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The combination of surfactants and fatty alcohols leads to the formation of lamellar gel network (LGNs) which are widely used in cosmetic and pharmaceutical industries. Alkyl polyglucosides are known to stabilize oil-in-water emulsions and here, we report their use in combination with fatty alcohol for the stabilization of all-aqueous water-in-water (W/W) emulsions based on dextran-in-poly(ethylene glycol). Two different APGs were used: decyl glucoside and lauryl glucoside. We systematically studied the influence of the concentrations of APGs, and the molar ratio between the APGs and decanol as model fatty alcohol on the size and stability of the aqueous emulsion droplets with time. The self-assembled structure formed by decanol/APGs was characterized by using Small Angle X-ray Scattering and confocal microscopy, and shown to be lamellar in the bulk phase and probably also at the surface of dextran-rich droplets. We also demonstrated that the stabilization of W/W emulsions can be extended to other alkyl polyglucoside and to other fatty alcohols. In addition, we reported the production of a foam using such W/W emulsions as the continuous phase. Our results show that it is possible to stabilized W/W emulsions using LGNs based on different APGs and fatty alcohols, which will undoubtedly expand the use of W/W emulsions for various fields.
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1 INTRODUCTION
Emulsions, which are commonly used in a wide range of applications, are made up of two thermodynamically incompatible solutions or solvents (Leal-Calderon et al., 2007). The most conventional ones are oil-in-water or water-in-oil emulsions. However, a more unusual emulsion system is based on an aqueous solution that forms droplets into another aqueous solution, the so-called ‘water-in-water emulsions’ (W/W emulsions) (Esquena, 2016; 2023; Dickinson, 2019). The formation of W/W emulsions occurs when a moderately concentrated solution of incompatible polymers exhibits thermodynamic phase separation (Dickinson, 2019). In contrast to oil-in-water emulsions, W/W emulsions are much more difficult to stabilize since the surface tension is very low (around 0.1–100 μN. m−1) and the interface thickness is large (at least, few tens of nanometers) (Antonov et al., 2004; Esquena, 2016). For these physical reasons, W/W emulsions cannot be stabilized by the common surfactants usually used for the stabilization of the oil-in-water or water-in-oil emulsions. Thus, when formed upon mixing, droplets coalesce with time more or less quickly, depending on the system investigated and then, macroscopic phase separation occurs. The lack of stability of W/W emulsions is the main drawback that limits their use for practical applications (Esquena, 2016). Several applications of W/W emulsions have been reported in various fields: food, biomedical, drug delivery, etc. (Esquena, 2016; Esquena, 2023). For example, they can be used to encapsulate active components and labile molecules, and then be used as delivery systems. They can also be used as microreactors for the synthesis of high value-added products (Esquena, 2016; Esquena, 2023). The field of water-in-water emulsions is experiencing growth, driven by the discovery of new methods to improve their stability. Therefore, finding new methods to effectively stabilize W/W emulsions is a major challenge for scientists to expand their use.
Despite the difficulties in stabilizing them, W/W emulsions have been shown to be efficiently stabilized by using a wide variety of chemicals and particles as reviewed by several authors (Nicolai and Murray, 2017; Dickinson, 2019; Chao and Shum, 2020). For example, W/W emulsions can be stabilized by polymer particles (Poortinga, 2008; Douliez et al., 2018; Douliez et al., 2019), microgels (Merland et al., 2022; You et al., 2023), cellulose nanocrystals (Ben Ayed et al., 2018; Xie et al., 2023), protein particles (Nguyen et al., 2013), etc. Other stabilization methods based on the use of amphiphiles are also described in the literature such as: block copolymers, self-assembly of fatty acids and phospholipids, oligonucleotides, liposomes, etc., (Dewey et al., 2014; Chao and Shum, 2020). These chemicals or particles are positioned at the interface of the droplets, which prevents their coalescence and, subsequently, macroscopic phase separation. The mechanisms by which this occurs remain unclear in most cases and is probably due to an equal affinity of the particles or chemicals for the droplet-forming polymer and the continuous aqueous phase enriched in the other polymer.
Recently, stable W/W emulsions have been designed by using sodium oleate (surfactant) and decanol (fatty alcohol) with a simple addition process of the components to the two aqueous phase system (Coudon et al., 2022). The mixture of surfactant and fatty alcohols are widely used forming Lamellar gel Network (LGNs) that are of strong interest in the field of cosmetic and pharmaceutical industries (Eccleston, 1997). Lamellar gel networks (LGNs), which are also called “α-gel” in the literature, are used to give creamy texture to the products (Eccleston, 1997; Iwata, 2017). LGNs are based on the mixture of long-chain fatty alcohols with surfactants in aqueous solution (Iwata, 2017; Colafemmina et al., 2020; de Oliveira et al., 2020). By using appropriate concentrations and molar ratio of these two components, the formation of LGNs occurs. It can be described as a multi-phase colloidal structure mainly composed of lamellar phase and bulk water. When oil droplets are present in the formulation, they are entrapped and stabilized by the LGNs both present in the bulk aqueous phase and surrounding them (Junginger, 1984; Eccleston, 1997; Nakarapanich et al., 2001). The study of Coudon et al. was the first one showing the use of LGNs to stabilize water-in-water (W/W) emulsions (Coudon et al., 2022).
