown until OD 600 nm reached 0.35 at 37°C and 200 rpm. Half of the culture was induced with arabinose at a final concentration of 0.2 % for SNAP-tag expression. The cells were incubated for another hour and then 1 mL of induced-culture (OD 600 nm closed to 0.5) and the corresponding amount of non-induced cells (initial OD 600 nm closed to 1.5, that is ca 1/3 mL collected) were washed twice in PBS (2x 300 L).

Labeling of cells with fluorescent oligonucleotides

The cells (induced and non-induced) were resuspended in 50 L PBS supplemented with 5 M of fluorescent BG-modified oligonucleotide (BG-DNA 1 -FAM or BG-DNA 1c -TAMRA). After 2 hours of incubation at 37°C in the dark, cells were washed thrice with PBS (3x 150 L) by up-and-down pipetting, resuspended in 50 L PBS and kept at 4°C overnight. Cells were then spotted (10 L) on slides for microscopy analysis to verify the labelling efficiency. Images were firstly taken with a Zeiss Axioplan II epifluorescence microscope, using an QICAM Fast 1394 Digital Camera from QImaging and a 10x/0.30 Plan-Neofluar objective together with filters for DAPI, FITC (FAM) and rhodamine. Images were captured with Image Pro Express 6.0 and analyzed with FIJI softwares. Later in the project images were collected with a Zeiss Axio Observer 2.1 microscope with an ApoTome.2 imaging system using the Plan-Apochromat 20x/0,8 Ph2 M27 objective, an Hamamatsu Camera and different Zeiss filter sets (EGFP and DsRed). Three different slides were prepared for each condition and five micrographs were taken from each slide.

Cell viability

The cells (induced and non-induced) were resuspended in 50 L PBS and incubated at 37°C for 2 hours. Cells were washes thrice with PBS by up-and-down pipetting, resuspended in 50 L PBS and kept at 4°C overnight. Prior to propidium iodide (PI) staining, the volume of cells was adjusted to 1.5 mL with PBS and PI solution was then added to a final concentration f 1 μ . f 5 utes of incubation, the samples were centrifuged 2 min at 4000 g, the supernatants were discarded and the pellets were resuspended in 50 of incubation. Images were taken with a Zeiss Axioplan II epifluorescence microscope, using an QICAM Fast 1394 Digital Camera from QImaging and a 10x/0.30 Plan-Neofluar objective together with filters for DAPI and rhodamine. Images were captured with Image Pro Express 6.0. Three different slides were prepared for each condition and three micrographs were taken from each slide in fluorescence and brightfield. The data correspond to the means of three independent experiments. The total fluorescence was determined with FIJI software [START_REF] Schindelin | Fiji: An Open-Source Platform for Biological-Image Analysis[END_REF] and calculated as follow: corrected total cell fluorescence (CTCF) = Integrated Density -(Area of Selected picture x Mean Fluorescence of 3 Background readings). Then the fluorescence obtained with PI staining was divided by the total fluorescence obtained with DAPI staining to determine the percentage of dead cells.

Hybridization of oligonucleotides at the cell surface

The induced cells were resuspended in 50 L PBS supplemented or not with 5 M of nonfluorescent BG-modified oligonucleotide (BG-DNA 1c or BG-DNA 1 ). After an incubation at 37°C for 2 hours, cells were washes thrice with PBS by up-and-down pipetting, resuspended in 50 L PBS and incubated with 50 L of fluorescent oligonucleotides at 5 M (respectively DNA 1 -FAM or DNA 1c -TAMRA) for 5 min at 37°C. The cells were then washed once with PBS (150 L) by up-and-down pipetting, resuspended in 50 L PBS and kept at 4°C overnight h d k. w d d (10 μL). g w k with a Zeiss Axioplan II epifluorescence microscope, using an QICAM Fast 1394 Digital Camera from QImaging and a 10x/0.30 Plan-Neofluar objective together with filters for DAPI, FITC (FAM) and rhodamine. Images were captured with Image Pro Express 6.0 and analyzed with FIJI softwares. At least five independent pictures were taken for each condition. The determination of total fluorescence area over total cells area in % using FIJI was performed by subtracting the light background (rolling ball radius 20 pixels) and setting the default auto thresholding for the phase contrast pictures and setting the default auto thresholding for DNA 1 -FAM labelling and the auto thresholding using the Triangle algorithm for DNA 1c -TAMRA labelling in order to minimize the background fluorescence.

