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The encapsulation of active ingredients is an important process in various industrial sectors including pharmaceutics, foods and cosmetics. For the first time, the capacity of non-conventional anti-Bancroft oil-in-water Pickering emulsions stabilized by partially hydrophobized silica to encapsulate an apolar active is addressed. A dispersed phase volume of paraffin oil of 50% coupled to 0.5 wt.% of silica has been employed to avoid excess of silica in the continuous phase and encapsulate higher amount of ibuprofen (the model drug). Three ibuprofen contents ranging from 100 mg (1.6 mg/mL of paraffin) to 420 mg (6 mg/mL of paraffin) have been tested. The encapsulation efficiency as well as the emulsions properties are investigated by the means of light diffusion, microscopy, rheology, and HPLC coupled to mass balance. The Pickering emulsion is very efficient for the encapsulation of ibuprofen with encapsulation rates of 99% obtained inside droplets of 30 µm for all the 3 ibuprofen concentrations. This encapsulation ability is perfectly maintained, whether during ageing (during 90 days), or when the emulsion is diluted by a factor 100 inside physiological media at basic and acidic pH.
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1 INTRODUCTION
The encapsulation of active ingredients is an important process in various industrial sectors. Pharmaceutic, food, and cosmetics are some examples. To this aim, several strategies have been developed including emulsions, micelles, capsules, microparticles, lipids and liposomes (Zabot et al., 2022; Repka et al., 2023; Yan and Kim, 2024). Among them, the encapsulation of active ingredients inside droplets of emulsion appears as an interesting way in a wide variety of applications. Encapsulation of antibacterial products, essential oils, sunscreens, and drug delivery for pharmaceuticals applications are some examples. Up until now, the majority of active ingredients have been encapsulated inside classical surfactant-stabilized emulsions. The major problem with these types of emulsions is the leakage of active ingredients (Wang et al., 2020). This leakage can be produced by the coalescence of the droplets. It can be also due to micellar solubilization of the active ingredients in the presence of an excess of micelles of surfactants in the continuous phase (Rangel-Yagui et al., 2005). However, emulsions stabilized by particles, known as Pickering emulsions, are able to avoid these drawbacks.
Pickering emulsions appear then as an interesting alternative for encapsulation of active ingredients due to the absence of surfactants and, also, because of their high stability against coalescence (Harman et al., 2019; Tai et al., 2020; Sun et al., 2022). This high stability comes from the large adsorption energy of the particles at the O/W interfaces. Energies of desorption of the order of 104–105 kT are generally encountered. In comparison with classical molecular surfactant-stabilized emulsions, emulsions stabilized with particles display a lot of advantages. A large resistance to coalescence, coupled to long-term stability and dispersibility of liquid droplets, biocompatibility, tunable properties, and environmental friendliness are the most interesting characteristics of these systems. In addition, Pickering emulsions leads to encapsulation inside larger droplets which is not possible with classical surfactant-stabilized emulsions. For instance, ibuprofen has been encapsulated inside triglycerides acid in the presence of Mg(OH)2 particles (Sy et al., 2018), also inside corn oil in the presence of chitosan-alginate particles (Mao et al., 2020), and fish oil with cellulose-based nanofibrils (Li and Yu, 2023). Other active ingredients such as curcumin, caffeine, indomethacin, have been introduced inside oil droplets stabilized by various silica particles (Frelichowska et al., 2009; Simovic et al., 2010; Tikekar et al., 2013; Yaakov, et al., 2022). The previous examples highlight the high capacity of encapsulation of active ingredients with Pickering emulsions as compared with conventional systems stabilized by surfactants.