In the current context of growing concern for the environment, natural-based surfactants became popular as an alternative to the synthetic ones to produce LGNs and are widely used for cosmetic and pharmaceutical applications (Savic et al., 2005; Terescenco et al., 2018a; Terescenco et al., 2018b). Alkyl polyglucoside (APG) is one of the well-known families of natural surfactants, derived from natural glucose and a fatty alcohol. It is considered as non-toxic, mild and environmentally friendly emulsifier (Dari et al., 2023). Our aim here was to study the stabilization of W/W emulsions by using LGNs based on various APGs. Interestingly, these surfactants (APGs) are non-ionic surfactant whereas most of the chemical components and particles that have been used in the literature for stabilizing W/W emulsions are either charged or at least, zwitterionic (Esquena, 2023). This could be an advantage when the systems require changes in pH or ionic strength that may alter the stability of the emulsion, as is the case when W/W emulsions are used for bacterial culture (Xie et al., 2023; Zhang et al., 2024).
Here, we used two different APGs: decyl glucoside (DG) and lauryl glucoside (LG). DG and LG differ in their alkyl chain length composition. DG comprises a mixture of alkyl chains ranging from 8 to 16 carbon atoms, while LG consists of a mixture ranging from 12 to 16 carbon atoms (Keck et al., 2014; Wu et al., 2017). In addition, they differ in their degree of glycosidation: DG has a value of 1.5 and LG, 1.4. These APGs were combined with decanol as model fatty alcohol. The model W/W emulsions system was based on dextran-in-poly(ethylene glycol) (PEG) droplets. We systematically investigated the influence of the concentrations of APG, and the molar ratio between this surfactant and the fatty alcohol on the size and stability with time of the aqueous emulsion droplets. Then, we gained insight into the structure by combining confocal microscopy and Small Angle X-ray Scattering (SAXS). We also demonstrated the versatility of these surfactants mixtures by extending the approach to another APG (coco-glucoside, CG) and other fatty alcohols (dodecanol and myristyl alcohol). Furthermore, we show that a foamulsion could be produced from such stabilized W/W emulsion. Our results show that it is possible to use the combination of fatty alcohols and APGs for the formulation of different type of W/W emulsions, which will surely broaden the use of W/W emulsions for various fields such as cosmetics and pharmaceuticals.
2 MATERIALS AND METHODS
2.1 Materials
The following chemicals were purchased from Sigma-Aldrich (Saint Quentin Fallavier, France) and used as received: dextran 450–650 kg/mol, poly(ethylene glycol) 20 kg/mol (PEG), Nile red, fluorescein isothiocyanate-dextran 500 kg/mol (FITC-dextran), 1-decanol, 1-dodecanol, ethanol, and sodium dodecyl sulfate (SDS) with 98.5% purity. Lauryl glucoside (plantacare 1200 up) (LG) with 51.3 wt% of active matter, decyl glucoside (plantacare 2000 up) (DG) with 53.0 wt% of active matter, coco glucoside (plantacare 818 up) with 51.4 wt% of active matter and myristyl alcohol (lanette 14) were provided by BASF (Ludwigshafen, Germany) and used as received. Milli-Q water was used for all experiments.
2.2 Preparation of the stock solutions
To prepare the all-aqueous emulsion, both the polymers PEG and Dextran were weighed in a flask and Milli-Q water was added so that the PEG concentration was 7 wt% and the dextran concentration was 3.25 wt%. Then, the mixture was stirred magnetically at 60°C until polymers were completely dissolved. It formed a slightly turbid dispersion formed by polydisperse droplets enriched in Dextran in the continuous PEG phase, which coalesced with time until macroscopic phase separation occurs as expected for such aqueous emulsion (not shown).
A solution of APG (DG, LG or CG) was prepared by weighing into a flask the APG and adding Milli-Q water so that the final concentration of the APG active matter was 5 wt%, followed by stirring magnetically at 60°C until the APG was completely dissolved. Nile red was dissolved in ethanol to obtain a final concentration of 5 mg mL−1, then an aliquot of this solution was added to each of the APGs solutions to obtain a final concentration of 0.1 mg mL−1. A solution of FITC-dextran was prepared by weighing the dye and adding Milli-Q water so that the concentration was 20 mg mL−1. All these stock solutions were stored at around 4°C in a fridge.
2.3 Preparation of the stabilized W/W emulsions
Different protocols were used to prepare W/W emulsions depending on the fatty alcohols used and its melting point. To produce PEG-in-dextran W/W emulsion, 5 mL of the PEG-dextran mixture was taken and placed in a 15 mL tube (Falcon) while stirring the mixture. 50 μL of the FITC-dextran stock solution were added to the tube and all was mixed by vortexing; followed by the addition of a given volume of the stock solution of APG (DG, LG or CG) doped with nile red. Then the emulsion was vortexed for another 30 s. The same protocol was used to prepare the inverse W/W emulsion (PEG-in-dextran emulsions) but starting with the preparation of PEG at 2 wt% and Dextran at 14 wt%.
