Scalable liposomes functionalization via membrane lipid exchange mechanisms
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ABSTRACT Extracellular vesicles are pivotal in intercellular communication and hold significant promise for medical applications. However, limitations in their mass production and challenges in replicating their complex functions with artificial liposomes necessitate innovative solutions. We functionalize liposomes by combining the scalable production advantages of artificial liposomes with the vesicle fusion and formation mechanisms of bacteria. By incubating the gram-negative Shewanella oneidensis MR-1, known for its electrochemically active outer membrane cytochromes (OMCs), with liposomes containing 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine for 24 hours, we achieved a substantial yield of membrane-integrated liposomes (MILs) incorporating OMCs. Circular dichroism spectroscopy confirmed the preservation of redox activity and strong inter-heme exciton coupling in the OMCs. These components were successfully delivered to Escherichia coli K-12 by incubation with MILs, retaining their functionality. Furthermore, the slow membrane exchange process did not result in cellular viability loss or lysis, allowing for the recycling of microbial cells and minimizing contaminants from lysed cells, which is advantageous for scaling up. Building on our previous work where MIL-coated titanium dioxide nanoparticles significantly enhanced radical production and effectively treated orthotopic liver tumors in vivo, our methodology to generate the MIL has promising potential to spearhead novel integrations of synthetic and biological systems for medical technologies.

1. INTRODUCTION
	In the rapidly evolving field of biotechnological applications, cell-secreted extracellular vesicles (EVs), particularly bacterial outer-membrane vesicles (OMVs), have gained significant attention for their potential [1-4]. These vesicles naturally transport enzymes, genes, and membrane proteins, positioning them at the forefront of innovations in liquid biopsy, immunotherapy, and other areas of intercellular communication and biofunctional exploration [5-8]. However, the promise of these natural nanoparticles is hindered by substantial challenges: inefficiencies, high costs, and long cultivation times inherent in their biological production, dictated by the genomic blueprint of their parent cells [9,10].
	In response, artificial liposomes have emerged as viable alternatives, mimicking the structural and functional attributes of EVs while offering scalability [11,12]. Advanced manufacturing techniques, such as extrusion and microfluidics, facilitate this transition. However, developing sophisticated, fully functionalized liposomes that closely mimic natural EVs requires significant advancements in bioengineering. This involves strategic surface modification of liposomes with various biological molecules, achieved through cutting-edge chemical engineering tactics [13-17]. These modifications aim to endow artificial vesicles with proteins, nucleic acids, and other bioactive components necessary for functional parity with natural counterparts. Achieving such mimicry, critical for biocompatibility and immune evasion, remains a significant scientific challenge [18-22].
	This study combines the scalable production benefits of artificial liposomes with the nuanced OMV formation mechanisms of bacteria. By incorporating 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), a lipid known for its high fluidity [23,24], into our liposome formulation, we enhance membrane fusion, paving the way for the creation of hybrid liposome-bacteria vesicles (Scheme 1). We call this production method liposome-induced membrane exchange (LIME). Using Shewanella, a model organism known for its outer membrane cytochromes (OMCs) with optical and redox functionalities [25-27], we explore the integration of these properties within the hybrid vesicles through spectroscopy and electrochemistry. Additionally, we employed membrane fusion fluorochromes and lipidomics to confirm the lipid exchange process. This study represents a seminal intersection of material science and biotechnology, proposing a scalable method for fabricating bio-inspired nanomaterials. By synergizing artificial vesicles with the functional intricacies of natural systems, our work bridges a crucial scientific gap and sets a new standard in the nanomaterials domain [20]. This approach highlights the potential of bio-hybrid materials in advancing biotechnological applications, promising a future where synthetic and biological systems converge for innovative solutions.
             [image: ]
Scheme 1. Membrane-integrated liposome (MIL) production via liposome-induced membrane exchange (LIME). (a) Schematic illustration demonstrating the production of MILs. Shewanella oneidensis MR-1 with outer-membrane cytochrome (OMC) complex are incubated with liposomes, enabling bacterial cell and scalable MIL production. (b) Detailed model of the LIME process. This panel illustrates the fusion between the liposome and S. oneidensis MR-1, followed by the release of MILs carrying OMCs. 

