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Abstract

:

Microfluidics offers a highly controlled and reproducible route to synthesize lipid vesicles. In recent years, several microfluidic approaches have been introduced for this purpose, but double emulsions, such as Water-in-Oil-in-Water (W/O/W) droplets, are preferable to produce giant vesicles that are able to maximize material encapsulation. Flow focusing (FF) is a technique used to generate double emulsion droplets with high monodispersity, a controllable size, and good robustness. Many researchers use polydimethylsiloxane as a substrate material to fabricate microdroplet generators, but it has some limitations due to its hydrophobicity, incompatibility with organic solvents, and the molecular adsorption on the microchannel walls. Thus, specific surface modification and functionalization steps, which are uncomfortable to perform in closed microchannels, are required to overcome these shortcomings. Here, we propose glass as a material to produce a chip with a six-inlet junction geometry. The peculiar geometry and the glass physicochemical properties allow for W/O/W droplet formation without introducing microchannel wall functionalization and using a variety of reagents and organic solvents. The robust glass chip can be easily cleaned and used repeatedly, bringing advantages in terms of cost and reproducibility in emulsion preparation.
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1. Introduction


Double emulsions have received great interest in the scientific community, with a broad variety of applications in several fields of industry, such as food, cosmetic, and pharmaceutical products [1,2]. In particular, Water-in-Oil-in-Water (W/O/W) double emulsion droplets are valuable intermediate products that can generate giant lipid vesicles (GVs) that, in comparison to nanovesicles [3], are able to maximize material encapsulation, thus having more potential applications for cell models, biosensors, pharmaceutics, and foods [4,5,6,7,8,9].



The traditional methods used to produce double emulsions are bulk processes, such as sonication or high shear mixing [10]. Generally, the inner emulsion is formed in the first step, and then it is distributed in an external phase. The limits of these approaches are the low batch-to-batch reproducibility, the polydispersity of the double emulsion solutions, the production of undesired single emulsions, and a low encapsulation efficiency [11]. Droplet microfluidics can overcome these disadvantages, offering precise control over the size and morphology given that the droplet size depends on the shear force at the liquid–liquid interface and on the geometry of the microchannels [12]. But if the generation of monodisperse emulsions is a well-defined procedure, microfluidic double emulsion formation is still challenging. Shear-based microfluidic devices are valuable tools used to produce double emulsions, and the geometries for this purpose are double flow-focusing channels, serial T-junctions, and connected circular capillaries [7,13].



Besides geometry, the choice of material for the device’s fabrication is crucial for an efficient emulsion preparation. Microfluidic channels can be produced with several materials, such as silicon, glass, polymers, paper, and others [14]; however, glass and polydimethylsiloxane (PDMS) are the most used in droplet microfluidics [15]. PDMS-based devices emerge as the most suitable options due to their easy and cost-effective reproduction using a well-established soft lithography process [16,17], but surface treatments are required for internal channel walls because the intrinsic hydrophobicity of PDMS [11] as well as its marked tendency to adsorb molecules onto the microchannel’s wall surfaces are drawbacks for the production of W/O/W emulsions [16,18,19]. Additional limitations are PDMS’s susceptibility to swelling by organic solvents [20,21] and the leaching of small molecules from the PDMS bulk into solutions [22], which can obviously result in contamination or emulsion destabilization problems [13]. Therefore, although research into the modification of the PDMS surface is continuously developing, glass devices are tendentially preferred, albeit relatively expensive. In fact, thanks to its superior optical transparency, water wettability, mechanical stability, physicochemical properties, and resistance to solvents [14], glass is considered as the most convenient material for the fabrication of microfluidic devices [23].



In this work, we used glass to fabricate a flow focusing device (FF) with a geometry that allows for double hydrodynamic FF (six-channel junction shown in Figure 1a,b) that is able to produce double emulsion (water/octanol–lipid/water) droplets in a single step. Each droplet consists of a water core directly encapsulated in an octanol shell containing lipids that, as already demonstrated [24], form a bilayer after organic solvent de-wetting and, therefore, a giant vesicle (see scheme in Figure 2a). The high hydrophilicity of glass microchannel walls makes our device suitable for producing (W/O/W) double emulsions in which the external continuous phase is water. Moreover, the physicochemical properties of the glass prevent the adsorption of liposomes in the post-junction area, so no surface treatment or coating is necessary as in the case of PDMS microchannels [13,25,26].