To prepare the dextran-in-PEG emulsions in the presence of APG and dodecanol, 5 mL of the PEG-dextran mixture was taken and placed in a 15 mL tube (Falcon) while stirring the mixture at 40°C. Then, 50 μL of the FITC-dextran stock solution was added to the tube and all were mixed by vortexing. A given volume of 1-dodecanol at 40°C was added to the previous mixture and mixed thoroughly by vortexing, followed by the addition of a given volume of the stock solution of LG or DG doped with Nile red, then the emulsion was vortexed for another 30 s.
To prepare dextran-in-PEG emulsions in the presence of APG and myristyl alcohol, the myristyl alcohol was first heated to 90°C, until it was completely melted, and then the required amount was weighed in a beaker. 5 mL of the PEG-dextran mixture was taken and placed in the same baker while stirring the mixture, 50 μL of the FITC-dextran stock solution was added, and all were mixed together under magnetic stirring at 60°C until the myristyl alcohol was completely dissolved. The resulting mixture was placed in a 15 mL tube (Falcon) and a given volume of LG or DG doped with Nile red was added while vortexing. Then, the emulsion was vortexed for another 30 s.
2.4 Preparation of the foamulsion
A dextran-in-PEG emulsion (10 wt% of dextran and 10 wt% of PEG) stabilized with LG and decanol was prepared as previously described. A given volume of the emulsion was transferred to a beaker and a given volume of surfactant was added. The mixture was slowly mixed with magnetic stirring for 30 s. To prepare the foamulsion, the double-syringe foaming technique was used (Gaillard et al., 2017). Two 10-mL syringes were connected with a Luer-lock connector. One syringe was filled with 3.5 mL of the mixture and 6.5 mL of air. The second syringe was maintained with the piston in the fully closed position. The foam was then produced by pushing the plungers of the connected syringes 30 times by hand. The stability of the resulting foams was followed by measuring both the evolution of the foam and the volume of drained liquid over time with the naked eye.
2.5 Stability and partial phase diagram of the W/W emulsions
The bulk stability of the W/W emulsions with different molar ratio (R) of decanol:APG was followed with the naked eye (phase separation), and also by confocal fluorescence microscopy observations. Experiments were performed immediately after the production of W/W emulsions (t = 0) and after 24 h (t = 24 h) of conservation at room temperature. Pictures of the tubes containing the samples were taken with an iPhone mini 13 (Apple). Microscopy images were acquired using a fluorescence confocal microscope (LSM 700, Zeiss) with ×63 oil immersion objective. Dyes were excited by using the following excitation (λex): FITC-dextran, λex = 488 nm; Nile Red, λex = 555 nm. The microscopy images were processed using ImageJ software, following the method introduced by Gaillard et al. (2015) in order to obtain the area of 50 droplets for each sample. Long-term evolution of the W/W was also done through microscopy observations of the samples using an epifluorescence microscope (Zeiss Axioskop 2 Plus, Oberkochen, Germany) with ×40 objective.
2.6 Structural characterization of W/W emulsions by small angle X-ray scattering (SAXS)
SAXS experiments were performed on a XEUSS 2.0 device (XENOCS, Grenoble, France) operating under vacuum with a GeniX3D microsource (λ = 1.54 Å) at 0.6 mA and 50 kV and a 2D Pilatus 3R 200 K detector. The sample was loaded in thin quartz capillaries (optical path 1.5 mm, WJM-Glas/Müller GmbH, Germany) and the signal collected for 3 h. The detector was placed perpendicularly to the direct beam at distance of 2.3 m, calibrated in both cases with a Silver Behenate standard. Peak fit® software was used for diffractogram deconvolution by using combination of Gaussian and Lorentzian functions.
2.7 Determination of the critical micellar concentration (CMC) via surface tension
The CMC values of the surfactants were obtained by using the automatized surface tension plate reader Kibron Delta-8 (Kibron, Finland). A volume of 50 μL of aqueous dispersion was placed on the 96-hole platform. Measurements were performed in duplicate at 28°C ± 1°C after a waiting time of 10 min to ensure equilibrium at the air-water interface. A calibration was performed by using ultrapure water at 28°C ± 1°C.
2.8 Evaluation of the W/W stability by centrifugation
The samples were centrifuged in a centrifuge (Sigma 6K15, Thermo Fisher Scientific, Strasbourg, France) at 1500 × g for 10 min. Microscopy images of the samples were taken before and after centrifugation using an epifluorescence microscope (Zeiss Axioskop 2 Plus, Oberkochen, Germany) with ×40 objective.
2.9 Statistical analysis
The radius of 50 droplets was calculated for each sample and the average and standard deviation were determined. The results were compared by one-way analysis of variance and Tukey’s test to analyze statistical differences (p < 0.05). The analysis was performed using SAS V8.0 software (SAS Institute, Gary, NC, United States).