2. EXPERIMENTAL SECTION
[bookmark: _Hlk25068552][bookmark: _Hlk23251425][bookmark: _Hlk25313161]2.1. Materials. All reagents were of analytical purity and used without further purification. Sodium lactate solution (CH3CH(OH)COONa, 70%), ammonium chloride (NH4Cl, 99.5%), calcium chloride dihydrate (CaCl2·2H2O, 95%), sodium bicarbonate (NaHCO3, 99.5%), sodium chloride (NaCl, 99.5%), and magnesium chloride hexahydrate (MgCl2·6H2O, 98%) were bought from Wako. 2-[4-(2-hydroxyethyl)-1-piperazinyl] ethanesulfonic acid (HEPES, C8H18N2O4S, 99%) was purchased from Dojindo. LB broth (Luria-Bertani, miller), and yeast extract were obtained from BD. 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) were purchased from Avanti Polar Lipids, Inc. N-(Texas Red sulfonyl)-1,2-dihexadecanoyl-snglycero-3-phosphoethanolamine, triethylammonium salt (Texas Red®-DHPE) was purchased from Biotium. Chloroform (CHCl3, 99%), sodium phosphate dibasic (Na2HPO4, 99%), and sodium phosphate monobasic (NaH2PO4, 99%) were bought from Sigma-Aldrich. FM™ 1-43 Dye (N-(3-Triethylammoniumpropyl)-4-(4-(Dibutylamino) Styryl) Pyridinium Dibromide) was obtained from Invitrogen. Deionized water was obtained by using a Millipore direct-Q water purification system.
2.2. Preparation of DM medium with 10 mM lactate (DM-L). These materials contained 1.25 g of NaHCO3, 0.04 g of CaCl2, 0.5 g of NH4Cl, 0.1 g of MgCl2, 5 g of NaCl, 3.6 g of HEPES, and 0.25 g of yeast extract were added in 0.5 L of ultrapure water. Then, the solution was autoclaved at 122 ℃ for 25 min to obtain the sterile DM medium. The 0.8 g filtered sodium lactate solution (70%) was added to sterile DM medium to harvest the DM-L medium.
2.2. Preparation of liposome. The extrusion method was applied to prepare the liposomes. The extruder was obtained from Avanti Polar Lipids, Inc. The 100 mg of DOPC and DOPE powder were dissolved in 5 mL of chloroform as lipid stock solutions, respectively. 0.252 mL DOPC and 0.059 mL DOPE were mixed together in a glass bottle, and then the mixture was dried through N2 gas purging to form the lipid film. Afterward, 0.8 mL of PBS buffer was added to the bottle, and the sample was fizzed with liquid nitrogen until forming the ice phase. Then, the sample was melted by immersing it in a warm bath. The cooling-melting process was repeated several times until the lipid film was completely dispersed into the buffer. The polycarbonate membrane with 100 nm pores was set inside the extractor. Then, the lipid solution filled up the syringe and injected into the extractor for extruding operation at least ten times. Afterward, the liposomes were obtained and stored in the refrigerator for future use. 
For the preparation of TR dye-loaded liposomes, an adjustive of 1 % Texas Red®-DHPE was added to the lipid mixture and followed the same fabrication process.
2.4. Cell culture of S. oneidensis MR-1 and E. coli. The bacteria were sub-cultured in 15 mL of sterile LB solution for aerobic incubation at 30 °C. After 20 hours, the culture solution was centrifuged at 6000 rpm for 10 min, and then the bacterial pellet was dispersed by DM-L. The cells were washed with DM-L at least two times before use in further experiments. UV-vis was used to measure the optical density at 600 nm (OD600) of bacteria.