2. Materials and Methods


2.1. Solutions Preparation


To prepare the solutions, 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) as solutions in chloroform and 1,2-dioleoyl-sn-glycero-3-phospho-rac-(1-glycerol) sodium salt (DOPG) were purchased from Avanti Polar Lipids. Texas Red 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethylammonium salt (Texas Red-DHPE), and calcein (>93%) were purchased from Thermo Fisher Scientific (Monza, Italy). Chloroform, 1-octanol, and glycerol were acquired from Honeywell (Milan, Italy), and sucrose ultrapure was obtained from VWR-Life Science. Milli-Q water obtained using a purification system (Fulltech Instruments, Rome, Italy) was used for the preparation of all aqueous solutions.



The lipid mixture (DOPC:DOPG in a 1:1 ratio with 0.1 mol% Texas Red-DHPE) was dissolved in chloroform in a glass vial. Chloroform was evaporated under a gentle stream of nitrogen, and the lipids were further dried by desiccating for at least 1 h. After adding octanol in order to achieve a final lipid concentration of 15 mg/mL, the lipid–oil solution (LO) was sonicated for 30 min and then filtered using 0.45 µm syringe filters. The internal aqueous solution (Wi) was 600 mM sucrose with 0.05 mM calcein, and the external aqueous solution (We) was 600 mM glucose.




2.2. Glass Device Fabrication and Pumping Set-Up


To fabricate the device, commercially available B-270 glasses covered with a 450 nm thick chromium layer (Telic) were used as solid substrates. Hydrochloric acid (HCl), ammonium fluoride (NH4F), and hydrofluoric acid (HF) were purchased from Sigma-Aldrich (Taufkirchen, Germany). The resist AZ10XT and the AZ400k developer were purchased from MicroChemicals (Ulm, Germany). The chromium etchant solution was purchased from Sigma-Aldrich. Photomasks were designed using CleWin software (Version 2.67) and printed by J. D. Photo-tools Ltd. (Oldham, Lancashire, UK).



The microfluidic pattern reported In the scheme of Figure 1a was obtained by combining the techniques of optical lithography and wet etching. A layer of AZ10XT was deposited by spin coating on a B-270 glass substrate. This layer was then processed by UV exposure by using a photomask to transfer the desired network of Figure 1a from the mask to the resist. After the selective remotion of the resist and chromium layer, the pattern on the glass was etched in a buffered oxide etchant solution to achieve microchannels about 30 μm deep. The wet etching was carried out in a microwave (Anton Paar Multiwave 3000, Labservice Analytica s.r.l., Bologna, Italy) as reported in ref. [27]. Then, six holes were made in correspondence with the inlets and outlets of the channels by means of a microdriller (MF70, Proxxon Micro miller, Föhren, Germany), and the patterned substrate was thermally bonded to a flat B-270 glass [28]. Successively, capillary tubes (Tub FEP Blu 1/32 × 0.09, IDEX Health & Science, Oak Harbor, WA, USA) were connected to the inlet and outlet holes.



The solutions prepared as described in Section 2.1 were flowed in capillary tubes and then in microchannels by using three mechanical syringe pumps (Ugo Basile, Biological Research Apparatus, model KDS270) to independently control the three phases’ (We, LO, and Wi) flow rates. To protect the operators from inhaling octanol vapor, the experiments were performed under a fume hood, and the fluids’ behaviors in the microchannels were observed by using a low-resolution camera. Then, the collected droplet solutions were observed and analyzed using an optical microscope (Nikon Eclipse Ti), and their images were acquired using a NIKON mod. DS-5MC camera.





3. Results and Discussion


We produced a glass microfluidic device that uses microdroplet technology to create W/O/W double emulsion droplets with an inner aqueous solution sheared by lipids dissolved in an organic solvent in a continuous aqueous phase (see scheme in Figure 2a). Then, giant lipid vesicles (GVs) were obtained from the double emulsions by spontaneously removing the oil from the organic layer of the W/O/W emulsions (see scheme in Figure 2b).



3.1. Chip Design


For chip design, two crucial aspects to be addressed are the microchannels’ geometry and chip fabrication material. The geometry of our microfluidic device includes six channels that cross at a single junction (Figure 1): one for Wi, two for LO, two for We, and one for the outlet. After the junction, of course, a downstream channel collects and flows the formed droplets. Through this configuration, our device allowed us to generate stable double emulsion droplets in a single step, making the process more user-friendly compared to existing microfluidic networks such as the so-called “tandem systems”, which are composed of two FF single junctions (Chip1 for Step1 and Chip2 for Step2) connected via tubing [29] (see scheme in Figure 3a), or geometries consisting of two consecutive FF single junctions performing these two steps in the same chip [30].