3 RESULTS AND DISCUSSION
3.1 Phase diagram of the W/W emulsions
Dextran-in-PEG emulsions were prepared at 3.25 wt% (W/W) dextran (450–650 kg/mol) and at 7 wt% (W/W) PEG (20 kg/mol), since at this composition the polymers were fully phase-separated as determined previously in the literature (Diamond and Hsu, 1989). In these experimental conditions, dextran enriched droplets formed in the continuous enriched PEG phase. Droplets of ca. 10–50 µm formed upon shaking when observed immediately after preparation but coalesced with time yielding macroscopic phase separation as already described in the literature (Coudon et al., 2022).
Then, we added different quantities of decyl glucoside (DG) and decanol varying from 1 to 12 mM as described in the Materials and Methods Section. The concentration of the APGs varied from 2 to 20 times the CMC (Supplementary Figures S1, S2). The molar ratio (R) corresponds to the moles number between decanol and DG, and it varied from 1:0 to 0:1. The stability of the W/W emulsions were determined after 24 h at room temperature with the naked eye to eventually determine the presence of a phase separation or a supernatant (Figure 1). When phase separation occurred, we defined this W/W emulsion as unstable. When a small supernatant was observed, we classified this emulsion as medium stability, and when no macroscopic change was observed, we defined these emulsions as stable (Figure 1).
[image: Figure 1]FIGURE 1 | Partial phase diagram determined by visual observations by varying the decyl glucoside (DG) concentration as a function of the molar ratio between decanol and decyl glucoside showing the stable domain of W/W emulsion (dashed black line). Red crosses correspond to samples where macroscopic phase separation occurred after 24 h. Orange circles correspond to samples where a slight macroscopic phase separation occurred after 24 h. Green circles correspond to stable samples after 24 h. On the right side, pictures of samples illustrate the three regimes. The samples are from left to right: unstable W/W emulsion for DG = 9 mM and R = 0:1, medium stability W/W emulsion for DG = 6 mM and R = 3:1, and high stability W/W emulsion for DG = 9 mM and R = 2:1.
The addition of the pure components, either DG or decanol, whatever the concentrations led to complete phase separation of the aqueous emulsion within 3 h. Then, the pure components did not have a significant effect on the behavior of the polymer’s mixtures, and they could not stabilize dextran-rich droplets. However, the addition of the two components (DG and decanol) led to stabilization of emulsions for a relatively large domain of concentrations and molar ratios. A minimal concentration of DG (6 mM) and a minimal fraction of decanol (R = 0.5:1) were required to produce emulsions with medium stability. At the same DG concentration (6 mM), and with higher decanol fractions (R = 1:1 and R = 2:1) emulsions with high stability were observed. However, when the decanol fraction was further increased (R ≥ 3:1), a supernatant was observed after 24 h leading to an emulsion with medium stability. When the concentration of DG was increased to 9 mM, an emulsion with medium stability was only observed for low R (R = 0.5:1). Then, emulsions with no supernatant were observed after 24 h for all the other R studied (1:1 > R ≥ 9:1). At a DG concentration of 12 mM, emulsions with high stability were obtained both at low decanol fraction and at high decanol fractions (from R = 0.5:1 to R = 9:1).
We then decided to test the substitution of the DG by another APG with a longer alkyl chain: lauryl glucoside (LG). Dextran-in-PEG emulsions were then prepared with different concentrations of LG from 1 to 12 mM and with a molar ratio (R) between decanol and LG, R varying from 1:0 to 0:1. The stability of the W/W emulsions were determined in the same way as for the emulsions stabilized with DG described previously (Figure 2 and Supplementary Table S1B). The addition of pure LG whatever the concentration led to complete phase separation within 3 h, as previously described for pure DG or pure decanol. The addition of decanol in combination with LG was necessary to stabilize the emulsions. A minimal concentration of LG (6 mM) and a minimal fraction of decanol (R ≥ 0.5:1) were required to produce emulsions with medium stability. This result was similar to the one obtained for DG. When the molar ratio was increased (R ≥ 1:1), emulsions with high stability were obtained for all the concentrations (6, 9 and 12 mM). The increase of the concentration of LG to 12 mM led to emulsions with high stability even at a minimal fraction of decanol (R = 0.5:1). Stable emulsions with LG were produced for a wider range of R in comparison to DG (Figures 1, 2).
[image: Figure 2]FIGURE 2 | Partial phase diagram determined by visual observations by varying the lauryl glucoside (LG) concentration as a function of the molar ratio between decanol and Lauryl glucoside showing the stable domain of W/W emulsion (dashed black line). Red crosses correspond to samples where macroscopic phase separation occurred after 24 h. Orange circles correspond to samples where a slight macroscopic phase separation occurred after 24 h. Green circles correspond to stable samples after 24 h.
