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Abstract

:

Liposomes are spherical-shaped vesicles that enclose an aqueous milieu surrounded by bilayer or multilayer membranes formed by self-assembly of lipid molecules. They are intensively exploited as either model membranes for fundamental studies or as vehicles for delivery of active substances in vivo and in vitro. Irrespective of the method adopted for production of loaded liposomes, obtaining the final purified product is often achieved by employing multiple, time consuming steps. To alleviate this problem, we propose a simplified approach for concomitant production and purification of loaded liposomes by exploiting the Electrodialysis-Driven Depletion of charged molecules from solutions. Our investigations show that electrically-driven migration of charged detergent and dye molecules from solutions that include natural or synthetic lipid mixtures leads to rapid self-assembly of loaded, purified liposomes, as inferred from microscopy and fluorescence spectroscopy assessments. In addition, the same procedure was successfully applied for incorporating PEGylated lipids into the membranes for the purpose of enabling long-circulation times needed for potential in vivo applications. Dynamic Light Scattering analyses and comparison of electrically-formed liposomes with liposomes produced by sonication or extrusion suggest potential use for numerous in vitro and in vivo applications.
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1. Introduction


Liposomes are spherical vesicles that enclose an aqueous interior cavity protected by a unilamellar or multilamellar shell made of lipids, and the exploitation of their features has enabled the development of myriads of scientific and biomedical applications [1,2,3,4,5,6]. The liposome membrane is made of lipids commonly found in cell membranes, and their compositions may be adjusted by addition of specific lipids and sterols to better simulate the lipid partition of a particular membrane host. Such mimicking provides a simplified experimental system for surveying transport properties of membranes [4,7]. More fundamental exploration options are presented by the ability to reconstitute membrane receptors directly into membranes [8,9] or to functionalize the membrane surface by chemical addition of specific recognition elements [10,11,12]. Another important set of applications of liposomes originates in their ability to function as carriers for ions and molecules. Liposomes may transport hydrophilic, water-soluble cargo within their aqueous inner volume, and non-polar compounds embedded within the hydrophobic core of the membrane. These excellent transport capabilities led to the idea of using liposomes for transport and delivery of drugs to diseased organs and tissues in the human body [13]. The ability to adjust the physico-chemical properties of liposomes for drug delivery purposes is greatly exemplified by their FDA-approved clinical application for cancer therapy [14,15]. Liposome PEGylation significantly improves their circulation time by preventing recognition by the reticuloendothelial system (RES)/mononuclear phagocyte system (MPS) [16,17,18], while a small size enables self-accumulation into solid tumors by the Enhanced Permeability and Retention (EPR) effect [19,20,21]. Active loading of drugs such as doxorubicin enables the achievement of high local drug concentrations, greatly reducing systemic distribution by self-accumulating at the tumor site [22].



All production methods of liposomes used as carriers employ liposome preparation and loading. Irrespective of the production approach adopted, liposome preparation relies on the self-assembly of lipids, which is driven by their amphiphilic nature and interactions with water. Hydration from thin lipid films usually leads to the formation of multilamellar liposomes, which are further down-sized and rendered unilamellar by extrusion or sonication [23,24,25,26]. In this case, passive drug loading may be realized by direct addition to the hydrating solution, while active loading by electrochemical gradients may be achieved after liposome formation [27,28]. In a different approach, liposome preparation is achieved by further dilution of a solvent utilized to solubilize the lipids, which may be performed by organic solvent injection [29,30,31] or detergent removal [32,33,34,35,36]. These methods are well established, and each one has advantages and disadvantages with respect to equipment requirements, achievement of desired size, loading protocol and efficacy, and time. A major bottleneck common among multiple production methods is the time needed to complete the procedures and obtain loaded liposomes devoid of unloaded cargo in the bulk.



To alleviate this problem, we propose producing loaded and purified liposomes by Electrodialysis-Driven Depletion (EDD) of detergent. Detergent removal has long been understood to create bilayers [33,37] and established as a method for preparing unilamellar liposomes [33,34,35,36,38]. Upon solubilizing lipids with a detergent, a mixed micelle formation consisting of detergent and lipids appear. Removal of the detergent results in fusion of micelles and bilayer disk formation. As the disk becomes larger, it will curve to minimize edge circumference to reduce hydrocarbon tail exposure to aqueous solution and eventually enclose to form a bilayer sphere, eliminating exposed edges [39,40].



Based on this body of evidence, we hypothesized that electrophoresis may lead to rapid depletion of ionic detergents from detergent-lipid mixtures and liposome formation. In addition, we anticipated that charged molecules intended as cargo may be trapped inside the formed liposomes before being cleared from the bulk by the action of the electric field. Our experimental results strongly support the applicability of EDD for fast liposome formation, loading, and purification.