In both cases, synchronizing the two droplet generators is difficult, and double emulsion drops often result in a single shell with multiple cores whose number is hard to control [7]. In both layouts, Water-in-Oil (W/O) droplets can be produced in Step1 through the surface modification of the post-junction channel walls to ensure a contact angle greater than 120° [31]. In fact, as we also demonstrated (see Figure 3b,c), if the chip material is glass without an adequate functionalization of the post-junction area, it is difficult to generate stable W/O droplets from Step1 since, at the orifice level, where lipids start to assemble and act as stabilizers of the water/oil interface, the water phase may still interact with the hydrophilic walls. This results in the formation of large plugs in the output channel and tube from Chip1 which, being the input of Chip 2, compromise the success of the whole process of double emulsion formations (see Figure 3b). To overcome this problem, an additional step in the chip manufacturing is required to make the first outlet microchannel hydrophobic. If the chip is in PDMS, a surface treatment would still be needed because of its several limitations, as discussed hereafter [32]. Emulsion instability can also arise from flow alterations due to variable cross sections at the Chip1/tube/Chip2 connection (see Figure 3c). In addition, during the transport from the first emulsifier to the second one, the probability of weakly stabilized W/O droplets colliding increases as well as their coalescence due to collisions.



Some drawbacks due to the “tandem system” can be avoided using two consecutive FF junctions in the same chip, although this may always cause wettability issues for the channel walls. Indeed, to produce stable W/O/W double emulsions, hydrophobic walls are required in the first post-junction area to form W/O emulsions, and hydrophilic walls are required in the second post-junction area to generate W/O/W double emulsions from the W/O single emulsions.



Our design with six channels implemented in a single cross-junction can overcome many of these drawbacks. The Wi flow and the surrounding LO flows were hydrodynamically focused in the single six-channel junction and subsequently broken up by the two We streams. As soon as the W/O is formed, it is thereby sheared by the outer aqueous phase (see scheme of Figure 2b). In this way, there are no undesired section changes, and to generate stable W/O/W emulsions, the only requirement is that the post-area junction needs to be hydrophilic.



The fabrication material is crucial for the physicochemical properties of the internal channel walls, particularly for their hydrophobicity/hydrophilicity. Experts in microfluidics usually use PDMS or glass microcapillary. Unfortunately, due to the limitations described in the Introduction Section, such as hydrophobicity, the incompatibility between many organic solvents, and the adsorption of molecules (lipids in our case), PDMS requires pre-coating procedures that are often complicated and time-consuming. Indeed, to ensure robust coatings, multiple syringe pumps, elevated temperatures, or long incubation times are necessary [33,34]. These laborious procedures require experience in microfluidic techniques and the employment of reagents and set-up at additional costs. Moreover, coatings are not always stable over time, undergoing leaching or detachment, as well as in some operation conditions (i.e., pH condition changes [35]). To avoid all of these drawbacks of PDMS, a joint choice is the use of glass microcapillaries, which are very difficult to assemble due to the precise alignment steps [35].



In this work, we deployed glass to fabricate our device by combining the techniques of photolithography, wet etching, and thermal bonding to achieve closed microchannels as described in the Materials and Method Section. As an innovative approach, we take advantage of the natural glass properties of chemical inertness and hydrophilicity to avoid the pre-coating steps typical of the most common FF devices for double emulsion preparation reported in the literature. We demonstrate that the surface energies at the glass–lipids and glass–water interfaces do not impact the droplet generation process. By playing with the main flow parameters, stable double emulsions with an aqueous solution as an external phase can be produced without wasting time in the post-fabrication steps of surface functionalization. The process of droplet generation is entirely driven by interfacial energies and is not influenced by surface properties, meaning it is almost independent of the device’s material [36]. As a practical outcome, we could use our device several times since the glass can be easily cleaned, and we could use it for prolonged periods of time without problems of coating damage. Furthermore, in the absence of coatings that could be eroded by organic solvents [35], the fluids in our chips do not need to be injected into a precise order (such as to first flush the We before introducing the LO in the PDMS chip). This represents a practical advantage for operators dealing with microfluidic devices.




3.2. Flow Conditions for Generation of W/O/W Double Emulsions


To successfully generate double emulsions, octanol was chosen as an organic phase carrying lipids because it accomplishes a right balance between the poor miscibility with water and biocompatibility for applications in the biological field [25]. Furthermore, octanol is not only the ideal solvent due to these reasons, but also because it can quicken the de-wetting process by which the droplets spontaneously split into oil droplets and GVs after the formation of double emulsion droplets. This is called the OLA method, that is, octanol-assisted liposome assembly [37].