Then, we also determined the droplets size evolution between the initial size (t = 0, that stands for observations done immediately after mixing all components) and after 24 h with statistical analysis by confocal fluorescence microscopy of the samples doped with FITC-dextran and Nile red (Figure 3, Supplementary Figure S3 and Supplementary Tables S1A, B). First, we compared the initial droplets size between DG and LG for all the R and concentrations to determine the main parameters leading to the smallest droplets size. For DG with R = 0.5:1, by varying the concentration from 6 to 12 mM, we observed a decrease of the average radius from 7.3 ± 3.6 to 2.1 ± 1 μm. The same trend was observed for all the concentrations and all the R showing that the initial droplet sizes decreased by increasing the DG concentration (Figure 3). For LG with R = 0.5:1, by varying the concentration from 6 to 12 mM, we observed a decrease of the average radius from 5.9 ± 3.1 to 3 ± 1.1 μm, respectively for 6 and 9 mM. However, there was no statistical differences from 9 to 12 mM, with an average radius of 3 ± 1.1 and of 2 ± 0.5 μm for example, for R = 0.5:1. The concentration of the APG was a key parameter for controlling the initial droplet size. We hypothesize that by increasing APGs concentration leading also to a concomitant increase of decanol in the formulation, an increase of viscosity of the bulk phase could occur leading to a decrease of the droplets size. However, it is important to keep in mind that other parameters could also explain this phenomenon: quantity and structure of the self-assembly formed, interaction between APGs and polymers, etc.
[image: Figure 3]FIGURE 3 | Effect of both DG concentration and decanol:DG ratio (R) on W/W emulsions droplets size. Confocal microscopy images of the W/W emulsions taken at t = 0 for two different DG concentrations: 6 mM (top) and 12 mM (bottom), and three different R: R = 3:1(left), R = 6:1 (middle) and R = 9:1 (right). Droplets are labeled with FITC-dextran dye. The scale bar represents 15 μm.
Between the two APGs, we observed also statistical differences between the initial droplet sizes, with bigger droplets for DG than for LG when the concentration was set at 6 and 9 mM. However, the initial droplet size was the same at 12 mM for both APGs. The difference between DG and LG could be explained by the fact that APGs have different CMC values (Supplementary Figure S1), with LG having a lower CMC than DG. Here, all the samples were produced above the CMC. However, at the same concentration, LG with a longer alkyl chains and lower CMC than DG produce more easily rod-like micelles (Platz et al., 1995). Thus, it is easier to transit from rod-like micelles to lamellar phases by adding a small amount of fatty alcohol than from spherical micelles. Moreover, the presence of an excess of lauryl glucoside under rod-like micelles leading to a more viscous bulk continuous phase than for DG under spherical micelles could also explain the difference of stability at the lowest concentration (6 mM) (Stradner et al., 2000; Chu et al., 2013). We believe that the presence of rod-like micelles helps with the formation of the lamellar phases that stabilize the droplets. Then, we studied the effect of the molar ratio (R) between decanol and the APGs (DG or LG) on the initial droplets size (Supplementary Tables S1A, B). For DG at the three concentrations, we observed that for R = 0.5:1 the initial droplet size was always higher than for all the others R. The same trend was observed for LG. For R = 0.5:1, there was an excess of APGs in comparison to the decanol which could lead to the formation of a low quantity of lamellar structures in a mixture with APGs micelles and mixed micelles containing decanol (Möller et al., 1998). The quantity of lamellar structures could be not sufficient to stabilize small droplets during the production of the W/W emulsion. Then, we observed for both LG and DG that for R with high amount of decanol in comparison to the APG (R = 6:1 and R = 9:1), the droplet size was statistically lower than for R = 0.5:1 with an excess of APGs, but always higher than for intermediate R: R = 3:1, R = 2:1 and R = 1:1 (Figure 3 and Supplementary Figure S3). The best R to have high stability with small droplet size were R = 3:1, R = 2:1 and R = 1:1. These 3R lead to the smallest droplet size. Therefore, R is also a key parameter to take into account to reach small droplet size. A large excess of APG (R = 0.5:1) or decanol (R ≥ 6:1) is not appropriate for small droplet size. We compared also the droplet size evolution after 24 h for all the stable samples detected by visual observations (Figures 1, 2). No statistical difference was observed showing that in all cases the droplet size was stable after 24 h (Figure 3, Supplementary Figure S3 and Supplementary Tables S1A, B). Again, the composition (concentration and molar ratio) had been shown to influence the diameter of droplets in a similar system (Coudon et al., 2022).
Our results confirm that stabilization of the interface between hydrophilic polymers is not possible using amphiphilic molecules alone (Esquena, 2016). Instead, changing the self-assembly of these molecules by adding fatty alcohol proves to be an effective method to produce stable all-aqueous droplets (Coudon et al., 2022; Esquena, 2023). In addition, our results highlight that to obtain stable emulsions based on mixture of fatty alcohol and APGs, whatever the type of oil-in-water or water-in-water emulsion, a minimum molar ratio of 1:1 fatty alcohol:surfactant is required (Terescenco et al., 2018b). As described in the literature for LGNs formation based on mixture of fatty alcohols and surfactants, a minimum amount of fatty alcohol is required, and it is reported to be close to a weight ratio 1:1 as found in this study (Eccleston, 1997). Moreover, comparing our results to those obtained for LGNs based on sodium oleate and decanol, we observe that whatever the nature of the surfactants (anionic or non-ionic surfactants) with fatty alcohol, stable W/W emulsions are only possible for a molar ratio higher than 1:1 (Coudon et al., 2022).