The versatility of Pickering emulsions to form O/W and W/O emulsions with the same system, i.e., oil, water and particles, has been demonstrated (Zanini et al., 2017; Ramos et al., 2023a). The versatility is mainly attributed to the roughness of the particles. In parallel, the initial wetting of the particles inside the continuous phase is also a major parameter which drives the type of emulsion (Binks and Lumsdon, 2000; Yan et al., 2001; Roques-Carmes et al., 2022). As a matter of fact, when the particles are initially pre-wetted and dispersed in water, O/W emulsions are obtained while W/O emulsions become feasible for particles initially wetted in the oily phase (Gonzalez Ortiz et al., 2020). Recently, we have demonstrated that partially hydrophobic silica, more precisely HDK 30, follows this kind of versatility (Ramos et al., 2023a). O/W and W/O emulsions were successively formulated with different oils (paraffin and dodecane) for dispersed-phase volume fractions up to 50%. In addition, these direct and reverse emulsions have a high stability and mainly against coalescence. This behavior was particularly true for the so-called non-conventional O/W emulsions stabilized by the silica. The term non-conventional indicates that the emulsion does not follow the Bancroft rule, or wetting rule, which means that hydrophobic particles with contact angle larger than 90° are theoretically unable to stabilize O/W emulsions. In that case, after pre-wetting in water, the silica particles are particularly well anchored at the O/W interfaces. We think that this kind of simple system can be useful for the encapsulation of active ingredients.
As far as the active ingredients are concerned, hydrophobic or apolar ingredients are generally encapsulated for food, cosmetic and pharmaceutical domains. Focusing more particularly to pharmaceutical applications, it can be noticed that the majority of pharmaceutical active ingredients (API) are lipophilic or hydrophobic (Ditzinger et al., 2019). However, an aqueous environment is generally encountered in the physiological environment. Consequently, the bioavailability of lipophilic API in an aqueous environment remains weak. One of the solutions to improve the bioavailability of lipophilic API is to encapsulate the API inside the oil droplets of oil-in-water (O/W) or even W/O/W double emulsions (Stauffer et al., 2019; Felix et al., 2022). Here, ibuprofen is selected as a model active ingredient. It is generally used in pharmacy but it has to be view here as a more general model for apolar constituents. No mode of application and route of administration (oral, cutaneous or intravenous administration) is really targeted in the present study. The emulsion was the same as previously discussed and is based on paraffin oil, water and HDK 30 silica. Paraffin oil and silica particles are officially approved pharmaceutical vehicles. Paraffin oil can be used in cosmetic but is less suitable for food applications. The dispersed-phase volume of paraffin oil is fixed to 50% while the silica content is maintained at 0.5 wt%. This low particle concentration should ensure good emulsion stability while avoiding excess of silica in the continuous phase. The high amount of oil aims to encapsulate a large amount of ibuprofen. Three amounts of ibuprofen are used. They range from 100 mg (1.6 mg/mL of paraffin) to 420 mg (6 mg/mL of paraffin).
2 MATERIALS AND METHODS
2.1 Materials
The stabilizing particles were silica HDK H30 from Wacker. They were partially hydrophobic silica particles which displayed a native particle size of the order of 20 nm (obtained from commercial data). In water, aggregates of particles of around 600 nm are detected by the means of dynamic light scattering (DLS) with a Malvern High Performance Particle Sizer (HPPS) instrument (Ramos et al., 2023b) even after the sonication step (see part 2.2). In detail, the suspensions were lightly turbid while the aggregates were not visible to the naked eyes. The hydrophobic character of this silica was demonstrated through a value of 122° of the contact angle of paraffin droplet on this silica in an aqueous environment coupled to a critical surface energy of the particles of 38 mJ/m2 (Ramos et al., 2023a). The paraffin oil used had a pharmaceutical quality (Cooper). Ibuprofen was selected as the active ingredient to be encapsulated. It was obtained from Sigma-Aldrich. The other chemicals such as methanol and hydrochloric acid were also provided from Sigma-Aldrich.
2.2 Emulsions preparation for ibuprofen encapsulation
The silica particle suspensions were prepared at 0.5 wt.% of particles content relatively to emulsion volume. A mass of 0.35 g of powder of silica particles was introduced into the aqueous phase (35 mL). The particles were then wetted and dispersed by the aqueous continuous phase with a magnetic stirrer for 48 h. This long time was compulsory because of the hydrophobic nature of the silica (Ramos et al., 2023b). The aggregates of silica were broken by using a sonic probe for 20 min (550 Fisher sonic probe). The power of the apparatus was maintained at 120 W. Alternative ultrasound pulsation was applied (2 s on/2 s off).