We used DOPC and DOPG as lipids that provide negative charges to the double emulsion droplets/GVs, preventing their fusion and enhancing their stability [24]. The mixture of these lipids was prepared with a molar ratio of 1:1 and a concentration of 15 mg/mL in octanol that is high enough not to require surfactants to stabilize the emulsions and to quicken the spontaneous de-wetting process [24]. The internal aqueous phase was 600 mM of sucrose solution, and the external one was 600 mM of glucose solution. To allow the imaging of double emulsion, 0.1 mol% of a fluorescent-labeled lipid (Texas Red-DHPE) was also added to the DOPC–DOPG mixture to view the shell, while 0.05 mM of calcein (green fluorescence) was added to Wi to view the core and to demonstrate the encapsulation efficiency of the approach.



After some attempts with flow rates set at tens of μL/min for We and some μL/min for LO and Wi, resulting in co-flow conditions (see Figure 4a) without observing any fluids break up, we found the following conditions to be optimal to form double emulsion droplets: Wi = 0.1 μL/min, LO = 0.1 μL/min for each inlet, and We = 4 μL/min for each inlet. In the optical images of Figure 4b, we can see the oil phase enveloping Wi is sheared into droplets by We at the six-channel FF junction.




3.3. Off-Chip Characterization of W/O/W Double Emulsions


In Figure 5, the optical characterization of a batch solution resulting from these flow rate conditions is reported. The double emulsion droplets are clearly visible in Figure 5a. The red shells (ring structures) correspond to the fluorescent octanol–lipid layers, whereas the green fluorescence is in correspondence with calcein in the aqueous cores. In Figure 5b, we can see thin green shells, which occur simply due to the lensing effect of the calcein fluorescence from the background solution [24]. The de-wetting process was already started since, in addition to the double emulsion droplets, the collected sample showed GVs and partially de-wetted double emulsion droplets with oil droplets still attached. The red fluorescence of GVs is homogeneous compared to the ring structure shown by the double emulsion droplets. The size of these vesicles is 65 ± 5 μm, as calculated in Figure 5d. Although we used a lipid concentration of 15 mg/mL and similar flow rates, our sample not only showed vesicles, but also double emulsion droplets compared to what was reported by Bao et al. We could attribute the different behavior to the filtration we performed on the lipid solutions before injection in the chip as well as to a different interaction between the PDMS and glass walls with the lipid molecules. Both of these phenomena may impact the real lipid concentration and, consequently, the de-wetting process that is strongly concentration-dependent.



In the optical image of Figure 6a,b, the de-wetting process is clearly visible. Upon the depletion force generated by excess lipid molecules in the solvent, the separation of octanol from double emulsion drops started [33] so that the excess organic solvent accumulated in a pocket inside the double emulsion droplet (indicated by white arrows in Figure 6b). Then, the oil pocket started to protrude outwards, as indicated by the yellow arrows in Figure 6b, and the Wi droplet moved across the interface O/We, while the lipids at the We/O interface stabilized the escaping Wi droplet by completing the bilayers (see Scheme in Figure 2b). At this point, the oil droplet completely budded off, and the lipids, which were initially concentrated and arranged on the double emulsion interface, formed the GVs.



We produced another sample by changing the flow rate conditions, which were Wi = 1 μL/min, LO = 0.1 μL/min, and We = 1.5 μL/min for each inlet. As shown in Figure 7a,c, the batch resulted in only GVs, thus showing a complete de-wetting, which was probably due to a decrease in the shell thickness. Indeed, with a thinner shell, the amount of octanol was reduced, and faster removal occurred [35]. The reduction in the thickness of the shell was probably a consequence of a higher flow rate ratio between Wi (1 μL/min) and LO (0.1 μL/min) with respect to the previous batch obtained by setting both the Wi and LO at 0.1 μL/min. On the contrary, the lower flow rate ratio between We (1.5 μL/min) and LO (0.1 μL/min), with respect to the previous batch (We = 4 μL/min and LO = 0.1 μL/min), led to an increase in size (126 ± 7 μm).



In the bright field image of Figure 7a, a dark spot is visible inside some vesicles. It corresponds to an oil residue with lipids remaining on the vesicle after solvent drying and is also evident after five days, as shown in the red fluorescent image of Figure 7d. Monitoring the sample over time proved that the batch was fairly stable after 5 days resulting from a comparison between the GV size, as shown in Figure 7b,d.



In comparison with the work of Bao et al., we demonstrated that, even with a lower concentration (since we filtered the initial 15 mg/mL lipid solution), we could obtain rapid de-wetting by simply tuning the flow rates. Moreover, we maintain that our approach is more convenient because it is certainly more practical and faster to modify the flow rates with the same starting lipid solutions to find the ideal conditions of de-wetting rather than performing more experiments to change the concentrations of the solutions every time.