Enhancement of cell-cell tethering through modified oligonucleotides

Induced cells were resuspended in 50 L PBS supplemented with 5 M of BG-modified oligonucleotides (fluorescent oligonucleotides BG-DNA 1 -FAM or BG-DNA 1c -TAMRA and non-fluorescent HNA oligonucleotides BG-HNA 1 or BG-HNA 1c ). After an incubation at 37°C for 2 hours in the dark, cells were washes 4 times with PBS (4x 150 L) by up-and-down pipetting, resuspended in 50 L PBS and the two E. coli populations labeled with complementary oligonucleotides were mixed and incubated for an additional hour. Cells were then washed once with PBS (150 L), resuspended in 100 L PBS and kept at 4°C till overnight in the dark. Cells were spotted (10 L) on slides for microscopy analysis and images were collected with a Zeiss Axio Observer 2.1 microscope with an ApoTome.2 imaging system using the Plan-Apochromat 20x/0,8 Ph2 M27 objective, an Hamamatsu Camera and different Zeiss filter sets (Phase, EGFP and DsRed). Three different slides were prepared for each condition and each slide was manually and visually completely scanned. When an aggregate was detected, then a picture was taken (11 pictures in mean per slide for DNA and 12 pictures in mean for HNA per slide). We used for comparison the single E. coli populations expressing one oligonucleotide at the surface (BG-DNA 1 -FAM or BG-DNA 1c -TAMRA for DNA condition and non-fluorescent HNA oligonucleotides BG-HNA 1 or BG-HNA 1c for HNA condition). In these later conditions, 5 pictures were taken, mainly randomly. Aggregate areas were measured using the machine learning plug-in Trainable Weka Segmentation in FIJI. After training a classifier for aggregates, cells and background, input phase contrast pictures were segmented. The threshold was properly set for each probability maps obtained and particles areas above the size of 200 m 2 were analyzed.

RESULTS

Design and synthesis of modified oligonucleotides

We deemed that the combination of SNAP-tag immobilization and the use of XNAs would i) improve the formation of cellular aggregates due to the formation of more stable HNA duplexes compared to dsDNA (T m of +1.3°C per base pair), ii) impart biostability due to the altered sugar chemistry which is of high relevance for in vivo applications, and iii) avoid unspecific anchoring of oligonucleotides into non-targeted cells which is the case for instance with lipid-or cholesterol-labelled sequences. [START_REF] Zhao | Lipid-Oligonucleotide Conjugates for Simple and Efficient Cell Membrane Engineering and Bioanalysis[END_REF] Protected O [START_REF] Zhao | Mimicking the Inflammatory Cell Adhesion Cascade by Nucleic Acid Aptamer Programmed Cell-cell Interactions[END_REF] -Benzylguanine phosphoramidite derivative was first synthesized (see Material and Methods for details) and used as precursor for the synthesis of modified oligonucleotides (see Table 1). The oligonucleotides used in this study were 20-mer heterosequences designed to be long enough to avoid accessibility issues but also with a high GC-content (80%) to allow stable interactions with complementary counterparts (DNA c or HNA c ) at 37°C. Two O [START_REF] Zhao | Mimicking the Inflammatory Cell Adhesion Cascade by Nucleic Acid Aptamer Programmed Cell-cell Interactions[END_REF] -benzylguanine containing DNA oligonucleotides were labeled with the fluorescent dyes 6carboxyfluorescein (6-FAM) or carboxytetramethylrhodamine (T ) h 3' monitor correct binding to the SNAP-tag containing protein at the cell surface by fluorescence microscopy. The free energy of the DNA 1 and DNA 1c strands were calculated with nupack.org [START_REF] Zadeh | Analysis and Design of Nucleic Acid Systems[END_REF] using input parameters of 37°C with 140 mM NaCl. Despite the predominance of a high probable secondary structure (G = -2.80 kcal/mol and -2.21 kcal/mol respectively), UV-melting experiments confirmed the thermodynamic stability and prevalence of duplex formation over that of any type of potential secondary structure on each DNA single strand thus confirming the design of the sequences for mediating cell-cell aggregations (see SI part C).