3.2 Long-term stability of W/W emulsions stabilized by LGNs
The long-term stability of the emulsions was studied by microscopy observations during 42 days. Fluorescence microscopy observations of the emulsions stabilized with DG at a concentration of 12 mM and with R = 3:1 showed the presence of uniform droplets that did not change significantly in size after 7 days compared to t = 0 (average radius = 1.4 ± 0.4 μm) (Supplementary Figure S4A). However, after 7 days a macroscopic phase separation was observed with the naked eye. Microscopy observations of the emulsions stabilized with LG at a concentration of 12 mM and with R = 3:1 showed the presence of uniform droplets that did not change significantly in size after 42 days compared to t = 0 (average radius = 1.6 ± 0.6 μm) (Supplementary Figure S4B). In addition, we tested the robustness of the emulsions with centrifugation. After centrifugation at 1500 × g for 10 min, we observed neither phase separation nor supernatant showing that the self-assembled structure formed by decanol and APGs form a robust layer protecting the droplets against mechanical stress. We also checked the effect of the centrifugation directly on the droplets by measuring the droplets size before and after the centrifugation (Figure 4). The results show that both emulsions could be centrifuged without significant change in the droplet radius (average radius before centrifugation: 2.1 ± 0.7 and 1.7 ± 0.5 μm, respectively for DG and LG; average radius after centrifugation = 2.0 ± 0.6 μm for DG, and 1.8 ± 0.4 μm for LG) confirming that the self-assembled structures formed by APGs and decanol both in bulk and at the interface led to strong protection of the emulsion against destabilization.
[image: Figure 4]FIGURE 4 | Effect of centrifugation on the stability of the W/W emulsions. Epifluorescence microscopy images of W/W emulsions stabilized with DG (top) or LG (bottom) at a concentration of 12 mM with a molar ratio of R = 3:1, taken before centrifugation (left) and after centrifugation (right). Droplets are labeled with FITC-dextran dye. The scale bar represents 60 μm.
3.3 Structural characterization of W/W emulsions
After establishing the phase diagrams of the W/W emulsions stabilized by the mixture of decanol and APGs, we tried to characterize the structure formed by the decanol:APGs in bulk and at the interface leading to the long-term stabilization of the droplets for specific ratios. By using confocal fluorescence microscopy with Nile red staining, the fatty alcohol, it was possible to highlight the presence of surfactant assemblies in the bulk phase surrounding the droplets (Figure 5A). We observed the presence of lamellar structures in the bulk phase surrounding the droplets forming the so-called LGN.
[image: Figure 5]FIGURE 5 | (A) Confocal microscopy image of dextran-in-PEG emulsion stabilized with LG at a concentration of 9 mM and with a molar ratio of decanol:LG at 1:1, showing the presence of lamellar phases (some of them identified with white arrows) in the continuous phase of the emulsion. Nile red was used to label the surfactant and fatty alcohol. The scale bar represents 15 μm. (B) 1D SAXS diffractogram of a water-in-water emulsion stabilized by a mixture of LG and decanol with a LG concentration of 12 mM and a molar ratio of decanol:LG at 3:1. Only the third order Bragg peak (3Q0) is identified on the scattering pattern, labeled with a black arrow. Schematic showing the stabilization of the W/W emulsion by lamellar phase surrounding the dextran-rich droplets.
However, with this microscopy technique it is impossible to study the interfacial structure and the eventual formation of LNGs around the droplets, since only a red layer is observed by confocal microscopy surrounding the droplets (Figure 5A). That is why we used SAXS to get information at the interface scale. The stable emulsion formulated with LG at 12 mM and with R = 3:1 was chosen for SAXS analysis due to the long-term stability and high concentration to optimize the SAXS signal. On the SAXS scattering pattern, only one main peak could be distinguished at Q = 0.035 Å−1 (Figure 5B). By comparing with the literature and the SAXS results obtained by Coudon et al. (2022) on similar water-in-water emulsion system stabilized by a mixture of fatty alcohol and sodium oleate, we hypothesize that the peak at 0.035 Å−1 is the third order peak of a lamellar phase surrounding the dextran-rich droplets. The lamellar phase would have a lamellar interspacing (d) of around 52 nm (d = 2π/Q0). Indeed, in the study from Coudon et al., they determined a lamellar spacing of around 78 nm, corresponding to a third order peak around 0.024 Å−1 close to the peak determined here (Coudon et al., 2022). In our system, the lamellar spacing was lower than in the case of the lamellar phase made of sodium oleate and decanol system, which can be explained by the fact that we are working with non-ionic surfactant and lamellar phases are stabilized by steric repulsion and not electrostatic repulsion such as in the case of sodium oleate/decanol system. It is known that steric repulsion produced in lamellar gel network based on fatty alcohol leads to lower interlamellar spacing than LGNs produced by anionic surfactants (Iwata, 2017). Therefore, the long-term stabilization and the resistance to centrifugation of the W/W emulsions could come from the LGNs formed by APGs and decanol both in bulk and at the interface leading to strong protection of the emulsion against destabilization. However, to confirm the interfacial structures, further investigations need to perform. For example, the use of freeze-Fracture transmission electron microscopy could help to better characterize the self-assembled structures formed at the interface as already demonstrated by Coudon et al. (2022). It is important also to notice that we do not know the quantity of each chemical components inside the self-assembled structures, and the concentration could be different from the initial weight ratios used to produce the W/W emulsion. Most probably lamellar phases are in coexistence with APGs micelles.