2. Materials and Methods


Asolectin (Aso, Sigma-Aldrich, St. Louis, MO, USA), cholesterol (Chol, Sigma-Aldrich, St. Louis, MO, USA), brain sphingomyelin (SM, Avanti Polar Lipids, Alabaster, AL, USA), 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC, Avanti Polar Lipids), and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethyleneglycol)-2000] (DSPE-PEG, Avanti Polar Lipids) were purchased either in powder or chloroform-solubilized form. The powder lipids were solubilized in chloroform, mixed with the other lipids at the desired ratios in a glass vial, and had the solvent removed by being placed under vacuum for at least 12 h. Formed lipid films not used immediately were stored in a freezer at −20 °C. The precursors to all liposome preparations were the dried lipid films prepared from mixture of lipids at dry-weight ratios specified in the results section. KCl (ThermoFisher Scientific, Waltham, MA, USA), a stock solution of 1 M HEPES (Sigma-Aldrich) of pH 7.4, and cholic acid (CA, Thermo Scientific, Waltham, MA, USA) were used to prepare buffered ionic solutions (20 mM KCl, 5 mM Hepes) with or without addition of acridine orange (AO) or rhodamine 6G (R6G) (both from ThermoFisher Scientific) at 1 mM final concentration. The emission spectrum of each dye was determined with a FluoroMax4 spectrofluorometer (Horiba Scientific, Piscataway, NJ, USA) set in emission mode. The same instrument was used to establish the AO self-quenching plot, monitor AO and R6G migration under exposure to electric field, and measure the release kinetics of dyes loaded into liposomes.



The electrodialysis-driven depletion (EDD) experiments employed a traditional use of the ElectroPrep Electrodialysis System (product #: 74-1196, Harvard Apparatus, Holliston, MA, USA), which was also adapted for real-time assessment of dye migration from the Ultra-Fast Dialyzer chamber (Harvard Apparatus) under exposure to electric fields in order to establish the time required to complete dye depletion from the chamber. The modified experimental setup (Figure 1) included the ElectroPrep Electrodialysis System completed with a custom fluidic system which continuously re-circulated the solution from either reservoir with a multi-port Gilson MiniPuls 3 peristaltic pump (Gilson Inc., Middleton, WI, USA) and fed a constant-volume flow cell (cuvette) for monitoring of fluorescence with the spectrofluorometer. Specific emission of each dye was measured in kinetics mode at 0.1 s integration time and a sampling rate of six samples/minute. The solution in the dialysis chamber mounted in the insulating separation wall was the only conducting pathway between the reservoirs. Consequently, charged molecules migrated from the dialysis chamber into the corresponding reservoir as dictated by the electrophoretic force. The Pt electrodes of the ElectroPrep Electrodialysis System were wired to a VWR Power Source 300 V electrophoresis power supply (VWR International, Radnor, PA, USA) set to constant current, and the solutions in the reservoirs were continuously stirred with magnetic stir bars.



Liposome production by EDD comprised hydration and solubilization of lipid mixtures in 1 mL ionic solutions containing 2% (w/v) CA. To aid homogenization, the samples underwent a brief sonication (10 s) in a bath sonicator (Fisher Scientific), followed by 10 min heating at 75 °C and another brief sonication. After solubilization, the solutions were transferred into the double sided Ultra-Fast Dialyzer chamber equipped at both ends with polycarbonate membranes (10 nm pores, Harvard Apparatus), and mounted in the insulating separation wall of the ElectroPrep Electrodialysis tank filled with electrolyte solutions.



Liposome preparation by sonication was performed with a Misonix S-4000 probe sonicator (Misonix, Farmingdale, NY, USA) equipped with a micro-tip. The lipid mixtures (with, and without dyes) were hydrated in warm electrolyte solutions, then placed into small glass vials and sonicated on ice for 15 min in manual mode at 25% amplitude, and a power transfer of 6–7 W.



For extrusion, the lipid films in the glass vials were slowly hydrated for a few hours at 45 °C. To complete hydration and homogenize the mixture, the hydrated samples underwent four freeze/thaw cycles. The liposomes were extruded at 70 °C with an Avanti Polar Lipids extruder equipped with 200 nm polycarbonate filters for a total of 61 passes.



Imaging was completed with an Olympus IX71 fluorescence microscope (Olympus Scientific Solutions Americas Corp, Waltham, MA, USA) equipped with filter sets specific for the used dyes. The release of encapsulated dyes was monitored from the fluorescence changes elicited by membrane permeabilization with 0.5% Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA) [41,42]. A similar procedure was utilized to assess the unilamellarity of EDD-produced liposomes by inducing permeabilization with the pore-forming toxin lysenin (Sigma-Aldrich).



For comparison between the three distinct production methods, liposomes were characterized by dynamic light scattering (DLS) with the Zetasizer Nano ZS (Malvern Panalytical Inc., Westborough, MA, USA) for determination of average hydrodynamic diameter and size distribution (PDI, polydispersity index) at room temperature. For each liposome sample we analyzed three sets, with each set consisting of 13 consecutive runs. Each set provided the corresponding average diameter and PDI, from which we calculated the mean values and standard deviations.




3. Results and Discussions


3.1. Dye separation by Electrodialysis


Successful separation by electrodialysis requires the detergent and dye molecules to possess an effective electric load. The used detergent (CA) is acidic (pKa = 4.8 [43]) and completely ionized near neutral pH; although many of the common fluorescent dyes are also charged for a large range of pHs, we did not know how long they would take to migrate from the dialysis chamber to the reservoirs upon exposure to an external electric field. A potential issue with the electrical conditions is that the electrical currents may lead to redox reactions at the electrodes (i.e., H+ and HO− production, as well as other products that may also lead to undesired side reactions in solutions), and an increased temperature through the Joule effect. pH changes may affect the ionization status of the molecules and their migration, and they may also modulate the fluorescence of the dyes. To alleviate such potential issues, we sought to reduce the electrical currents in order to prevent major temperature and pH changes. While this may be simply realized by reducing the applied voltage, such an approach will also diminish the magnitude of the electrophoretic force, which may lengthen the time required for migration. After some experimentation, we established that the 20 mM KCl/5 mM HEPES (pH = 7.4) led to minor variations of temperature of the bulk ~2 °C) and pH in the dialysis chamber (~0.3 units) at 75 mA constant current applied for 45 min.