Designation

Sequences and modifications BG-DNA 1 -FAM

5' O 6 -Benzylguanine-(PEG) 4 -GCGCGAATTCCCCGGGCGCG-(6FAM)-3' BG-DNA 1c -TAMRA 5' O 6 -Benzylguanine-(PEG) 4 -CGCGCCCGGGGAATTCGCGC-(TAMRA)-3' BG-DNA 1 5' O 6 -Benzylguanine-(PEG) 4 -GCGCGAATTCCCCGGGCGCG-3' BG-DNA 1c 5' O 6 -Benzylguanine-(PEG) 4 -CGCGCCCGGGGAATTCGCGC-3' DNA 1 -FAM* 5'(FAM)-GCGCGAATTCCCCGGGCGCG-3' DNA 1c -TAMRA* 5'(TAMRA)-CGCGCCCGGGGAATTCGCGC-3' BG-HNA 1 5' O 6 -Benzylguanine-(PEG) 4 -GCGCGAATTCCCCGGGCGCG-3' BG-HNA 1c 5' O 6 -Benzylguanine-(PEG) 4 -CGCGCCCGGGGAATTCGCGC -3' * obtained from a commercial supplier

Table 1. Sequences of all synthesized DNA and HNA oligonucleotides used in this study

Labeling of cells with fluorescent oligonucleotides and cell viability

In order to ensure surface expression of sufficient amounts of the SNAP protein on E. coli, we employed the Maximized AutoTransporter Expression (MATE)-plasmid [START_REF] Schulte | Autotransporter-Based Surface Display of Hemicellulases on Pseudomonas Putida : Whole-Cell Biocatalysts for the Degradation of Biomass[END_REF][START_REF] Sichwart | Maximized Autotransporter-Mediated Expression (MATE) for Surface Display and Secretion of Recombinant Proteins in Escherichia Coli[END_REF][START_REF] Tozakidis | Improving the Autotransporter-based Surface Display of Enzymes in Pseudomonas Putida KT2440[END_REF] pSK004_SNAPtag_Arabinose which encodes for fusion proteins consisting of the N-terminal CtxB signal peptide (SP) from Vibrio cholerae, followed by gene SNAP26b which is a mutant form of the human gene for O [START_REF] Zhao | Mimicking the Inflammatory Cell Adhesion Cascade by Nucleic Acid Aptamer Programmed Cell-cell Interactions[END_REF] -alkylguanine-DNA-alkyltransferase (hAGT) and the translocator domain of the EhaA autotransporter from E. coli under the control of an Arabinose-inducible promoter. (Figure 2a) We deemed this design to be adequate for triggering XNA-mediated cellular aggregation since it has been shown that the autotransporter EhaA which contributes to adhesion, colonization and biofilm formation by enterohemorrhagic E. coli O157:H7 [START_REF] Wells | EhaA Is a Novel Autotransporter Protein of Enterohemorrhagic Escherichia Coli O157:H7 That Contributes to Adhesion and Biofilm Formation[END_REF] was suitable for surface display not only in E. coli, [START_REF] Salema | Selection of Single Domain Antibodies from Immune Libraries Displayed on the Surface of E. Coli Cells with Two β-Domains of Opposite Topologies[END_REF] but also in other bacteria. [START_REF] Tozakidis | Autotransporter Based Surface Display on Alternative Host Organisms[END_REF] In addition, the SNAP-tag engineered by Johnsson and colleagues can specifically and covalently bind O [START_REF] Zhao | Mimicking the Inflammatory Cell Adhesion Cascade by Nucleic Acid Aptamer Programmed Cell-cell Interactions[END_REF] benzylguanine (BG) derivatives thus enabling covalent attachment of oligonucleotides on cell surfaces. [START_REF] Keppler | A General Method for the Covalent Labeling of Fusion Proteins with Small Molecules in Vivo[END_REF] Next, the OmpT-negative host strain E. coli UT5600 (DE3) was transformed with this MATE-plasmid (pSK004_SNAPtag_Arabinose) to express the SNAP proteins at the surface after arabinose induction. Induction of the SNAP proteins expression at the cell surface was controlled by microscopy analysis after incubation of the induced cells with the commercially available SNAP-Surface Alexa Fluor dye 488 for 30 min (data not shown). In order to evaluate whether oligonucleotides could be immobilized by the SNAP tags on the surface of cells (Figure 2b), we incubated cells with the fluorescents BG-oligonucleotides BG-DNA 1 -FAM or BG-DNA 1c -TAMRA (Table 1) to covalently fix them to SNAP proteins by application of an adapted protocol by Merlo et al. [START_REF] Merlo | An AGT-Based Protein-Tag System for the Labelling and Surface Immobilization of Enzymes on E. Coli Outer Membrane[END_REF] After incubation with the fluorescently-labelled oligonucleotides, the cells were subjected to fluorescence microscopy. This analysis revealed that the incubation time needed to be adjusted to the presence of the TAMRA fluorophore since a 30 min incubation time was not sufficient to produce any fluorescent labelling of cells. When the incubation time was increased to 2h, [START_REF] Keppler | Labeling of Fusion Proteins with Synthetic Fluorophores in Live Cells[END_REF] the expected fluorescence staining with TAMRA-containing oligonucleotides was obtained (Figure 3). On the other hand, FAM-labeled DNA showed detectable but greatly reduced fluorescence intensity compared to TAMRA staining probably due to fluorescence quenching by the g h 3'-position (Figure 3). [START_REF] Kelley | Electron Transfer Between Bases in Double Helical DNA[END_REF] Overall, this fluorescence microscopy analysis revealed that only modified cells became fluorescent after induction, and as expected no fluorescence was detected on non-induced cells.