The ibuprofen was dissolved in paraffin oil under magnetic agitation. Three ibuprofen contents were tested and introduced in 35 mL of paraffin oil, i.e., 100 mg, 210 mg, and 420 mg which corresponded to concentrations of ibuprofen in paraffin oil of 1.6 mg/mL, 3 mg/mL, and 6 mg/mL, respectively. Note that 420 mg of ibuprofen corresponds to the solubility limit of this product inside the oil. Note that the solubility limit of ibuprofen in paraffin was experimentally evaluated. For this purpose, a given mass of ibuprofen was dissolved inside 35 mL of paraffin oil and maintained under magnetic agitation during 24 h at ambient temperature.
Oil-in-water (O/W) emulsions were formulated in batches of volume of 70 mL. The paraffin oil content was fixed to 50 vol.%. To produce the emulsion, 35 mL of paraffin oil containing ibuprofen was introduced in the aqueous silica suspension (volume of 35 mL). An equivalent length of 2 diameters of the rotor-stator stem (UltraTurrax® DI 25 Basic using the S 25 N-10G stem from IKA-Werke GmbH & CO) was immersed into the oily phase. The rotor-stator energy was applied at 13,500 rpm (corresponding to 2038 g) during 10 min.
For each ibuprofen content tested, 3 separate emulsions of a volume of 70 mL were formulated. Each analysis (size, ibuprofen content encapsulated, rheology, etc.) was performed with the 3 samples and the data reported was the average of the results of the 3 samples.
2.3 Stability of ibuprofen loaded Pickering emulsions
The emulsion stability and the encapsulation stability were followed. For the temporal stability, the emulsions were stored at ambient temperature in the absence of light. Note that none of the emulsions contained preservative or bactericide. After 30, 60, and 90 days, the emulsion was simply mixed by hands prior to the analysis (size, encapsulation ratio, rheology).
The effect of the dilution of the emulsion in different physiological media at various pH on the emulsion stability and encapsulation stability was also studied. The dilution of the emulsion and all the buffers were made at a constant ionic strength. The measurements under physiological conditions were carried at ambient temperature. For this purpose, physiological media buffers of pH of 7.4, 6.8 and 1.2 were prepared. The buffers were prepared following European Pharmacopeia recommendations. The physiological medium at pH 1.2 was based on a mixture of 0.2 M of hydrochloric acid and 0.2 M of sodium chloride. The physiological medium at pH 6.8 was prepared by mixing 0.2 M potassium dihydrogen phosphate and 0.2 M of sodium hydroxide. The physiological medium at pH 7.4 was also based on phosphate buffer. pH values of prepared solutions were controlled before and after dilution of the emulsion. For the dilution, 0.1 mL of the emulsion was mixed with 9.9 mL of the buffer solution under magnetic stirring at 400 rpm (corresponding to 9 g) during 1 h. For each ibuprofen content and physiological media, 3 separate emulsions of a volume of 70 mL were formulated.
Another test was performed mainly for rheological purpose. The emulsion was directly prepared in the buffer at pH 1.2 instead of water. The buffer physiological medium at pH 1.2 contained the silica particles. The paraffin oil content was fixed to 50%v/v and the silica to 0.5 wt%.
2.4 Methods of characterization of the prepared emulsions
Measurements of O/W interfacial tensions were made, at room temperature (20°C), with a tensiometer (Kruss) equipped with a platinum ring. The measurements were conducted for water/paraffin oil (without silica and ibuprofen), water-silica/paraffin oil (without ibuprofen), water/paraffin oil-ibuprofen (without silica), and water-silica/paraffin oil-ibuprofen. The mass of ibuprofen introduced in the paraffin oil (35 mL) was equal to 420 mg. The silica particle concentration in water was equal to 0.5 wt.% relatively to water volume.