To determine the time required for dye migration, we loaded the electrodialysis chamber with 1 mM of AO or R6G. The electrodialysis tank reservoirs were filled with dye-free ionic solutions and dye migration was estimated by employing the fluidic system described in the Materials and Methods section. The evolution of the fluorescence in reservoirs was estimated from kinetics measurements by employing the flow cell and the fluorometer. The wavelengths for excitation/emission were set apart for each of the dyes (AO: 485 nm/530 nm, R6G: 528 nm/550 nm), with a 1 nm slit for both excitation and emission. The power supply was set to 75 mA constant current, and the fluorescence measurements started ~10 s after applying the voltage. Both dyes started migrating from the chamber shortly after application of the electric field and the fluorescence monotonically increased until reaching a plateau indicative of migration completion (Figure 2). The kinetics profiles (i.e., the characteristic time) for the dyes were different, and AO migrated faster than R6G. However, the maximum signal was achieved in less than 40 min for both dyes, which set a reference time frame for further electrodialysis experiments.




3.2. Simultaneous Liposome Formation, Loading and Purification by EDD


Detergent removal from the lipid-containing mixtures by dialysis drives the formation of self-enclosed structures [33,44]. We hypothesized that during enclosure, dye molecules can also be entrapped within the formed liposomes. Therefore, fast and concomitant liposome formation and loading may be achieved if the detergent and dye are electrophoretically driven outside the dialysis chamber.



To test this hypothesis, we prepared lipid mixtures (Aso:Chol, 10:4 weight ratio) in ionic solutions containing 2% (w/v) CA to which 1 mM AO or R6G was added. The samples were subjected to electrodialysis at 75 mA constant current for up to 40 min. Figure 3 shows that simultaneous clearance of detergent and dye molecules leads to formation of loaded liposomes.




3.3. Production of Long-Circulating Liposomes by Electrodialysis


The rapid clearance of liposomes from circulation constitutes a major roadblock for in vivo biomedical applications [45,46,47]. However, substantially improved circulation times are attained by adjusting the lipid composition of the membrane in order to minimize the undesired interactions with the defense system of the host. Addition of PEGylated lipids to the self-assembled membranes is often employed to extend the lifetime of liposomes in circulation, and such compositions are used for producing liposomes intended for cancer therapy and other in vivo applications [16,17,18,46,48,49]. To verify if electrodialysis is suitable for formation and loading of long-circulating liposomes, we prepared lipid mixtures containing DSPC, Chol, and DSPE-PEG (8.2:3.8:2.6 weight ratios). The lipids were solubilized in the buffered solution containing 2% CA and 1 mM AO, heated for 20 min at 75 °C, introduced into the Ultra-Fast Dialyzer chamber and subjected to a constant current of 75 mA for 20 min. Microscopy imaging revealed the formation of AO-loaded liposomes (Figure 4) and the good contrast ratio between liposomes and background suggested successful elimination of non-incorporated AO.




3.4. Verification of Dye Loading


There is no doubt that some of the dye present in the solubilization buffer is lost during the exposure to electrical currents due to migration before being trapped in the formed liposomes. To provide a rough estimation of the residual AO concentration inside PEGylated liposomes, we performed a release experiment that employed solubilization of liposomal membranes by addition of the non-ionic detergent Triton X-100 [41,42]. AO fluorescence presents self-quenching, i.e., a significant decrease in fluorescence manifested upon increase in dye concentration over 10 µM [50]. Although the exact mechanisms of self-quenching are not elucidated, it is considered that the intermolecular interactions occurring at high concentrations lead to a diminished fluorescence emission [50,51,52]. If self-quenching concentrations are attained inside liposomes, membrane solubilization leads to dye dissipation into the bulk, and the decrease in concentration over time is monitored from the increase in fluorescence [53].



The changes in AO fluorescence intensity recorded upon addition of 100 µL of 5% Triton-X-100 to a 1.0 mL buffer solution containing 20 µL PEGylated liposomes produced by electrodialysis indicated that the AO concentration inside liposomes attained self-quenching levels (Figure 5). In addition, the fluorescence continually increased upon membrane solubilization, indicating that the AO concentration in the bulk did not fall below self-quenching level.