Figure 3. Fluorescence microscopy analysis of E. coli cells labeled with BG-DNA 1 -FAM (B) and BG-DNA 1c -TAMRA (D). The corresponding staining was applied on SNAPexpressing cells (B and D) and SNAP-non expressing cells as negative controls (A and C).

Each fluorescence picture is appended with its corresponding brightfield below. The fluorescence micrographs were colored using the FIJI LUT tool and no background correction was applied. All micrographs were automatically adjusted for brightness and contrast using FIJI.

We also examined the viability of the cells after overexpression of this SNAP cell surface system. The cells were treated in the same conditions as for the experiments except that no fluorescent oligonucleotides were added. After treatment of the samples with 4,6diamidino-2-phenylindole (DAPI) to identify live and dead cells and propidium iodide (PI) at 1 M to identify dead cells, the fluorescence of randomly selected micrographs was quantified (Figure 4). We did not increase the final concentration of the PI working solution above 1 μ w d ff h gh s. [START_REF] Shi | Limits of Propidium Iodide as a Cell Viability Indicator for Environmental Bacteria[END_REF] We observed a two times higher ratio of PI-stained cells compared to DAPI-stained cells after arabinose induction, namely 8.3% dead cells when the SNAP system was over expressed versus 3.6% dead cells without overexpression. Thus, the SNAP system expressed at the surface of E. coli does not induce substantial cytotoxic effect in those conditions. 