4. Conclusions


Microfluidics has been demonstrated to generate giant vesicles (GVs) of lipids that are able to maximize material encapsulation. By using an approach based on the production of Water-in-Oil-in-Water (W/O/W) double emulsions, followed by spontaneous octanol-assisted de-wetting, GVs with high size homogeneity and stability have been produced. The present work elucidates the importance of two aspects of microfluidic devices, which are the microchannel’s design and the fabrication material. We created a glass six-channel flow focusing (FF) junction geometry for the preparation of W/O/W double emulsions. By taking advantage of this design and of the physicochemical properties of the glass, it was found that our device can be used with a wide range of solvents without the functionalization of any microchannel walls, which is strictly necessary for polymeric microfluidic chips. Another benefit was the possibility to repeatedly exploit the same glass chip after easily cleaning the microchannels. All of these advantages entail reductions in costs and times for the device’s fabrication and ensure a certain reproducibility in the sample preparation that may not be guaranteed in the presence of a coating due to possible leaching and damage.



Furthermore, the hydrophilicity of glass and, on the other hand, the peculiarity of double hydrodynamic FF in a single junction enabled the generation of W/O/W double emulsions in a single step. The combination of these two features represents an innovation compared to glass or polymeric “tandem systems” and double FF junction in the same device and concentric glass capillaries for W/O/W generation. A water core was encapsulated in an octanol shell containing lipids, which, in turn, was simultaneously surrounded by a continuous aqueous phase. Solvent de-wetting induced the lipids to stabilize in a bilayer around the aqueous core, thus generating a GV. We demonstrated that, by fixing the starting lipids concentration, both the de-wetting process and the vesicle size are tunable depending on the relative flow rates of the three phases (internal water, oil with lipids, and external water) in the microchannels.



We believe that our results establish a step forward for the microfluidic production of double emulsions and GVs and, above all, will help progress the synthetic biology field given the great interest in the employment of GVs as artificial cells.







Author Contributions


Conceptualization, A.Z. and V.A.; Methodology, A.Z.; Data curation, A.Z.; Writing—original draft, A.Z.; Writing—review & editing, V.A.; Supervision, V.A. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Progetto n. A0375-2020-36730 “LIMONE”—NANOPARTICELLE LIPIDICHE PER RAGGIUNGERE IL MOTONEURONE, Bando Regione Lazio “Gruppi di Ricerca 2020”.




Data Availability Statement


The original contributions presented in the study are included in the article, further inquiries can be directed to the corresponding author.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Santos, M.G.; Bozza, F.T.; Thomazini, M.; Favaro-Trindade, C.S. Microencapsulation of Xylitol by Double Emulsion Followed by Complex Coacervation. Food Chem. 2015, 171, 32–39. [Google Scholar] [CrossRef] [PubMed]

	



Liau, J.J.; Hook, S.; Prestidge, C.A.; Barnes, T.J. A Lipid Based Multi-Compartmental System: Liposomes-in-Double Emulsion for Oral Vaccine Delivery. Eur. J. Pharm. Biopharm. 2015, 97, 15–21. [Google Scholar] [CrossRef]

	



Zacheo, A.; Quarta, A.; Zizzari, A.; Monteduro, A.G.; Maruccio, G.; Arima, V.; Gigli, G. One Step Preparation of Quantum Dot-Embedded Lipid Nanovesicles by a Microfluidic Device. RSC Adv. 2015, 5, 98576–98582. [Google Scholar] [CrossRef]

	



Deshpande, S.; Dekker, C. Synthetic Life on a Chip. Emerg. Top. Life Sci. 2019, 3, 559–566. [Google Scholar] [CrossRef] [PubMed]

	



Booth, A.; Marklew, C.J.; Ciani, B.; Beales, P.A. In Vitro Membrane Remodeling by ESCRT Is Regulated by Negative Feedback from Membrane Tension. iScience 2019, 15, 173–184. [Google Scholar] [CrossRef] [PubMed]

	



Fanalista, F.; Birnie, A.; Maan, R.; Burla, F.; Charles, K.; Pawlik, G.; Deshpande, S.; Koenderink, G.H.; Dogterom, M.; Dekker, C. Shape and Size Control of Artificial Cells for Bottom-Up Biology. ACS Nano 2019, 13, 5439–5450. [Google Scholar] [CrossRef] [PubMed]

	



Lai, Y.-K.; Opalski, A.S.; Garstecki, P.; Derzsi, L.; Guzowski, J. A Double-Step Emulsification Device for Direct Generation of Double Emulsions. Soft Matter 2022, 18, 6157–6166. [Google Scholar] [CrossRef] [PubMed]

	



Bera, N.; Layek, S.; Pramanik, S.; Nandi, P.K.; Hazra, R.; Sarkar, N. Ultrafast Dynamics of the Medicinal Pigment Curcumin inside the Imidazolium Surface Active Ionic Liquid Containing Giant Vesicles and White Light Generation via Triple-FRET Technique. Langmuir 2023, 39, 11653–11663. [Google Scholar] [CrossRef] [PubMed]