3.5. Unilamellar or Multilamellar?


Our next investigation addressed the lamellarity of the liposomes produced by EDD. Irrespective of the production method, a fraction of the liposomes will have the membrane consisting of multiple layers, which may impede their further application for purposes that require unilamellar liposomes. The fundamental difference between unilamellar and multilamellar liposomes is the number of lipid layers they consist of. Determining the number of layers in the membrane is not an easy task and may require sophisticated instruments and extensive preparatory tasks [54,55]. To answer this question, we proceeded with exploring the interactions between liposomal membranes and pore-forming toxins. This approach is based on the significant changes in the membrane permeability induced by the conductive pathways produced by the pore-forming toxins interacting with the target membranes; the leaky membrane leads to the release of incorporated dyes, which can be assessed by microscopy or fluorescence spectroscopy. For our investigations we used the prototype pore-forming toxin lysenin, which introduces large-conductance pores in artificial and natural membranes containing sphingomyelin [56,57,58,59]. However, for relevancy with regards to the membrane thickness, one may assume that lysenin may not span multiple bilayers [60], therefore the changes in membrane permeability are specific to unilamellar liposomes. Liposomes consisting of Aso, SM, and Chol (10:4:4 weight ratio) were produced and loaded with AO by electrodialysis as described in the previous sections and analyzed by fluorescence spectroscopy. The release of the dye was monitored from the changes in AO’s fluorescence upon addition of lysenin (~20 ng) to the cuvette containing 2 mL buffer and 100 µL liposomes. As inferred from the recorded kinetics (Figure 6), the release of the dye started immediately after lysenin addition, and monotonically increased for the total duration of the record (3000 s). As anticipated, the lysenin-induced release was slower than the detergent-induced release since lysenin channels must first interact with the target membranes and oligomerize into functional pores to induce release of the dye. The fluorescence asymptotically approached a steady state, which corresponds to ~80% of the total release induced by Triton X-100 addition (Figure 6).



This experiment suggests that most of the target membranes are unilamellar; nonetheless, this is not irrefutable proof that all the membranes are solely consisting of lipid bilayers. Unilamellar and multilamellar patches may be present within the same liposomes, and the unilamellar portion of the membrane may facilitate lysenin-induced permeabilization and dye release.




3.6. EDD Comparison to Extrusion and Sonication


Two well-established methods of liposome preparation are extrusion and sonication [23], which have been widely and successfully used for decades [61]. Extrusion refines liposomes formed by hydration and self-assembly to render them unilamellar and adjust their size by passage through membrane filter pores of a particular size [25,26]. Sonication also generates relatively consistent and evenly distributed populations of unilamellar liposomes in a short period of time with low effort, although their size is not easily controlled. However, production of loaded liposomes by either method requires further purification steps to remove the unincorporated molecules from bulk. When charged cargo is used for liposome loading, EDD may eliminate the necessity of further purification and significantly reduce the time required for preparation of loaded liposomes. To further assess the quality of liposomes prepared by the three different methods (extrusion, sonication, and EDD), we compared their physical characteristics by DLS. The three experiments utilized identical lipid compositions (10:4 mass ratio of Aso to Chol) and ionic solutions; only electrodialysis comprised addition of CA for solubilization. For consistency, all the lipids were first mixed in chloroform, placed in glass vials, vacuumed overnight for solvent removal, and the formed thin films were hydrated for 2 h at 45 °C. Liposomes were prepared by extrusion, sonication, and EDD as described in the methods section. DLS analysis (Figure 7) indicated that extrusion provided an average diameter of 259.6 ± 2.4 nm and the narrowest size distribution with a PDI of 0.077 ± 0.029. Liposomes obtained by sonication presented a significantly smaller average diameter of 114.2 ± 1.8 nm with a larger size distribution, having a PDI of 0.250 ± 0.013. EDD led to formation of liposomes characterized by an intermediate size, with an average diameter of 134.8 ± 0.7 nm and a PDI of 0.214 ± 0.011.



A simple comparison between the three methods shows the most uniform size distribution is achieved by extrusion. This method also enables controlling the average diameter of the liposomes by choosing appropriate membrane filters, which are available in a large range of pore sizes. Both sonication and EDD are fast, simple, and provide satisfactory size distribution of produced liposomes. In both cases however, the size of the produced liposomes is not easily adjusted from experimental conditions.



The physical characteristics of the EDD-produced liposomes together with the ability to utilize lipid compositions that improve their circulation time suggest that they are suitable for a large variety of scientific and biomedical applications [62]. An advantage of the EDD method over others is its ability to simultaneously form, load, and separate liposomes from the non-incorporated cargo, therefore significantly reducing the time needed for purification. However, beside the necessity of using charged detergents and dyes, liposome production by EDD has other potential limitations. Changes in pH and solution compositions during electrodialysis may alter the physical and chemical properties of the molecules (i.e., ionization state, or fluorescence). This is particularly concerning if the cargo molecules are heavily reliant on such properties for their intended purpose and efficacy. A simple solution to address this problem was the use of a low ionic strength electrolyte solution. Such solutions may lead to osmotic balance issues, but they may be mitigated by including neutral molecules (i.e., sugars) in the solutions to ensure iso-osmolarity. Although EDD is similar to other solvent-removal methods (including detergent removal by simple dialysis), we do not have an estimate of the amount of detergent left in solutions or membranes. We successfully tested several lipid/dye compositions but one universal setting for successful EDD might be elusive. Therefore, pretreatment conditions, such as temperature and solution agitation, as well as solution and electrical conditions may need to be tailored to other lipids and cargo used for EDD preparation of loaded liposomes.





4. Conclusions


In summary, EDD may be employed for fast and cost-effective production of loaded and purified liposomes. The size and distribution quality of the liposomes attainable with EDD are comparable to extrusion and sonication. Further investigations of the various settings and parameters and their influence on liposome formation and loading may provide a better understanding of the limitations and full potential presented by this method for scientific and biomedical applications.