Hybridization of oligonucleotides at the cell surface

We next sought to demonstrate the possibility of binding cells through DNA by simple hybridization events of complementary oligonucleotides located on the cell surface. To do so, we attached the non-fluorescent oligonucleotides BG-DNA 1 or BG-DNA 1c on to cells by a similar protocol as described previously and after washing, we co-incubated these cells with complementary, fluorescently labelled oligonucleotides (i.e. DNA 1c -TAMRA and DNA 1 -FAM, respectively). Expectedly, no staining was observed with cells that did not display BG-DNA 1c on the cell surface but that were incubated with DNA 1 -FAM thus clearly indicating the necessity and the specificity of the hybridization step (Figure 5A & 5B). Intriguingly, when the SNAP-induced cells were not incubated with BG-DNA 1 , the fluorescence emission of the DNA 1c -TAMRA oligonucleotide was equivalent to that of cells expressing BG-DNA 1 at their surface (vide infra). Surprisingly, the reduction of the time of incubation from one hour to five minutes and the number of washes after hybridization (from three to one), allowed to restore the expected difference of TAMRA fluorescence emission between the negative control and samples obtained under hybridization conditions (Figure 5C&5D and E right bars). For quantification of cell aggregates, we opted to express fluorescence area relative to cells area for a given micrograph to quantify the level of labelling and thus cell areas capable of hybridizing with other cells. Indeed, working with motile non-immobilized live cells can lead to the observation of cells that do not belong to the same focal plane and that can overlap or adopt different 3D-orientations. At low magnification, it is particularly difficult to set the outlines of the cells as well as the non-homogenous staining of a single cell and the filamentous phenotype displayed by some cells did not allow the determination of a precise ratio of fluorescent cells relative to the total number of cells. After induction of the SNAP-tag, around 51% of all cell surfaces conjugated to BG-DNA 1c were fluorescent after incubation with DNA 1 -FAM compared to only ca 3% of all cell surfaces lacking BG-DNA 1c (Figure 5E left bars). As mentioned before, we observed a high unspecific signal with the TAMRA-labelled oligonucleotide since we observed a ca 38% of fluorescence area relative to cells area after incubation of cells with BG-DNA 1 with the complementary fluorescent DNA 1c -TAMRA but also ca 27% of fluorescence area for cells that did not exhibit any oligonucleotide covalently linked to the SNAP-tag (Figure 5E right bars). This rather high background fluorescence may be ascribed to the fact that the TAMRA fluorophore consists of two regioisomers (see SI part D), and only the 5-positional regiosiomer displays a significantly higher background fluorescence than the corresponding 6-carboxyrhodamines when used as SNAP-tag substrates for fluorescence labelling in live cells. [START_REF] Correa | Substrates for Improved Live-Cell Fluorescence Labeling of SNAP-Tag[END_REF] The DNA 1c -TAMRA oligonucleotide obtained from a commercial supplier contained predominantly the 5-regioisomer of the dye because the 5-regioisomers often display higher quantum yields than 6-regiosomers when conjugated [START_REF] Bucevičius | Rhodamine-Hoechst Positional Isomers for Highly Efficient Staining of Heterochromatin[END_REF] but this also explains the high background observed for the negative control with the TAMRA-labelled oligonucleotide. Based on these observations, we thus synthesized the modified BG-DNA 1c -TAMRA oligonucleotide with the 6-regioisomer of the TAMRA fluorophore. 

Enhancement of cell-cell tethering with DNA and XNA oligonucleotides

With the SNAP-tag installed as a cell surface decorating system, we explored the possibility of self-assembly of multicellular aggregates through complementary DNA hybridization (Figure 2c). We mixed two populations of E. coli, each of them displaying at the cell surface oligonucleotide BG-DNA 1 -FAM or BG-DNA 1c -TAMRA. The analyses were achieved at the microscopic scale on non-immobilized cells at the lowest possible magnification of the microscope to increase the probability of visualizing rare objects. As expected, we observed the formation of aggregates made of cells with DNA 1 -FAM and DNA 1c -TAMRA at the surface with different morphologies and different sizes (Figure 6). 7 where two cell populations with complementary DNA oligonucleotides were mixed together (left panel, blue columns). Fluorescence micrographs were colored post-acquisition and presented as composite images using FIJI.