	



Hanley, L.; Ghazani, S.M.; Marangoni, A.G. Giant Multilamellar and Large Unilamellar Lecithin Vesicles for the Encapsulation and Oral Delivery of Cannabinoids. Food Chem. 2024, 433, 137291. [Google Scholar] [CrossRef] [PubMed]

	



Schuch, A.; Tonay, A.N.; Köhler, K.; Schuchmann, H.P. Influence of the Second Emulsification Step during Production of W/O/W Multiple Emulsions: Comparison of Different Methods to Determine Encapsulation Efficiency in W/O/W Emulsions. Can. J. Chem. Eng. 2014, 92, 203–209. [Google Scholar] [CrossRef]

	



Leister, N.; Vladisavljević, G.T.; Karbstein, H.P. Novel Glass Capillary Microfluidic Devices for the Flexible and Simple Production of Multi-Cored Double Emulsions. J. Colloid Interface Sci. 2022, 611, 451–461. [Google Scholar] [CrossRef] [PubMed]

	



Kane, R.S.; Stroock, A.D.; Li Jeon, N.; Ingber, D.E.; Whitesides, G.M. Chapter 18-Soft Lithography and Microfluidics. In Optical Biosensors; Ligler, F.S., Rowe Taitt, C.A., Eds.; Elsevier Science: Amsterdam, The Netherlands, 2002; pp. 571–595. ISBN 978-0-444-50974-1. [Google Scholar]

	



Francisco, C.R.; Santos, T.P.; Cunha, R.L. Design of Shear-Based Microfluidic Channels for Production and Stability Assessment of Food Emulsions. Curr. Opin. Food Sci. 2023, 49, 100957. [Google Scholar] [CrossRef]

	



Ren, K.; Zhou, J.; Wu, H. Materials for Microfluidic Chip Fabrication. Acc. Chem. Res. 2013, 46, 2396–2406. [Google Scholar] [CrossRef]

	



Schroën, K.; Bliznyuk, O.; Muijlwijk, K.; Sahin, S.; Berton-Carabin, C.C. Microfluidic Emulsification Devices: From Micrometer Insights to Large-Scale Food Emulsion Production. Curr. Opin. Food Sci. 2015, 3, 33–40. [Google Scholar] [CrossRef]

	



Song, G.; Weicheng, Y.; Yong, L. Rapid Prototyping of Microfluidics Devices Using Novel Thermoset Polydicyclopentadiene. J. Micromech. Microeng. 2023, 33, 075002. [Google Scholar] [CrossRef]

	



Zizzari, A.; Bianco, M.; Perrone, E.; Manera, M.G.; Cellamare, S.; Ferorelli, S.; Purgatorio, R.; Scilimati, A.; Tolomeo, A.; Dimiccoli, V.; et al. Microfluidic Pervaporation of Ethanol from Radiopharmaceutical Formulations. Chem. Eng. Process.-Process. Intensif. 2019, 141, 107539. [Google Scholar] [CrossRef]

	



van Meer, B.J.; de Vries, H.; Firth, K.S.A.; van Weerd, J.; Tertoolen, L.G.J.; Karperien, H.B.J.; Jonkheijm, P.; Denning, C.; IJzerman, A.P.; Mummery, C.L. Small Molecule Absorption by PDMS in the Context of Drug Response Bioassays. Biochem. Biophys. Res. Commun. 2017, 482, 323–328. [Google Scholar] [CrossRef] [PubMed]

	



Zizzari, A.; Bianco, M.; Miglietta, R.; Del Mercato, L.L.; Carraro, M.; Sorarù, A.; Bonchio, M.; Gigli, G.; Rinaldi, R.; Viola, I.; et al. Catalytic Oxygen Production Mediated by Smart Capsules to Modulate Elastic Turbulence under a Laminar Flow Regime. Lab. Chip 2014, 14, 4391–4397. [Google Scholar] [CrossRef] [PubMed]

	



Anbari, A.; Chien, H.-T.; Datta, S.S.; Deng, W.; Weitz, D.A.; Fan, J. Microfluidic Model Porous Media: Fabrication and Applications. Small 2018, 14, e1703575. [Google Scholar] [CrossRef] [PubMed]

	



Keshmiri, K.; Huang, H.; Nazemifard, N. Compatibility of Poly(Dimethylsiloxane) Microfluidic Systems with High Viscosity Hydrocarbons. SN Appl. Sci. 2019, 1, 711. [Google Scholar] [CrossRef]

	