Author Contributions


Conceptualization, G.A. and D.F.; methodology, G.A. and D.F.; formal analysis, G.A.; investigation, G.A., A.B., Z.H., J.W. and D.F.; project administration and funding acquisition, D.F.; All authors contributed to writing—original draft preparation, review and editing. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Science Foundation (grant number 1554166), National Institute of Health (grant numbers P20GM103408 and P20GM109095), and the Osher Lifelong Learning Institute at Boise State University.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Ajeeshkumar, K.K.; Aneesh, P.A.; Raju, N.; Suseela, M.; Ravishankar, C.N.; Benjakul, S. Advancements in liposome technology: Preparation techniques and applications in food, functional foods, and bioactive delivery: A review. Compr. Rev. Food Sci. Food Saf. 2021, 20, 1280–1306. [Google Scholar] [CrossRef] [PubMed]

	



Bozzuto, G.; Molinari, A. Liposomes as nanomedical devices. Int. J. Nanomed. 2015, 10, 975–999. [Google Scholar] [CrossRef] [PubMed]

	



Laouini, A.; Jaafar-Maalej, C.; Limayem-Blouza, I.; Sfar, S.; Charcosset, C.; Fessi, H. Preparation, Characterization and Applications of Liposomes: State of the Art. J. Colloid Sci. Biotechnol. 2012, 1, 147–168. [Google Scholar] [CrossRef]

	



Martinez-Crespo, L.; Sun-Wang, J.L.; Sierra, A.F.; Aragay, G.; Errasti-Murugarren, E.; Bartoccioni, P.; Palacin, M.; Ballester, P. Facilitated Diffusion of Proline across Membranes of Liposomes and Living Cells by a Calix[4]pyrrole Cavitand. Chem 2020, 6, 3054–3070. [Google Scholar] [CrossRef]

	



Pick, H.; Alves, A.C.; Vogel, H. Single-Vesicle Assays Using Liposomes and Cell-Derived Vesicles: From Modeling Complex Membrane Processes to Synthetic Biology and Biomedical Applications. Chem. Rev. 2018, 118, 8598–8654. [Google Scholar] [CrossRef]

	



Routledge, S.J.; Linney, J.A.; Goddard, A.D. Liposomes as models for membrane integrity. Biochem. Soc. Trans. 2019, 47, 919–932. [Google Scholar] [CrossRef]

	



Srivastava, A.; Eisenthal, K.B. Kinetics of molecular transport across a liposome bilayer. Chem. Phys. Lett. 1998, 292, 345–351. [Google Scholar] [CrossRef]

	



Aronson, M.R.; Medina, S.; Mitchell, M.J. Peptide functionalized liposomes for receptor targeted cancer therapy. APL Bioeng. 2021, 5, 011501. [Google Scholar] [CrossRef]

	



Brea, R.J.; Cole, C.M.; Lyda, B.R.; Ye, L.; Prosser, R.S.; Sunahara, R.K.; Devaraj, N.K. In Situ Reconstitution of the Adenosine A2A Receptor in Spontaneously Formed Synthetic Liposomes. J. Am. Chem. Soc. 2017, 139, 3607–3610. [Google Scholar] [CrossRef]

	



Zhang, X.; Qi, J.; Lu, Y.; He, W.; Li, X.; Wu, W. Biotinylated liposomes as potential carriers for the oral delivery of insulin. Nanomedicine 2014, 10, 167–176. [Google Scholar] [CrossRef]

	



Gabizon, A.; Horowitz, A.T.; Goren, D.; Tzemach, D.; Mandelbaum-Shavit, F.; Qazen, M.M.; Zalipsky, S. Targeting Folate Receptor with Folate Linked to Extremities of Poly(ethylene glycol)-Grafted Liposomes:  In Vitro Studies. Bioconjug. Chem. 1999, 10, 289–298. [Google Scholar] [CrossRef]

	



Soe, Z.C.; Thapa, R.K.; Ou, W.; Gautam, M.; Nguyen, H.T.; Jin, S.G.; Ku, S.K.; Oh, K.T.; Choi, H.-G.; Yong, C.S.; et al. Folate receptor-mediated celastrol and irinotecan combination delivery using liposomes for effective chemotherapy. Colloids Surf. B 2018, 170, 718–728. [Google Scholar] [CrossRef]

	



Yingchoncharoen, P.; Kalinowski, D.S.; Richardson, D.R. Lipid-Based Drug Delivery Systems in Cancer Therapy: What Is Available and What Is Yet to Come. Pharmacol. Rev. 2016, 68, 701–787. [Google Scholar] [CrossRef]

	



Dawidczyk, C.M.; Kim, C.; Park, J.H.; Russell, L.M.; Lee, K.H.; Pomper, M.G.; Searson, P.C. State-of-the-art in design rules for drug delivery platforms: Lessons learned from FDA-approved nanomedicines. J. Control Release 2014, 187, 133–144. [Google Scholar] [CrossRef]

	



Bulbake, U.; Doppalapudi, S.; Kommineni, N.; Khan, W. Liposomal Formulations in Clinical Use: An Updated Review. Pharmaceutics 2017, 9, 12. [Google Scholar] [CrossRef]

	



Beltran-Gracia, E.; Lopez-Camacho, A.; Higuera-Ciapara, I.; Velazquez-Fernandez, J.B.; Vallejo-Cardona, A.A. Nanomedicine review: Clinical developments in liposomal applications. Cancer Nanotechnol. 2019, 10, 11. [Google Scholar] [CrossRef]