The aggregates were resistant to breakage through multiple physical pipetting during sample preparation and were observed to be essentially static structures over the timescale of microscopy acquisition which allowed straightforward quantification. Surprisingly, we could also observe very small aggregates in the control conditions that are, induced cells without any oligonucleotides at the surface (data not shown) and induced cells with only one oligonucleotide displayed at the surface. The aggregates were counted, and their area determined using the machine learning plug-in Trainable Weka Segmentation in FIJI. After exclusion of aggregates that were not totally composed of cells or that did not belong to the focal plane (see in SI part E), we ranked them according to their apparent area expressed in m 2 (Figure 7a). When separate cell populations decorated with complementary oligonucleotides BG-DNA 1 -FAM or BG-DNA 1c -TAMRA were mixed together, we observed a marked enhancement of cell-cell tethering reflected by the number of aggregates (blue column) compared to the control conditions (orange and grey columns respectively for BG-DNA 1 -FAM and BG-DNA 1c -TAMRA expressing cells) especially for the smaller aggregates (size between 200 and 700 m 2 , ca 4 and 8 times more) and the larger ones (> 2700 m 2 , ca 8 times more and 11 aggregates versus zero for population with only BG-DNA 1c -TAMRA at the surface). We performed the same experiment but with unnatural HNA oligonucleotides (Figure 7b). In this case, we also could observe a marked increase in the number of aggregates when the two different E. coli populations were incubated together, especially for the smaller and larger aggregates. We observed the formation of ca 23 time more aggregates with a size between 200 and 700 m 2 when the cells interacted via two complementary HNA oligonucleotides (blue column) compared to the cells with only the BG-HNA 1c at the surface and ca 8 times more aggregates compared to the cells with only the BG-HNA 1 . For the larger aggregates (> 2700 m 2 ), there were ca 19 and 6 times more aggregates compared to cells with solely BG-HNA 1c and BG-HNA 1 (grey and orange columns, respectively). Moreover, comparing the results obtained with DNA and HNA oligonucleotides, we observed overall more aggregates with the HNAs, in particular for the small aggregates (200-700 μ 2 , approximately twice as much with the HNAs). This can be explained by the higher stability of the HNA duplexes compared to natural dsDNA that makes the aggregates more difficult to dissociate. [START_REF] Lescrinier | Solution Structure of a HNA-RNA Hybrid[END_REF] Regardless whether DNA or HNA oligonucleotides were used, the size and the shape of the aggregates varied strongly. Lastly, we observed that the green fluorescence (FAM) or red fluorescence (TAMRA) of complementary BG-DNA sequences, was not equally distributed on the entire surface of the aggregates. After mixing the two cell populations for attachment, yellow fluorescence was observed locally, while green and red fluorescence were still observed on the cell surfaces probably due to the preorganization of the aggregates in smaller structures as observed for cells equipped with a single fluorescent oligonucleotide at the surface. Moreover, FAM and TAMRA dyes are frequently used in tandem as the FAM fluorescence may be quenched by TAMRA when located in close proximity through g f (FRET). The degree of the FRET effect was quantified through micrographs analysis (see SI part F) and an average of 46% FAM fluorescence decrease was determined in presence of TAMRA exposing cells. This partial FRET effect may be due to preorganization of the cells in smaller aggregates as in cells with only one fluorescent oligonucleotide at the surface.

DISCUSSION

SNAP-tag to mediate covalent binding of oligonucleotides on cell surfaces

The heterogeneity of biological membranes as well as the range of applications justify the continuous development of conjugation methods for the integration of various biomaterials at the cell surface. In this work, we reengineered E. coli to covalently bind DNA and HNA oligonucleotides at the cell surface through the SNAP-tag protein. We first validated the accessibility of the extracellular SNAP protein by covalently linking the commercially available SNAP-Surface Alexa Fluor dye 488 and BG-modified oligonucleotides labelled w h w f h ( d T ) h 3' termini. This system led to a robust, fluorescent staining as all the microscopy experiments were carried out one day after the labelling. In addition, no internalization of the modified oligonucleotides was observed as hybridization with complementary fluorescent oligonucleotides revealed the persistence of the BG-modified oligonucleotides at the cell surface. When this robust surface modification method was applied to two distinct cell populations, numerous and large aggregates were formed after SNAP expression induction. Importantly, HNA displayed a higher capacity at mediating cellular aggregation than canonical DNA. On a practical point of view, microscopy observations were done on non-fixed live cells which made the analysis easier and faster. We measured the mean fluorescence intensity from a large population of cells (in the 10 8 range) by analyzing micrographs taken with a low magnification objective to minimize the variation in fluorescence at the individual cell level. We were then able to quantify cell surface staining and characterize aggregation (number and size of aggregates) while being able to have a close look on the phenotype of the cells at the same time. It is obvious that this type of analysis allows a non-exhaustive but rapid evaluation of a mode of conjugation of biomolecules on the surface of cells since observations are made in two rather than in three dimensions. The system we used to decorate cells relies on a genetic approach. The expression at the cell surface of the SNAP-tag protein allows a highly specific conjugation with BG-containing nucleic acid molecules. It is stable in physiological conditions, and easy to use once the cells have been engineered with the proper plasmid. In addition, we described for the first time the effect of SNAP-tag expression at the cell surface of E. coli in terms of cell viability. We did not observe any significant toxicity under our experimental conditions. Nonetheless, it is worth mentioning that we observed the formation of a filamentous phenotype which occurs by the elongation of the cells with more than one septum due to incomplete cell division. We could also observe that the staining was not homogenously distributed at the surface of the cells. While similar morphological difference have been reported for other receptor systems,59 additional experiments such as DNA-PAINT or super-resolution confocal microscopy will be required to identify the origin of this non-homogenous protein expression.