2.5. Liposome-induced membrane exchange process. 0.5 mL of liposomes (1 mg) were added in 1 mL of S. oneidensis MR-1 of OD600 at 1.0, and then the sample was sharked in 30 °C incubation for 20 hours. After that, the solution was centrifuged at 6000 rpm for 5 min to obtain the supernatant and it was centrifuged again to remove bacteria. Afterward, the supernatant was filtered with 0.45 um of porous size to remove residual bacteria completely. Then, the solution was centrifuged through ultracentrifugation (210,000 g, 4 h) to get the MIL for further characterization and use.
For TEM analysis, before loading with the MIL sample, the copper carbon-coated grid (Electron Microscopy Sciences) was subjected to glow discharge treatment. The MIL sample was loaded onto the copper carbon-coated grid and negatively stained with 2% uranyl acetate (Merck & Co., Inc.) for 30 sec. The samples were then air-dry and examined with JEM-1400 Transmission Electron Microscope (JEOL).
2.6. Electrochemical measurement. The sealed reactor with the three electrodes system was used for related electrochemical measurements. The 6.5 mL DM-L medium was added into the reactor, and then the oxygen in this sealed system was removed by N2 purging for 20 min. Afterward, the reactor was connected with the potentiostat at 30 °C for further electrochemical analysis. The electrode was poised at a potential of +0.2 V for starting measurement. After 30 min, the 0.1 mL of E. coli. suspension was injected into the reactor with a final concentration of 0.8 optical density (OD600). After another 30 min, 200 μL of MIL at different concentrations (0.5, 1, 5, and 10 mg/mL) or DM-L was added to the reactors correlated to their experimental group. For the group of MIL (5 mg/mL) alone, the same experiment process was followed, but no bacteria were provided in the reactor. The concentration of MIL was determined by protein assay.
2.7. Fluorescence imaging for observation of fusion and liberation processes. For the observation of fusion, TR dye-loaded liposome (TR-liposome) was applied with S. oneidensis MR-1. After incubation for 20 hours, the sample was centrifuged at 6000 ppm for 5 min to obtain the bacterial pellet and re-dispersed in the fresh DM-L. The washing process was conducted at least two times to remove free TR-liposomes. Then, the imaging was observed through a fluorescence microscope with excitation at 590 nm and emission at the range of 620-700 nm.
For the observation of MIL liberation, FM™ 1-43 Dye was used to stain the MR-1 cells in a standard protocol of dye staining. The dye-stained cells were co-incubation with liposomes at 30 °C for 20 hours. Afterward, the sample was dropped on the glass slide for further observation via a microscope with excitation at 590 nm and emission detection at a range of 620-700 nm.

3. RESULTS
3.1. Nanoparticle production via incubating liposome with S. oneidensis MR-1
	Liposomes, composed of 80% 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 20% dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), were synthesized using a standard extrusion method, resulting in a uniform size distribution of 70-100 nm (see Supplementary Fig. S1). These liposomes were incubated with a culture of S. oneidensis MR-1 in a defined medium (DM) at 30°C for 20 hours under vigorous shaking conditions. Following incubation, bacteria and supernatant were separated via centrifugation (Fig. 1a). The bacterial pellet that had been exposed to the liposomes exhibited a significant reduction in orange coloration compared to control pellets (Fig. 1b), indicating a possible interaction between the liposomes and OMCs. 
	To confirm this notion, the pellet was resuspended and subjected to UV-visible spectroscopy using an integrating sphere. This analysis revealed a decrease in absorption at the Soret band at 410 nm, suggesting that the liposomes facilitated the release of OMCs from the cellular membrane into the supernatant (Fig. 1c). Importantly, this release did not result from cellular lysis, as the viability of the bacteria was not compromised by the addition of liposomes (Fig. 1d and S2). This observation suggests that OMCs were released from the cellular membrane into solution and/or liposome fractions, without compromising cell integrity.