	



Klibanov, A.L.; Maruyama, K.; Torchilin, V.P.; Huang, L. Amphipathic polyethyleneglycols effectively prolong the circulation time of liposomes. FEBS Lett. 1990, 268, 235–237. [Google Scholar] [CrossRef]

	



Najlah, M.; Said Suliman, A.; Tolaymat, I.; Kurusamy, S.; Kannappan, V.; Elhissi, A.M.A.; Wang, W. Development of Injectable PEGylated Liposome Encapsulating Disulfiram for Colorectal Cancer Treatment. Pharmaceutics 2019, 11, 610. [Google Scholar] [CrossRef]

	



Hobbs, S.K.; Monsky, W.L.; Yuan, F.; Roberts, W.G.; Griffith, L.; Torchilin, V.P.; Jain, R.K. Regulation of transport pathways in tumor vessels: Role of tumor type and microenvironment. Proc. Natl. Acad. Sci. USA 1998, 95, 4607–4612. [Google Scholar] [CrossRef]

	



Golombek, S.K.; May, J.-N.; Theek, B.; Appold, L.; Drude, N.; Kiessling, F.; Lammers, T. Tumor targeting via EPR: Strategies to enhance patient responses. Adv. Drug Deliv. Rev. 2018, 130, 17–38. [Google Scholar] [CrossRef]

	



Rosenblum, D.; Joshi, N.; Tao, W.; Karp, J.M.; Peer, D. Progress and challenges towards targeted delivery of cancer therapeutics. Nat. Commun. 2018, 9, 1410. [Google Scholar] [CrossRef]

	



Gabizon, A.; Catane, R.; Uziely, B.; Kaufman, B.; Safra, T.; Cohen, R.; Martin, F.; Huang, A.; Barenholz, Y. Prolonged Circulation Time and Enhanced Accumulation in Malignant Exudates of Doxorubicin Encapsulated in Polyethylene-glycol Coated Liposomes. Cancer Res. 1994, 54, 987. [Google Scholar]

	



Cho, N.-J.; Hwang, L.Y.; Solandt, J.J.R.; Frank, C.W. Comparison of Extruded and Sonicated Vesicles for Planar Bilayer Self-Assembly. Materials 2013, 6, 3294. [Google Scholar] [CrossRef]

	



Johnson, S.M.; Bangham, A.D.; Hill, M.W.; Korn, E.D. Single bilayer liposomes. Biochim. Biophys. Acta Biomembr. 1971, 233, 820–826. [Google Scholar] [CrossRef]

	



Olson, F.; Hunt, C.A.; Szoka, F.C.; Vail, W.J.; Papahadjopoulos, D. Preparation of liposomes of defined size distribution by extrusion through polycarbonate membranes. Biochim. Biophys. Acta Biomembr. 1979, 557, 9–23. [Google Scholar] [CrossRef]

	



Ong, S.G.; Chitneni, M.; Lee, K.S.; Ming, L.C.; Yuen, K.H. Evaluation of Extrusion Technique for Nanosizing Liposomes. Pharmaceutics 2016, 8, 36. [Google Scholar] [CrossRef] [PubMed]

	



Abraham, S.A.; Waterhouse, D.N.; Mayer, L.D.; Cullis, P.R.; Madden, T.D.; Bally, M.B. The liposomal formulation of doxorubicin. Methods Enzymol. 2005, 391, 71–97. [Google Scholar] [CrossRef] [PubMed]

	



Cullis, P.R.; Mayer, L.D.; Bally, M.B.; Madden, T.D.; Hope, M.J. Generating and loading of liposomal systems for drug-delivery applications. Adv. Drug Deliv. Rev. 1989, 3, 267–282. [Google Scholar] [CrossRef]

	



Batzri, S.; Korn, E.D. Single bilayer liposomes prepared without sonication. Biochim. Biophys. Acta Biomembr. 1973, 298, 1015–1019. [Google Scholar] [CrossRef]

	



Deamer, D.W. Preparation and properties of ether-injection liposomes. Ann. N Y Acad. Sci. 1978, 308, 250–258. [Google Scholar] [CrossRef]

	



Sala, M.; Miladi, K.; Agusti, G.; Elaissari, A.; Fessi, H. Preparation of liposomes: A comparative study between the double solvent displacement and the conventional ethanol injection—From laboratory scale to large scale. Colloids Surf. Physicochem. Eng. Aspects 2017, 524, 71–78. [Google Scholar] [CrossRef]

	



Liu, D.; Huang, L. Role of cholesterol in the stability of pH-sensitive, large unilamellar liposomes prepared by the detergent-dialysis method. Biochim. Biophys. Acta Biomembr. 1989, 981, 254–260. [Google Scholar] [CrossRef]

	



Milsmann, M.H.; Schwendener, R.A.; Weder, H.G. The preparation of large single bilayer liposomes by a fast and controlled dialysis. Biochim. Biophys. Acta Biomembr. 1978, 512, 147–155. [Google Scholar] [CrossRef]

	



Ollivon, M.; Lesieur, S.; Grabielle-Madelmont, C.C.; Paternostre, M.Ì.t. Vesicle reconstitution from lipid-detergent mixed micelles. Biochim. Biophys. Acta Biomembr. 2000, 1508, 34–50. [Google Scholar] [CrossRef]

	