The role of XNAs in cellular aggregation

We combined the exposure of the SNAP protein at E. coli cell surface with the conjugation of oligonucleotides. The advantages of using modified oligonucleotides as SNAP binders include the ability to precisely control the orientation, distances, and valency of these binders. [START_REF] Stengel | DNA-Induced Programmable Fusion of Phospholipid Vesicles[END_REF][START_REF] Chan | Effects of Linker Sequences on Vesicle Fusion Mediated by Lipid-Anchored DNA Oligonucleotides[END_REF][START_REF] Shaw | Spatial Control of Membrane Receptor Function Using Ligand Nanocalipers[END_REF] Moreover these biomaterials could allow to fine-tune cell-cell distance as their length is highly adaptable. We showed in this work that even short heterosequences (20-mer) led to stable aggregates. Besides, oligonucleotides tethering can be easily abolished by enzymatic treatment or strand displacement even in complex assembled structures or modulated to increase the stability of the duplexes. [START_REF] Todhunter | Programmed Synthesis of Three-Dimensional Tissues[END_REF][START_REF] Gao | Design and Fabrication of Flexible DNA Polymer Cocoons to Encapsulate Live Cells[END_REF][START_REF] Gavins | Live Cell PNA Labelling Enables Erasable Fluorescence Imaging of Membrane Proteins[END_REF][START_REF] Qiu | Programmable Aggregation of Artificial Cells with DNA Signals[END_REF] Thus, the association of the SNAP protein and modified oligonucleotides at E. coli surface is able to provide a highly specific system with a dynamic control of interactions and unlimited combinations of interactions through complementary oligonucleotides. Beyond the added value of mediating cellular interactions with oligonucleotides equipped with BG moieties, we have included a second layer of chemical modifications by altering the sugar chemistry of oligonucleotides. Indeed, the appendage of fully modified HNA sequences on cell surfaces could protect oligonucleotides against nuclease degradation [START_REF] Wang | Cyclohexene Nucleic Acids (CeNA): Serum Stable Oligonucleotides That Activate RNase H and Increase Duplex Stability with Complementary RNA[END_REF] and also ensures orthogonality with natural DNA and RNA; feats that are difficult to achieve with canonical systems or other, more simple sugar modifications. Such an approach can be expanded to yet more orthogonal XNA systems such as homo-DNA ((4' to 6')-linked oligo-2',3'-dideoxy-beta-D-glucopyranose nucleic acid) or 3′-′ h h h -threosyl nucleic acid (tPhoNA). [START_REF] Pitsch | Why Pentose-and Not Hexose-Nucleic Acids??. Part VII. Pyranosyl-RNA ('P-RNA'). Preliminary Communication[END_REF][START_REF] Liu | Phosphonomethyl Oligonucleotides as Backbone-Modified Artificial Genetic Polymers[END_REF] On a technical point of view, the grafting of nucleic acids at the cell surface can significantly improve the intensity of the cells staining with intercalating dyes as observed in our study with DAPI (data not shown) and more broadly can provide tools to increase brightness in fluorescence microscopy in a controlled manner. [START_REF] Geng | Aptamer-Assisted Tumor Localization of Bacteria for Enhanced Biotherapy[END_REF] Artificial bacterial aggregation through nucleic acids has a broad range of applications. It could allow the study of biofilm formation and the advantages that this spatial organization confers to bacteria, such as protection against antibiotics for example or to help unravelling the mechanisms of formation of biofilms. [START_REF] Perez | Residence of Streptococcus Pneumoniae and Moraxella Catarrhalis within Polymicrobial Biofilm Promotes Antibiotic Resistance and Bacterial Persistence in Vivo[END_REF] Other potential, direct applications include the investigation of molecular signals involved in a quorum sensing processes upon reaching a certain threshold population density and the analysis of the symbiotic relationship in gut microbiota. Finally, it could contribute to the creation of artificial bacterial communities and/or engineer synergistic multicellular metabolic pathways to improve the biosynthesis efficiency of a desired product. [START_REF] Du | Cellulosic Ethanol Production by Natural Bacterial Consortia Is Enhanced by Pseudoxanthomonas Taiwanensis[END_REF] 

CONCLUSIONS

The methods developed in this work to expose synthetic genetic materials especially HNA at the cell surface are leading to bio-orthogonal bacteria-bacteria interactions. In this context, surface molecules must be provided exogenously and continuously to avoid dilution during bacterial division which is an asset for safety concerns. In this work, aggregation was observed starting from homotypic cells but this system may be easily generalize to heterotypic cells.