Further analysis of the supernatant that had been exposed to liposomes revealed significantly increased absorbance compared to that from a regular culture without liposomes (Fig. 1e). To differentiate between soluble cytochromes and those associated with liposomes, the supernatant was subjected to ultracentrifugation. This process yielded a bright red pellet indicative of OMCs that had been transferred to the liposome fraction (Fig. 1f). Transmission electron microscopy (TEM) of the pellet confirmed the presence of vesicular structures with diameters ranging from 50 to 200 nm, notably larger than the original added liposomes (Fig. 2a). Dynamic light scattering (DLS) analysis provided a size profile consistent between the supernatant and pellet, supporting that the absorption peaks of OMCs in supernatant sample correspond to these nanoparticles (Fig. 2b). Moreover, inductively coupled plasma mass spectroscopy (ICP-MS) quantified iron content in the pellet at 358.2 ppb (Fig. 2c), further substantiating the integration of OMC into the liposomes. The protein concentration and particle number reached their maximum values when 50 µL of the stock liposome solution was added to the MR-1 cell suspension, as shown in Figs S3 and S4. Furthermore, the size of the MILs remained stable for at least 21 days when stored at 4 °C, as confirmed by TEM and DLS analyses. In contrast, clustering of the MILs was observed after three days of storage at 25 °C, indicating that the lipid fluidity within the MILs is preserved under room temperature (Figs S5 and S6).
	Contrastingly, the supernatant from the culture not co-incubated with liposomes did not yield a visible pellet (Fig. 1f), indicating a significantly low yield of native outer membrane vesicles (OMVs) from the typical culture after 20 hours of incubation. Although insufficient biogenic OMVs were harvested for DLS, TEM analysis of this control sample revealed particles with diameters ranging from 20 to 80 nm (Fig. 2c inset), demonstrating a distinct size profile from the nanoparticles obtained in co-incubation with liposomes. These findings suggest that the interaction between liposomes and MR-1 cells results in the integration of microbial membrane components into the liposomes, forming what we have termed membrane-integrated liposomes (MIL).
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Fig. 1. Effect of coincubation with liposome and S. oneidensis MR-1. (a) The illustration showed the experimental procedure of LIME. (b) The bacterial pellet obtained after incubation and centrifugation was shown in the photos. (c) The diffraction transmission UV-vis spectra of S. oneidensis MR-1 cell after incubating with and without liposome. (d) The colony assay of bacterial pellets from normal and LIME cultures to check the cellular viability. (e) UV-vis spectra of the supernatant solution after centrifugation at 6000 rpm for 5 minutes to remove cells. (f) The photograph of the pellet collected with and without fusion with liposome after ultracentrifugation (50,000 rpm, 210,000 g, 4 h). (Pellet was labeled by red arrow). No visible pellet was observed w/o liposome dosage. 

3.2. Identification and characterization of OMCs in the MIL
	We confirmed the presence of OMCs in the MIL using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (Fig. 2d). Coomassie Brilliant Blue (CBB) staining revealed a series of protein bands closely matching those previously reported for MR-1 outer-membrane components, indicating the transfer of these proteins to the MIL [28]. Furthermore, heme staining highlighted specific bands corresponding to the OMCs components, MtrC, MtrA, and OmcA proteins, confirming their presence in the MIL. Additional verification was provided by redox-dependent staining with 3,3'-diaminobenzidine (DAB) and osmium tetroxide, which facilitated high-resolution transmission electron microscopy (HR-TEM) observations (Fig. S7) [29,30]. This redox-dependent staining method that targets cytochromes indicate the localization of OMCs in the MIL surface.
	Circular dichroism (CD) spectroscopy was employed to specifically quantify OMCs with exclusively higher inter-heme exciton coupling among ten heme centers compared with other cytochromes in MR-1 [31].31 The CD spectra of the MIL-containing solution displayed distinct signals at 392 and 417 nm, characteristic of the MtrCAB-OmcA complex in both intact bacteria and purified proteins (Fig. 2e and S8) [31,32]. Normalizing signal intensity to heme concentration revealed that the differential molar absorptivity (∆ε) was comparable with that of intact MR-1 cells, indicating preserved inter-heme coupling within the OMCs in MIL [31].31 Notably, approximately 51.7% of the OMCs were transferred to the MIL, well consistent with the observations in Fig. 1c.