Sollier, E.; Murray, C.; Maoddi, P.; Di Carlo, D. Rapid Prototyping Polymers for Microfluidic Devices and High Pressure Injections. Lab Chip 2011, 11, 3752–3765. [Google Scholar] [CrossRef]

	



Aralekallu, S.; Boddula, R.; Singh, V. Development of Glass-Based Microfluidic Devices: A Review on Its Fabrication and Biologic Applications. Mater. Des. 2023, 225, 111517. [Google Scholar] [CrossRef]

	



Bao, P.; Paterson, D.A.; Peyman, S.A.; Jones, J.C.; Sandoe, J.A.T.; Gleeson, H.F.; Evans, S.D.; Bushby, R.J. Production of Giant Unilamellar Vesicles and Encapsulation of Lyotropic Nematic Liquid Crystals. Soft Matter 2021, 17, 2234–2241. [Google Scholar] [CrossRef] [PubMed]

	



Deshpande, S.; Caspi, Y.; Meijering, A.E.C.; Dekker, C. Octanol-Assisted Liposome Assembly on Chip. Nat. Commun. 2016, 7, 10447. [Google Scholar] [CrossRef] [PubMed]

	



Toepke, M.W.; Beebe, D.J. PDMS Absorption of Small Molecules and Consequences in Microfluidic Applications. Lab Chip 2006, 6, 1484–1486. [Google Scholar] [CrossRef] [PubMed]

	



Zacheo, A.; Zizzari, A.; Perrone, E.; Carbone, L.; Giancane, G.; Valli, L.; Rinaldi, R.; Arima, V. Fast and Safe Microwave-Assisted Glass Channel-Shaped Microstructure Fabrication. Lab Chip 2015, 15, 2395–2399. [Google Scholar] [CrossRef] [PubMed]

	



Marra, L.; Fusillo, V.; Wiles, C.; Zizzari, A.; Watts, P.; Rinaldi, R.; Arima, V. Sol-Gel Catalysts as an Efficient Tool for the Kumada-Corriu Reaction in Continuous Flow. Sci. Adv. Mater. 2013, 5, 475–483. [Google Scholar] [CrossRef]

	



Eggersdorfer, M.L.; Zheng, W.; Nawar, S.; Mercandetti, C.; Ofner, A.; Leibacher, I.; Koehler, S.; Weitz, D.A. Tandem Emulsification for High-Throughput Production of Double Emulsions. Lab Chip 2017, 17, 936–942. [Google Scholar] [CrossRef] [PubMed]

	



Nawar, S.; Stolaroff, J.K.; Ye, C.; Wu, H.; Nguyen, D.T.; Xin, F.; Weitz, D.A. Parallelizable Microfluidic Dropmakers with Multilayer Geometry for the Generation of Double Emulsions. Lab Chip 2020, 20, 147–154. [Google Scholar] [CrossRef] [PubMed]

	



Ofner, A.; Mattich, I.; Hagander, M.; Dutto, A.; Seybold, H.; Rühs, P.A.; Studart, A.R. Controlled Massive Encapsulation via Tandem Step Emulsification in Glass. Adv. Funct. Mater. 2019, 29, 1806821. [Google Scholar] [CrossRef]

	



Kamnerdsook, A.; Juntasaro, E.; Khemthongcharoen, N.; Chanasakulniyom, M.; Sripumkhai, W.; Pattamang, P.; Promptmas, C.; Atthi, N.; Jeamsaksiri, W. Formation of Double Emulsion Micro-Droplets in a Microfluidic Device Using a Partially Hydrophilic-Hydrophobic Surface. RSC Adv. 2021, 11, 35653–35662. [Google Scholar] [CrossRef] [PubMed]

	



Shum, H.C.; Lee, D.; Yoon, I.; Kodger, T.; Weitz, D.A. Double Emulsion Templated Monodisperse Phospholipid Vesicles. Langmuir 2008, 24, 7651–7653. [Google Scholar] [CrossRef] [PubMed]

	



Trantidou, T.; Elani, Y.; Parsons, E.; Ces, O. Hydrophilic Surface Modification of Pdms for Droplet Microfluidics Using a Simple, Quick, and Robust Method via Pva Deposition. Microsyst. Nanoeng. 2017, 3, 16091. [Google Scholar] [CrossRef] [PubMed]

	



Yandrapalli, N.; Petit, J.; Bäumchen, O.; Robinson, T. Surfactant-Free Production of Biomimetic Giant Unilamellar Vesicles Using PDMS-Based Microfluidics. Commun. Chem. 2021, 4, 100. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.; Wu, L.; Zhang, L. Dynamic Behaviors of Double Emulsion Formation in a Flow-Focusing Device. Int. J. Heat Mass Transf. 2015, 82, 42–50. [Google Scholar] [CrossRef]

	



Al Nahas, K.; Cama, J.; Schaich, M.; Hammond, K.; Deshpande, S.; Dekker, C.; Ryadnov, M.G.; Keyser, U.F. A Microfluidic Platform for the Characterisation of Membrane Active Antimicrobials. Lab Chip 2019, 19, 837–844. [Google Scholar] [CrossRef] [PubMed]








[image: Micromachines 15 00500 g001] 





Figure 1. (a) The device scheme with a single six-channel FF junction. The reported measurements are the nominal microchannels’ widths; 6 μm is the orifice nominal width. (b) The optical image of the junction area where the orifice, indicated by the red arrow, is clearly visible. 