Schubert, R. Liposome preparation by detergent removal. Methods Enzymol. 2003, 367, 46–70. [Google Scholar] [CrossRef]

	



Yao, X.; Fan, X.; Yan, N. Cryo-EM analysis of a membrane protein embedded in the liposome. Proc. Natl. Acad. Sci. USA 2020, 117, 18497. [Google Scholar] [CrossRef]

	



Helenius, A.; Simons, K. Solubilization of membranes by detergents. Biochim. Biophys. Acta Rev. Biomembr. 1975, 415, 29–79. [Google Scholar] [CrossRef]

	



Schubert, R.; Beyer, K.; Wolburg, H.; Schmidt, K.H. Structural changes in membranes of large unilamellar vesicles after binding of sodium cholate. Biochemistry 1986, 25, 5263–5269. [Google Scholar] [CrossRef]

	



Lasic, D.D. A molecular model for vesicle formation. Biochim. Biophys. Acta Biomembr. 1982, 692, 501–502. [Google Scholar] [CrossRef]

	



Lichtenberg, D.; Ahyayauch, H.; Goñi, F.M. The Mechanism of Detergent Solubilization of Lipid Bilayers. Biophys. J. 2013, 105, 289–299. [Google Scholar] [CrossRef]

	



Jimah, J.R.; Schlesinger, P.H.; Tolia, N.H. Liposome Disruption Assay to Examine Lytic Properties of Biomolecules. Bio-Protocol 2017, 7, e2433. [Google Scholar] [CrossRef]

	



Zagana, P.; Mourtas, S.; Basta, A.; Antimisiaris, S.G. Preparation, Physicochemical Properties, and In Vitro Toxicity towards Cancer Cells of Novel Types of Arsonoliposomes. Pharmaceutics 2020, 12, 327. [Google Scholar] [CrossRef]

	



Cabral, D.J.; Hamilton, J.A.; Small, D.M. The ionization behavior of bile acids in different aqueous environments. J. Lipid Res. 1986, 27, 334–343. [Google Scholar] [CrossRef]

	



Rigaud, J.-L.; Lévy, D. Reconstitution of Membrane Proteins into Liposomes. Methods Enzymol. 2003, 372, 65–86. [Google Scholar] [CrossRef]

	



Agrawal, A.K.; Gupta, C.M. Tuftsin-bearing liposomes in treatment of macrophage-based infections. Adv. Drug Del. Rev. 2000, 41, 135–146. [Google Scholar] [CrossRef]

	



Caron, W.P.; Lay, J.C.; Fong, A.M.; La-Beck, N.M.; Kumar, P.; Newman, S.E.; Zhou, H.; Monaco, J.H.; Clarke-Pearson, D.L.; Brewster, W.R.; et al. Translational Studies of Phenotypic Probes for the Mononuclear Phagocyte System and Liposomal Pharmacology. J. Pharmacol. Exp. Ther. 2013, 347, 599. [Google Scholar] [CrossRef]

	



Kao, Y.J.; Juliano, R.L. Interactions of liposomes with the reticuloendothelial system. Effects of reticuloendothelial blockade on the clearance of large unilamellar vesicles. Biochim. Biophys. Acta Gen. Subj. 1981, 677, 453–461. [Google Scholar] [CrossRef]

	



McSweeney, M.D.; Shen, L.; DeWalle, A.C.; Joiner, J.B.; Ciociola, E.C.; Raghuwanshi, D.; Macauley, M.S.; Lai, S.K. Pre-treatment with high molecular weight free PEG effectively suppresses anti-PEG antibody induction by PEG-liposomes in mice. J. Control Release 2021, 329, 774–781. [Google Scholar] [CrossRef]

	



Papahadjopoulos, D.; Allen, T.M.; Gabizon, A.; Mayhew, E.; Matthay, K.; Huang, S.K.; Lee, K.D.; Woodle, M.C.; Lasic, D.D.; Redemann, C. Sterically stabilized liposomes: Improvements in pharmacokinetics and antitumor therapeutic efficacy. Proc. Nat. Acad. Sci. USA 1991, 88, 11460. [Google Scholar] [CrossRef]

	



Amado, A.M.; Ramos, A.P.; Silva, E.R.; Borissevitch, I.E. Quenching of acridine orange fluorescence by salts in aqueous solutions: Effects of aggregation and charge transfer. J. Lumin. 2016, 178, 288–294. [Google Scholar] [CrossRef]

	



Bae, W.; Yoon, T.-Y.; Jeong, C. Direct evaluation of self-quenching behavior of fluorophores at high concentrations using an evanescent field. PLoS ONE 2021, 16, e0247326. [Google Scholar] [CrossRef] [PubMed]

	



Hamann, S.; Kiilgaard, J.F.; Litman, T.; Alvarez-Leefmans, F.J.; Winther, B.R.; Zeuthen, T. Measurement of Cell Volume Changes by Fluorescence Self-Quenching. J. Fluoresc. 2002, 12, 139–145. [Google Scholar] [CrossRef]

	



Needham, D.; Anyarambhatla, G.; Kong, G.; Dewhirst, M.W. A New Temperature-sensitive Liposome for Use with Mild Hyperthermia: Characterization and Testing in a Human Tumor Xenograft Model. Cancer Res. 2000, 60, 1197. [Google Scholar] [PubMed]

	