	Moreover, redox activity was retained in these proteins as indicated by a red-shift of approximately 7 nm in characteristic peaks under anaerobic conditions, demonstrating their redox functional integrity outside the host cell environment (Fig. 2f) [31]. This redox state-dependence was further corroborated by UV-visible spectroscopy measurements (Fig. S9), affirming that both redox activity and inter-heme interactions are maintained in the non-host MIL environment. The heme-staining electrophoresis profiles at various time points demonstrated the sustained presence of MtrC and OmcA for over two weeks, even at 25 °C, in amounts comparable to those observed in MILs stored at 4 °C (Fig. S10). In contrast, the gradual decrease in MtrA levels at both 4 °C and 25 °C may be attributed to its intrinsic ability to dynamically associate and dissociate with the porin MtrB.
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Fig. 2. Characterization of nanoparticle form liposome-microbe incubation. (a) The TEM image of vesicular MILs stained with 2% uranyl acetate shows size distribution as 63.9 ± 24.5 nm. (b) The size distribution of MIL in the supernatant and the resuspended solution. The MIL in supernatant was directly injected into Zetaview analyzer. The resuspended MIL sample was obtained after ultra-centrifugation. (c) The Fe quantitative analysis of OMVs and MILs by inductively coupled plasma mass spectroscopy (ICP-MS, Thermo Fisher Scientific iCAP TQ). The analyzed OMVs and MILs were respectively made by adding 0 and 50 μL liposomes in the LIME reaction of S. oneidensis MR-1, then concentrating ten times before ICP-AES measurement. (d) Protein profiles of MIL, stained with the Coomassie brilliant blue (CBB) and heme-reactive 3,3ʹ,5,5ʹ-tetramethylbenzidine-H2O2 (heme staining). The numbers at the left side of markers show the scale of the molecular weight in kilodaltons. (e) Circular Dichroism (CD) spectra of S. oneidensis MR-1 and MIL dispersed in defined medium (DM). Samples are collected after 20 hours’ incubation. (f) The CD spectra of S. oneidensis MR-1 supernatant under oxidative and reductive condition. The supernatant was reduced by adding sodium dithionite (50 mg/3 mL).

3.3. Preserved OMCs function after the MIL merging into E. coli
	A pivotal application of functionalized liposomes is the delivery of biological molecules. In this context, we investigated whether MIL could deliver OMCs complex to Escherichia coli while preserving their function and activity (Fig. 3a). It is previously documented that genetically engineered E. coli overexpressing MtrCAB proteins can produce electrical current similar to MR-1 [33]. To assess the functionality of MIL in a similar capacity, we measured the impact of MIL on the current production of E. coli. Adding MIL with five mg/ml protein concentration to the bioreactor, which contained wild-type E. coli and 10 mM glucose with an indium tin oxide (ITO) working electrode poised at +200 mV vs saturated Ag/AgCl reference electrode, resulted in a five-fold increase in current production compared to controls without MIL at 15 hours (Fig. 3b). Notably, MIL alone produced no current, underscoring the necessity of bacterial metabolic reaction to transfer electron to the ITO electrode.  When varying the concentration of MILs added, the current generation by MIL-fused E. coli reached a plateau at a protein concentration of 5 mg/mL, indicating that the maximum delivery of outer membrane cytochromes (OMCs) had been achieved. The current production with MIL was not only comparable to that observed in MR-1 but also significantly higher than that in genetically engineered E. coli containing the MtrCAB complex under identical conditions, which showed 1.2-fold enhancement [34]. This suggests that MIL introduction achieves a more efficient incorporation of MtrCAB than traditional genetic engineering methods. 