A MasterSizer 2000® (Malvern) was utilized to measure the droplet size distribution of the emulsions. The emulsions were gently hand-mixed prior to sampling. In parallel, images of the droplets inside the emulsions were captured via a digital microscope DinoLite AM4515T8 in order to confirm and refine the droplet size distribution. In the special case of unloaded emulsion (without ibuprofen encapsulated), confocal microscopy was used to probe the arrangement of the silica particles in the emulsions. A LSM 800 confocal microscope from ZEISS International was used. In this case, the rhodamine B at 10 ppm concentration, was utilized to tag the particles. The paraffin oil was not marked with any fluorescent dye.
An ARES strain-controlled rheometer (TA Instruments) was used to probe the rheological properties of the emulsions. The tests were performed with a plate-plate geometry with a diameter of 50 mm. The gap between the plate was maintained at 1 mm. The temperature was fixed to 20°C. Prior to the analysis, the emulsion was gently hand-shaken. For the measurements, a shear rate sweep from 100 s−1 to 1 s−1 in logarithmic sweeping mode was applied to the sample. To ensure the steady state regime, each shear rate was imposed during 20 s and the shear stress measurement was averaged over the following 20 s.
2.5 Encapsulation rate of ibuprofen loaded Pickering emulsions
In order to estimate the amount of ibuprofen encapsulated and the ibuprofen content remaining in the continuous phase, a protocol was developed. To this aim, a volume of 35 mL of emulsion was used for the fresh emulsions. For the measurements after 30, 60, and 90 days of storage, 11.66 mL of the same emulsions were used instead of 35 mL. A first volume of 10 mL was measured with a 10 mL graduated pipette and the 1.66 mL were then measured with an automatic micropipette. It was necessary to separate the continuous phase from the dispersed phase without breaking the emulsion. The centrifugation process was used to produce an accelerated creaming of the droplets. An Allegra X-22 centrifuge from Beckman-Coulter was utilized. The centrifugation of the emulsions took place at 3,000 rpm (corresponding to 1,207 g) for 30 min. At the end of the centrifugation, two phases can be distinguished. On the one hand, the lightest phase contained the dispersed phase, i.e., the droplets and the ibuprofen encapsulated. On the other hand, the phase at the bottom was constituted of the continuous phase which included the remaining silica non-adsorbed onto the droplets and the ibuprofen non-encapsulated. The amount of ibuprofen in the recovered continuous phase was determined using an HPLC system (Shimadzu LC20AD) with UV/Vis detection at 220 nm on a C18 column (Hypersil BDS C18 150 × 4.6 mm; 3 µm) with a mobile phase composed of acetonitrile HPLC grade and ultrapure water (60:40, v/v, pH = 2.7, adjusted with orthophosphoric acid). Method was validated in terms of linearity and specificity from 1 μg/mL to 25 μg/mL. Samples of continuous phase were filtered through 0.45 µm PVDF filter and diluted in mobile phase before injection. The results from the measurement and calibration curve were given in terms of µg/mL. The detection limit and the quantification limit were estimated to 129 ng/mL and 148 ng/mL, respectively, using the signal-to noise approach according to ICH Q2(R2) guideline. The ibuprofen concentration was converted in mass in order to compare it with the mass of ibuprofen initially introduced in the paraffin oil. For the dispersed phase, the samples of dispersed phase were diluted in methanol prior centrifugation and dilution of supernatant in mobile phase. In details, the recovered dispersed phase was diluted inside 10 mL of methanol in order to destabilize the droplets. The mixture was stirred using a vortex during 30 s. Then, the solution was centrifuged at 10,000 rpm (corresponding to 13,416 g) for 30 min. The aim of the centrifugation was to separate the silica particles from the solution. The supernatant from the centrifugation was then diluted in mobile phase prior to enter the HPLC system for the quantification of the amount of ibuprofen. For each emulsion, a mass-balance was conducted to ensure the validity of the ibuprofen contents measured. In all the cases, the mass-balance was satisfactorily based on the experimental margin of errors. The encapsulation efficiency was calculated by the following formula detailed in Equation 1:
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where m(dispersed) is the mass of ibuprofen detected in the dispersed phase and m(continuous) is the mass of ibuprofen detected in the continuous phase.