Wang, T.; Deng, Y.; Geng, Y.; Gao, Z.; Zou, J.; Wang, Z. Preparation of submicron unilamellar liposomes by freeze-drying double emulsions. Biochim. Biophys. Acta Biomembr. 2006, 1758, 222–231. [Google Scholar] [CrossRef]

	



Tejera-Garcia, R.; Ranjan, S.; Zamotin, V.; Sood, R.; Kinnunen, P.K.J. Making Unilamellar Liposomes Using Focused Ultrasound. Langmuir 2011, 27, 10088–10097. [Google Scholar] [CrossRef]

	



Ide, T.; Aoki, T.; Takeuchi, Y.; Yanagida, T. Lysenin forms a voltage-dependent channel in artificial lipid bilayer membranes. Biochem. Biophys. Res. Commun. 2006, 346, 288–292. [Google Scholar] [CrossRef]

	



Ishitsuka, R.; Kobayashi, T. Lysenin: A new tool for investigating membrane lipid organization. Anat. Sci. Int. 2004, 79, 184–190. [Google Scholar] [CrossRef]

	



Kulma, M.; Hereć, M.; Grudziński, W.; Anderluh, G.; Gruszecki, W.I.; Kwiatkowska, K.; Sobota, A. Sphingomyelin-rich domains are sites of lysenin oligomerization: Implications for raft studies. Biochim. Biophys. Acta Biomembr. 2010, 1798, 471–481. [Google Scholar] [CrossRef]

	



Yamaji-Hasegawa, A.; Makino, A.; Baba, T.; Senoh, Y.; Kimura-Suda, H.; Sato, S.B.; Terada, N.; Ohno, S.; Kiyokawa, E.; Umeda, M.; et al. Oligomerization and pore formation of a sphingomyelin-specific toxin, lysenin. J. Biol. Chem. 2003, 278, 22762–22770. [Google Scholar] [CrossRef]

	



Shrestha, N.; Thomas, C.A.; Richtsmeier, D.; Bogard, A.; Hermann, R.; Walker, M.; Abatchev, G.; Brown, R.J.; Fologea, D. Temporary Membrane Permeabilization via the Pore-Forming Toxin Lysenin. Toxins 2020, 12, 343. [Google Scholar] [CrossRef]

	



Lapinski, M.M.; Castro-Forero, A.; Greiner, A.J.; Ofoli, R.Y.; Blanchard, G.J. Comparison of Liposomes Formed by Sonication and Extrusion:  Rotational and Translational Diffusion of an Embedded Chromophore. Langmuir 2007, 23, 11677–11683. [Google Scholar] [CrossRef]

	



Danaei, M.; Dehghankhold, M.; Ataei, S.; Hasanzadeh Davarani, F.; Javanmard, R.; Dokhani, A.; Khorasani, S.; Mozafari, M.R. Impact of Particle Size and Polydispersity Index on the Clinical Applications of Lipidic Nanocarrier Systems. Pharmaceutics 2018, 10, 57. [Google Scholar] [CrossRef]








[image: Membranes 11 00417 g001 550] 





Figure 1. Experimental setup for liposome production by electrodialysis-driven depletion (EDD) and fluorescence monitoring. The custom setup includes the electrodialysis tank (ElectroPrep Electrodialysis System), an Ultra-Fast Dialyzer chamber, and a microfluidic setup to recirculate the solutions through a constant volume fluorometer cuvette for real-time fluorescence measurements. This specific setup describes migration and quantification of an anionic dye transferred from the dialysis chamber to the left reservoir. The solutions in the two reservoirs were continuously stirred with magnetic bars. The diagram is not to scale. 
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Figure 2. Electrodialysis leads to rapid depletion of charged dyes from solutions. Acridine orange (AO) (a) migrates faster than rhodamine 6G (R6G) (b) but both are depleted from the dialysis chamber and transferred into the reservoirs in less than 40 min. 
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Figure 3. Microscopy imaging of fluorescent liposomes produced and purified by EDD. The liposomes are composed of asolectin and cholesterol and are loaded with AO (left panel) and R6G (right panel). The scale bar is 10 µm. 
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Figure 4. Microscopy image of PEGylated liposomes loaded with AO, prepared and purified by EDD. The scale bar is 10 µm. 
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Figure 5. AO release from PEGylated liposomes produced, loaded and purified by EDD. (a) AO fluorescence indicates self-quenching at bulk concentrations over 10 µM. (b) The sustained release of AO from liposomes solubilized by addition of Triton X-100 indicates successful loading. 






Figure 5. AO release from PEGylated liposomes produced, loaded and purified by EDD. (a) AO fluorescence indicates self-quenching at bulk concentrations over 10 µM. (b) The sustained release of AO from liposomes solubilized by addition of Triton X-100 indicates successful loading.



[image: Membranes 11 00417 g005]







[image: Membranes 11 00417 g006 550] 





Figure 6. Lysenin-induced permeabilization of sphingomyelin-based liposomes. The sustained release of AO (~80% in less than one hour, relative to 100% release achieved by Triton X-100 addition) suggests that the target membranes are unilamellar. The dashed line shows the 100% release achieved by Triton X-100 addition. 
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Figure 7. Dynamic light scatterring characterization of liposomes produced by extrusion (a), probe sonication (b), and EDD (c). Each plot shows the mean intensity percent ± SD (n = 3) determined as a function of diameter. 
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