	To confirm the incorporation of OMCs into the outer membrane of E. coli, we analyzed the localization and function of OMCs after the electrochemical measurement. UV-visible spectroscopy of the bacterial resuspension post-MIL removal revealed that the MIL successfully donated OMCs to E. coli (Fig. 3c). SDS-PAGE analysis identified specific protein bands corresponding to MtrC and OmcA in the membrane fraction of E. coli, whereas these bands were absent in native E. coli (Fig. 3d). MtrA was not detected in the membrane fraction of E. coli, most likely due to the decomposition or loss of MtrA. CD spectroscopy was utilized to examine the intra-heme exciton coupling in MIL-integrated E. coli. While the native E. coli exhibited no characteristic peaks in the CD spectrum, the MIL-integrated E. coli displayed a peak at approximately 410 nm under oxidative conditions (Fig. 3e). Different cellular backgrounds would explain the different peak wavelengths from MR-1 [35]. No CD signals were detected in the supernatant, indicating efficient fusion of MIL into E. coli cells and preservation of strong multi-heme exciton coupling.
[image: ]
Fig. 3. The MIL increasing electron transfer capacity of E. coli. (a) The schematic of bioelectricity enhancement of E. coli through transplant of electrochemically active MIL to bacterial outer membrane for facilitating metabolic electrons transfer to the electrode. (b) The single-potential amperograms of E. coli, E. coli + MIL and MIL alone at 0.2 V versus the saturated Ag/AgCl reference electrode at 30 °C. The E. coli (0.8 O.D. in final concentration) and 200 μL MIL (0.5, 1, 5, and 10 mg/mL of protein amount) were added into the electrochemical reactors at 0.5 and 1 h, respectively. (c) The UV-vis spectra of E. coli, MIL-fused E. coli, and its supernatant. (d) Protein profiles of E. coli and E. coli incubated in the presence of MIL (MIL-incubated E. coli), stained with heme-reactive 3,3ʹ,5,5ʹ-tetramethylbenzidine-H2O2 (heme staining). The numbers at the left side of markers show the scale of the molecular weight in kilodaltons. (e) The CD spectrum of E. coli, MIL-fused E. coli, and its supernatant.

3.4. OML production mechanism via Liposome-Microbe Interaction 
	To investigate the mechanism of OMCs transfer from MR-1 cells to DOPE-DOPC liposomes, we continuously monitored their interaction. We noted a significant elevation in the total protein concentration in the supernatant, peaking after 20 hours of incubation (Fig. S11), suggesting a gradual transfer of OMCs from the cells to the liposomes. TEM provided insights into the physical interactions between the liposomes and MR-1 cells after 2 and 24 hours. These interactions were evident as direct contact between the liposome and microbial cell surfaces. Despite notable differences in protein content, the cellular size remained constant (Fig. 4a and 4b), with cellular shape consistency also confirmed by Scanning Electron Microscopy (SEM) (Fig. S12). A significant decrease in MIL production was observed when using 100% DOPC liposomes compared to 20% DOPE-doped liposomes (Fig. S13), emphasizing the critical role of the highly fluid DOPE component in promoting membrane activation and fusion. Given that OMCs are outer-membrane-bound protein complexes, these findings indicate a dynamic exchange of lipids and proteins between the liposomes and the outer membrane, facilitating the OMC transfer to the MILs without altering cellular morphology.
	To track the lipid exchange directly, we utilized a fluorescence labeling method. By integrating 1% TR-DOPC—a fluorescent probe-grafted lipid—into the liposomes, we produced TR-liposomes that enabled visualization of the liposome-bacteria fusion events. The fluorescence spectrum of the TR-liposomes showed a broad emission peak at 620 nm under excitation at 590 nm, confirming successful probe integration (Fig. S14). The fusion between the TR-liposome and the MR-1 membrane was evident from the fluorescence observed in TR-merged cells, in stark contrast to the non-fluorescent native cells (Fig. S15). Dark-field fluorescence imaging indicated that 54.8% of the MR-1 cells displayed noticeable fluorescence after exposure to TR-liposomes, further validating the fusion (Fig. 4c).