Figure 1 .

 1 Figure 1. Chemical structures A) of canonical DNA (R = H) and RNA (R = OH) and B) of hexitol nucleic acids (HNA).

  Carbenicillin disodium salt (PanReac AppliChem) and L-(+)-arabinose (Sigma-Aldrich) were supplemented to lysogeny broth (LB) medium during cell culture at a final concentration of 50 fluorescent label SNAP-Surface Alexa Fluor 488 was purchased from New England Biolabs, Inc. Oligonucleotides DNA 1 -FAM and DNA 1c -TAMRA (5-regioisomer) were synthesized from Eurofins.

Figure 2 .

 2 Figure 2. pSK004_SNAPtag_Arabinose, the corresponding fusion protein expressed on the bacterial surface and expected interactions at the cell level. a) Schematic representation of the surface expression vector pSK004_SNAPtag_Arabinose based on the EhaA autotransporter adapted from Schulte et al.[START_REF] Schulte | Autotransporter-Based Surface Display of Hemicellulases on Pseudomonas Putida : Whole-Cell Biocatalysts for the Degradation of Biomass[END_REF] . Expression is under the control of the araBAD promoter, followed by a signal peptide SP and two detection tags (His6 and Myc) flanking the passenger protein, i.e. the SNAP26 protein. b) Scheme highlighting the matured fusion protein at the cell surface from vector pSK004_SNAPtag_Arabinose and labelling mechanism of SNAP-tag. c) Representation of cellular aggregation mediated by hybridization of complementary single stranded oligonucleotides. This schematic representation does not reflect the real SNAP partitioning on the cell surface.

Figure 4 .

 4 Figure 4. Viability of E. coli after SNAP-tag induction at the cell surface. E. coli cells induced or not with arabinose were treated under the same experimental conditions and costained with DAPI and PI. Fluorescence micrographs were colored post-acquisition, and the brightness and contrast were adjusted in FIJI for illustration. Relative fluorescence was quantified, and data are presented as mean values  SD of 9 pictures of three independent experiments (see Materials and Methods for details).

Figure 5 .

 5 Figure 5. Hybridization of fluorescent oligonucleotides (ON) with complementary counterpart exposed at the cell surface of E. coli. Experimental scheme, fluorescence and bright field micrographs of DNA 1 -FAM (green) at 5 M incubated with E. coli cells exposing solely the SNAP-tag (' O ' d f g d z d at the cell surface) or pretreated with 5 M BG-DNA 1c (red) linked to the SNAP-tag (columns A and B). DNA 1c -TAMRA (red) at 5 M was also incubated with E. coli cells exposing solely the SNAP-tag (' O ' d f g d z d at the cell surface) or pretreated with 5 M BG-DNA 1 (green) linked to the SNAP-tag (columns C and D). Fluorescence micrographs were colored post-acquisition, phase contrast pictures smoothed using FFT bandpass filter in FIJI and the brightness and contrast were adjusted for illustration as well. Relative fluorescence was quantified using FIJI software. Data are presented as mean values  SD of at least 5 pictures (histogram E).

Figure 6 .

 6 Figure 6. Illustrative E. coli aggregates via Watson-Crick base pairing. 1:1 mixture of two E. coli populations each of them labeled with a fluorescent and complementary sequence at their surface BG-DNA 1 -FAM in green and BG-DNA 1c -TAMRA in red. They illustrate the quantification results from Figure7where two cell populations with complementary DNA oligonucleotides were mixed together (left panel, blue columns). Fluorescence micrographs were colored post-acquisition and presented as composite images using FIJI.

Figure 7 .

 7 Figure 7. Quantification of the aggregates obtained after base pairing of natural and non-natural oligonucleotides. Brightfield micrographs of cell aggregates obtained after hybridization of DNA or HNA complementary oligonucleotides exposed at the cell surface of two different cell populations were analyzed. The plugin Trainable Weka Segmentation in FIJI software allowed us to create binary pictures of which particles surfaces were measured and ranked into size ranges. Data are shown as mean  SD of two independent biological experiments.
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