3.4 Versatility of the W/W emulsion stabilized by mixture of fatty alcohols and APGs
Here, we varied the experimental conditions, either the concentration of polymers or the nature of LGNs but investigated only few different concentrations of each to demonstrate the versatility of the systems. First, we studied the effect of LGNs on the stabilization of the inverse W/W emulsion, that is, when polymer concentrations are adjusted so that PEG-rich droplets formed in a continuous dextran-rich phase (Supplementary Figure S5). Stable W/W emulsion were produced from both DG and LG at 12 mM with R = 3:1, since no change in the droplets size was observed after 24 h. This result shows a general mechanism based on APG and fatty alcohol for stabilizing PEG and dextran interfaces regardless the nature of the droplets, which is in accordance with the observations of Coudon et al. on the stabilization W/W emulsion with decanol and sodium oleate (Coudon et al., 2022).
In a second step, we extended the production of W/W emulsions to another well-known and widely used APG: coco-glucoside (CG), composed of a mixture of alkyl groups with carbon chain lengths ranging from 8 to 16 atoms and with a higher proportion of longer alkyl chains in comparison to DG and LG (Aguirre et al., 2014). Self-assembled structures (lamellar phases and/or micelles) produced with CG 12 mM at different decanol: CG molar ratios, from R = 1:1 to R = 6:1, effectively stabilized dextran-in-PEG emulsions, since microscopy images showed that no significant differences in the droplet size were observed after 24 h compared to the initial size (Supplementary Figure S6).
Finally, we extended our approach of stabilizing W/W emulsions produced from DG and LG to other fatty alcohols with longer alkyl chain length (dodecanol and myristyl alcohol) (Figure 6 and Supplementary Figure S7). Microscopy images showed that dextran-in-PEG emulsions with high stability can be produced with DG at a concentration of 12 mM in combination with dodecanol (dodecanol:DG molar ratio R = 6:1), since no significant differences in the droplet size were shown after 24 h compared to the initial size (average radius 4 ± 1.2 µm). The same observations were performed for emulsions stabilized with LG at a concentration of 12 mM (dodecanol:LG molar ratio R = 6:1) but the droplet size was slightly smaller (average radius 2.2 ± 0.7 μm at t = 0). The stabilization of dextran-in-PEG emulsion with APG and myristyl alcohol was also possible. Emulsions stabilized with DG at a concentration of 12 mM and myristyl alcohol (R = 6:1), showed high stability without significant changes in droplet size after 24 h compared to the initial size (average radius = 3.2 ± 0.7 µm). The same emulsion stabilized with LG at a concentration of 12 mM (R = 6:1) led to a decrease in droplet size (average radius 1.6 ± 0.3 μm at t = 0), with no significant change in size after 24 h. These results show that it is possible to formulate W/W emulsions using APGs and different fatty alcohols. Thus, W/W emulsion stabilization is possible by using APGs and fatty alcohol when suitable concentration and ratios are used to obtain self-assembled structures such as lamellar phases.
[image: Figure 6]FIGURE 6 | W/W emulsions stabilized with DG in combination with two different fatty alcohols: dodecanol and myristil alcohol. Epifluorescence microscopy images of W/W emulsions stabilized with DG at 12 mM and Dodecanol: DG ratio equal to 6:1 (left) and DG at 12 mM and myristyl alcohol: DG ratio equal to 6:1 (right), taken at t = 0 (top) and at t = 24 h (bottom). Droplets are labeled with FITC-dextran dye. The scale bars represent 60 μm.
For certain applications, bubbles are added into emulsions to change their mechanical properties and/or sensorial performances (Salonen, 2020). It is the case, for example, for ice creams, whipped creams and pharmaceutical or cosmetic applications (Parsa et al., 2019; Murray, 2020; Luengo et al., 2021). These three phase systems are called foamulsions or “foamed emulsions,” where the gas bubbles are surrounded by a continuous phase, traditionally composed of oil and water (Salonen, 2020; Zheng et al., 2022). The continuous phase is generally present in the form of oil-in-water emulsions, although it can also be in the form of water-in-oil emulsions (Salonen, 2020). However, to the best of our knowledge, a foamulsion where the continuous phase is composed of W/W emulsions has never been reported. We took the advantage of the high stability of the W/W emulsions developed here to study the possibility of producing a foamulsion by using dextran-in-PEG emulsion as the continuous phase of the foam. First, we prepared a dextran-in-PEG emulsion (10 wt% of dextran and 10 wt% of PEG) stabilized with LG at a concentration of 12 mM and with a molar ratio of decanol: LG equal to 3:1. Then, the double-syringe technique was used to produce the foams (Gaillard et al., 2017). First, we measured the foamability, that is to say the quantity of foam produced at the end of the foaming process. Then, the stability of the foams was followed by measuring both the evolution of the foam volume and the volume of drained liquid over time with the naked eye (Supplementary Figure S8).