	Furthermore, the lipid transfer to the liposomes from MR-1 cells was confirmed using FM™ 1-43 dye, a recognized cell membrane probe. Fluorescence imaging of the FM-stained cells clearly outlined the rod-shaped contours of the bacterial cells (Fig. S16). Following a standard 20-hour incubation, no changes in fluorescence patterns were noted, suggesting maintained membrane integrity. However, post-incubation with the liposomes revealed a significant transformation, with a loss of the characteristic rod-shaped contours and the appearance of numerous small, round fluorescent spots, indicating that outer membrane lipids were transferred to the MILs.
	Lipidomic analysis revealed substantial changes in the membrane lipid composition of MR-1 cells post-fusion after a 20-hour incubation. Initially, the bacterial cells predominantly contained phosphatidylethanolamine (PE) at 92.87% and a minuscule quantity of phosphatidylcholine (PC) at 0.011%. After liposome fusion, the ratios of PE and PC shifted to 84.89% and 1.9%, respectively, demonstrating the incorporation of liposome-derived lipids (Fig. 4d). The LIME process notably altered the carboxylic acid chain lengths in the lipids of MR-1 cells. Pre-fusion, MR-1 cells showed a predominance of C34:1 (88.34%) and C34:2 (11.64%) in their native PC composition. Post-fusion, there was a substantial decrease in these ratios and an increase in C36:1/C36:2 ratios, reflecting the introduction of external lipids into the cell membrane (Fig. 4e and f). These findings underscore a complex mechanism of membrane exchange, involving lipid and protein migration and reorganization, that transforms the cell membrane composition and function through the LIME process.
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Fig. 4. Exploration of LIME mechanism through lipidomic analysis. The TEM images of S. oneidensis MR-1 after the incubation for (a) 2 and (b) 24 hours with liposome. The red arrows indicate the positions of liposome fusion and MIL budding for a and b, respectively. (c) The bright field (BF) and fluorescence (FL) images of MR-1 and TR-inserted MR-1. The scale bars were all set as 25 µm for these images. (d) Lipidomic analysis revealed the percentage of lipid type in liposome, S. oneidensis MR-1, MIL, and fused cells. (e, f) Comparing the ratio of lipid types (PC and PE) in S. oneidensis MR-1, MIL, and fused cells.

4. DISCUSSION AND CONCLUSION
	Our results highlight the effectiveness of our novel co-incubation strategy in producing MILs that incorporate essential elements of the bacterial outer membrane, including OMCs. By directly transferring OMCs from S. oneidensis MR-1 to artificial liposomes, we show that any membrane component can be integrated without causing cell death or loss of functionality through membrane exchanging processes. This strategy not only overcomes the limitations of current liposome functionalization techniques but also represents a significant advancement in integrating biological complexity with nanoscale engineering [13-17, 20].
	This method addresses the challenges of mimicking natural EVs, such as low productivity, high costs, and extended culture times, as well as the immunogenicity and limited functionality of traditional artificial liposomes [18,19,21,22]. The LIME process for liposome functionalization offers significant resource advantages. Approximately 60% of outer membrane cytochromes (OMCs) were successfully transferred to the liposomes, and viability assays confirmed that LIME does not induce cellular stress or lysis, allowing post-LIME cells to be recycled for subsequent use, thereby reducing costs for culture medium and enhancing scalability (Fig. 1 and 2) [36,37]. Scaling up the LIME process requires only standard industrial microbial culture tanks and separation systems, such as multi-segment filtration, which further simplifies its implementation [38].  
Compared to existing methods (Table S1), LIME demonstrates unique features that overcome key limitations in current approaches to liposome functionalization. For example, strategies involving sophisticated surface modifications of liposomes using advanced chemical engineering techniques often encounter significant drawbacks, including residual chemical contaminants in final products, high costs associated with artificial protein preparation, complex synthesis procedures, and non-native protein architecture [39-46]. Genetic engineering approaches, which enable cells to secrete functionalized liposomes with native protein architectures, hold promise for future applications [42]. However, the genetic engineering technique relies on specialized expertise and equipment, limiting their widespread adoption. Additionally, the high cost and limited cell type applicability for genetic engineering techniques have also significantly restricted their recent development. An alternative strategy involves the direct integration of liposomes with membrane fragments derived from cell lysates [43-46]. While this method is cost-effective and straightforward, it has significant limitations, including contamination risks from residual detergents, heavy metal ions, chemicals, cytotoxins, and pathogenic genes, which compromise the purity, properties, and clinical applicability of the resulting liposomes. In contrast, the LIME process offers a practical and scalable solution, addressing these limitations and paving the way for the production of functionalized liposomes that closely mimic natural EVs, while maintaining high purity and broad applicability in clinical and industrial settings.