Figure 1. (a) The device scheme with a single six-channel FF junction. The reported measurements are the nominal microchannels’ widths; 6 μm is the orifice nominal width. (b) The optical image of the junction area where the orifice, indicated by the red arrow, is clearly visible.



[image: Micromachines 15 00500 g001]







[image: Micromachines 15 00500 g002] 





Figure 2. (a) A scheme of double emulsion droplet production and collection in a vial where the de-wetting process takes place. We, LO, and Wi are the external aqueous, oil with lipids, and internal aqueous phases, respectively. (b) De-wetting steps: from double emulsion to giant vesicle (GV) generation. 
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Figure 3. A “tandem system” device. (a) The sketch process: Two flow focusing chips were connected using a microtube. In the first droplet generator (Chip1), Step1 takes place, and Water-in-Oil (Wi/LO) droplets are produced. These droplets are the inputs of Step2 in the second droplet generator (Chip2), where they are sheared by the outer aqueous phase (We), thus generating double emulsions. (b) A glass “tandem system”: Without an adequate functionalization of the post-junction area, the Wi interacts with the hydrophilic walls, thereby resulting in the formation of large plugs indicated by green arrows. (c) The large plugs are visible in the connecting tube and, since they are inlets of the second chip, they compromise the success of the whole double emulsion formation process. 
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Figure 4. Fluids’ behaviors in microchannels observed by using low-resolution camera. (a) Co-flow work conditions (Wi = 5 μL/min, LO = 5 μL/min, and We = 50 μL/min). (b) Flow rate conditions for double emulsion droplet generation (Wi = 0.1 μL/min, LO = 0.1 μL/min, and We = 4 μL/min). Black arrows indicate Wi and LO phases’ meniscus. Oil phase enveloping Wi is sheared into droplets by We. 






Figure 4. Fluids’ behaviors in microchannels observed by using low-resolution camera. (a) Co-flow work conditions (Wi = 5 μL/min, LO = 5 μL/min, and We = 50 μL/min). (b) Flow rate conditions for double emulsion droplet generation (Wi = 0.1 μL/min, LO = 0.1 μL/min, and We = 4 μL/min). Black arrows indicate Wi and LO phases’ meniscus. Oil phase enveloping Wi is sheared into droplets by We.



[image: Micromachines 15 00500 g004]







[image: Micromachines 15 00500 g005] 





Figure 5. Fluorescence images of sample produced at Wi = 0.1 μL/min, LO = 0.1 μL/min, and We = 4 μL/min. Images were acquired under TRITC filter (a) and FITC filter (b). Both images show mixture of oil droplet (1), double emulsion droplet (2), GV (3), and partially de-wetting droplet (4). Legend is reported in (c). (d) GVs’ size distribution was obtained from a statistical analysis on several samples produced under same experimental conditions. 
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Figure 6. Optical images of the de-wetting phenomenon acquired at different times are shown in (a,b). The starting step is the formation of an oil pocket inside the double emulsion (some are indicated with white arrows), and then the oil drop protrudes (some are indicated with yellow arrows) until its final detachment, thus generating a giant vesicle (GV) (some are indicated with green arrows). 






Figure 6. Optical images of the de-wetting phenomenon acquired at different times are shown in (a,b). The starting step is the formation of an oil pocket inside the double emulsion (some are indicated with white arrows), and then the oil drop protrudes (some are indicated with yellow arrows) until its final detachment, thus generating a giant vesicle (GV) (some are indicated with green arrows).



[image: Micromachines 15 00500 g006]







[image: Micromachines 15 00500 g007] 





Figure 7. Images of sample produced at Wi = 1 μL/min, LO = 0.1 μL/min, and We = 1.5 μL/min. Images show only GVs since complete de-wetting took place for almost all double emulsion droplets. (a) Optical image of vesicles: oil with lipid residue remains inside some GVs. (b) Image of GVs acquired under TRITC filter. (c) GV size distribution. (d) GVs are quite stable even after five days, as shown in red fluorescence image. Here, lipid residues attached to GVs are clearly visible. 
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