Production of foam from the W/W emulsion stabilized by lamellar structures formed by APGs and fatty alcohols without the addition of additional surfactants was not possible (Supplementary Figure S8A). Then, we tested the addition of surfactant inside the W/W emulsion and we studied the resulting foaming properties. With the addition of DG at a concentration of 18 mM, no foam was produced (Supplementary Figure S8B). However, in the presence of SDS at a concentration of 18 mM, a high quantity of foam which was relatively stable with time was obtained (Figure 7A). By fluorescence microscopy, the presence of droplets surrounding the air bubbles were clearly distinguished similar to the ones observed for foamulsion based on oil-in-water emulsion (Figure 7B) (Salonen, 2020). The initial foam volume was around 10.5 mL showing the good foamability of the foamulsion. Then, the foam volume decreased slightly in the first 4 h to reach a foam volume around 7 mL associated with drainage (liquid volume inside the foam around 1 mL after 4 h). After 24 h, no more foam was present only few bubbles remained (Figure 7A and Supplementary Figure S9). We performed control experiments by producing foams with only dextran and SDS or only PEG and SDS at the same concentration (18 mM). The foamulsion stabilized by mixture of fatty alcohols and APGs with 18 mM of SDS was observed to be much more stable than the foams produced with only dextran or only PEG since these controlled foams disappeared after 2–3 h (Supplementary Figures S10A, B). In the same way, no more foam was present after 3 h when foam was produced directly from the pure W/W emulsion not stabilized by fatty alcohols and APGs and with only SDS (Supplementary Figure S10C).
[image: Figure 7]FIGURE 7 | (A) Stability of the foamulsion. Pictures of the foam produced with the W/W emulsion (LG 12 mM, decanol: LG ratio 3:1) with the addition of SDS at 18 mM and its evolution over time. (B) Epifluorescence microscopy image of the foamulsion at t = 0. Droplets are labeled with FITC-dextran dye. The scale bar represents 30 μm.
4 CONCLUSION
In this study, we demonstrated that W/W emulsions can be efficiently stabilized by mixtures of APGs and fatty alcohol. The stability of the W/W emulsions is linked to the APGs concentration and the molar ratio between the APG and the fatty alcohol. We demonstrated the robustness of this system by using various APGs: decyl glucoside, lauryl glucoside and coco-glucoside, and also by using fatty alcohols with different alkyl chain lengths (decanol, dodecanol and myristyl alcohol). An effect of the APGs alkyl chain length between DG and LG was observed, since the use of LG made it possible to produce emulsions with the same droplet size as with DG but at a lower concentration. In addition, emulsions prepared with LG were more stable in the long-term than emulsions prepared with DG. The molar ratio between the fatty alcohol and the APG is also a key parameter governing the stability. We hypothesized that the mixture of fatty alcohols and APGs led to the formation of LGNs stabilizing the W/W emulsions due to their presence both in the bulk phase and surrounding the droplets. The structure of the LGNs seems to depend on the molar ratio and APG concentration in the same way already described in aqueous solution (Terescenco et al., 2018a; Terescenco et al., 2018b).
Altogether, this confirms that stabilization of such aqueous droplets occurs when the chemicals (and eventually their assemblies) used for this task have an equivalent affinity for both the polymer within droplets and the polymer in the continuous phase. We believe that adjusting the concentrations and molar ratio control this affinity and affords chemicals to come and stay at the droplet interface, further preventing droplet coalescence. Further investigations using freeze-Fracture transmission electron microscopy and small angle neutron scattering are planned to better characterize the self-assembled structures formed both in the bulk and at the interface, and to confirm the formation of LGNs.
With preliminary results, we showed for the first time that the production of a foam based on W/W emulsion is possible; and that its stability is better than the foam produced with the polymers alone or with polymers in mixture without being stabilized by self-assembled structures formed by APGs and fatty alcohols. The inclusion of a third phase to emulsions could be a promising strategy to expand the use of W/W emulsions in various fields (Luengo et al., 2021; Zhili, 2022). Our results offer the possibility to formulate W/W emulsions based on chemical components widely used at industrial scale and at low cost associated with an easy and simple formulation process. Our approach could be extended to more complicated systems such as multiple water-in-water emulsion systems, and they could be used for encapsulation, drug delivery, as micro reactors, etc. (Solans et al., 2003; Singh et al., 2018; Michaux et al., 2021).
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