	MIL produced via the LIME method were highly stable in the biological environments and no noticeable negative effect in cultured animal cell viability, functioning properly to enhance electron mobility in catalytic reactions for treating orthotopic liver tumors in vivo [20]. The upconversion nanoparticle (UCNP) coated with electroactive MIL shows considerable enhancement in the luminescence feature for in vitro cell imaging, attributed to the reductive MIL donating additional electrons into the UCNP core and activating the photoluminescence system [47]. Our approach facilitates the use of liposomes as versatile platforms for various biomedical applications, from precision medicine to sustainable biocatalytic processes [7,20].
	Delivery of intact OMCs to E. coli increased microbial current production, indicating the formation of a direct electron transfer pathway [33,34]. This fusion of MILs to the outer membrane likely facilitates the delivery of encapsulated substrates to the cell interior, crucial for drug delivery and cell engineering applications. Additionally, when combined with synthetic biology to modify membrane-bound biomolecules [33], this method offers a robust, scalable solution for designing functionalized liposomes, potentially revolutionizing fields like drug delivery [22].
	The transfer of OMCs to MILs is associated with a lipid exchange mechanism between the outer membrane and the liposome (Fig. 4). While membrane fusion between liposomes or EVs and cellular membranes has been proposed [23,24], the post-fusion release of vesicles is not fully understood. Our TEM images show physical interactions between the liposome and MR-1 cells even after 24 hours incubation where protein export to the liposome saturated, suggesting that there is equilibrium between cellular membrane and liposome contents. In line with this, the ideal conditions for the LIME process include an optimized ratio of liposomes to bacterial cells (Figs. S3 and S4), continuous shaking to prevent bacterial sedimentation, sufficient incubation time to achieve maximal MIL yield (Fig. S11), the absence of nutrients that could trigger lipid internalization, and a temperature range conducive to maintaining bacterial activity. 
The lack of change in living cell numbers indicates that MILs are not produced through cellular explosion or lysis but rather through a membrane blebbing mechanism, driven by the excess lipid supply from liposomes. Analysis of encapsulated substrates would support this hypothesis [48]. While 60% of OMCs were transferred to the liposomes, the surface area of MILs is significantly larger than the cellular surface, potentially reducing OMC density on MIL surfaces. The composition of the liposomes used is a critical determinant of membrane fusion efficiency, influenced by factors such as surface charge, lipid-membrane interactions, and the stability of the lipids in the bilayer structure [49,50]. Positively charged liposomes are particularly effective in promoting membrane fusion due to enhanced electrostatic interactions with the negatively charged bacterial surface. Previous studies have described the fusion of positively charged liposomes with cell membranes and subsequent membrane detachment under conditions of excess liposome fusion, although hybrid vesicle production was not addressed [49]. In this study, liposomes composed of quaternary amine cation-terminal DOPC and primary amine cation-terminal DOPE exhibited strong positive charge properties, enabling robust electrostatic interactions with S. oneidensis MR-1. Moving forward toward practical applications, future research will aim to optimize the lipid composition, materials, and dosages to further enhance the efficiency of protein transfer and improve MIL performance for various applications.
	In conclusion, our study introduces a novel technique that bridges microbial processes and material science, setting a precedent for the development of bio-inspired materials. This approach expands the potential of functionalized liposomes as sophisticated biomimetic devices capable of unprecedented interactions within biological systems, suggesting a paradigm shift in biomimetic nanocarrier design and manufacture. As we explore the synergies between microbial processes and nanomaterial engineering, the horizon of possibilities broadens, paving the way for advancements previously deemed unattainable.
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