3 RESULTS AND DISCUSSION
3.1 Properties of non-loaded and ibuprofen loaded fresh emulsions
We start with the O/W emulsions in the absence of ibuprofen. Paraffin oil/water interfacial tensions in the presence and absence of particles are similar, i.e., around 33 mN/m and 34 mN/m (Table 1). This does not mean that the particles do not adsorb at the paraffin/water interface since many studies highlight the absence of variation of the O/W interfacial tensions in the presence of adsorbed particles at the surfaces of the droplets (Fernandez-Rodriguez et al., 2015; Powell and Chauhan, 2016; Zhang et al., 2017; Dekker et al., 2023; Velandia et al., 2025). Non-conventional direct O/W emulsions are successively formulated with a phase content of 50 %v/v. An average droplet diameter of 40 µm is obtained (Figure 1A). The confocal microscopic image of the emulsion emphasizes that the silica particles adsorb at the paraffin/water interfaces (Figure 1B). In addition, no visible silica particles can be detected in the continuous phase. This seems to indicate that only few silica particles are in the continuous phase and that the majority of silica is situated at the O/W interfaces. This corresponds well with our previous finding where we measured that around 80% of the silica is at the interface (Ramos et al., 2021).
TABLE 1 | Paraffin oil/water interfacial tension in the presence of silica particles in the water (“Silica aqueous suspension”) and ibuprofen in the paraffin oil (“Paraffin oil + Ibuprofen”).
[image: Table 1][image: Figure 1]FIGURE 1 | (A) Droplet size distribution of O/W emulsions with various amounts of ibuprofen. (B) Confocal fluorescence images of emulsion prepared in absence of ibuprofen. Silica particles appear bluish.
In the presence of ibuprofen, the O/W interfacial tension decreases from 35 mN/m (absence of ibuprofen) to 25 mN/m in the presence of ibuprofen (Table 1). Two approaches can explain this diminution. First, a possible interfacial activity of ibuprofen can be considered. In that case, the ibuprofen cannot be seen as a surfactant since lower interfacial tensions are expected with surfactants (Roques-Carmes et al., 2009; Biswal and Singh, 2016; Akhlaghi et al., 2021; Jiang et al., 2021). Second, the change of the dielectric constant of paraffin in the presence of ibuprofen could take place. This change of dielectric constant was also observed for water in the presence of K-carrageenan (KC) leading to a decrease in the indopol/water-KC interfacial tension (Jaber et al., 2022). It is then considered that the drop of interfacial tension is not due to the interfacial activity of ibuprofen but to the change of dielectric constant of the paraffin oil in the presence of ibuprofen. The droplet size is reduced in the presence of ibuprofen (Figure 1A). The average droplets diameter decreases from 40 µm (absence of ibuprofen) to 30 µm in the presence of ibuprofen. The reduction of the O/W interfacial tension in the presence of ibuprofen explains this diminution of the droplets size. Actually, the droplets size diminishes as the interfacial tension decreases if the stirring energy remains constant which is the case here. The droplets size seems not significantly impacted by the amount of ibuprofen loaded.
Figure 2 displays the rheological properties (viscosity vs shear rate) of the fresh emulsions without and with ibuprofen at different contents. Unloaded and ibuprofen-loaded emulsions exhibit non-Newtonian shear-thinning behaviors as expected for emulsions (Derkach, 2009). In other words, the viscosity decreases with the shear rate for all the emulsions. In the absence of ibuprofen, the viscosity is slightly larger than for the emulsions containing ibuprofen. Viscosity of ibuprofen-loaded emulsions seems to follow the following order η (0 mg) > η (100 mg) > η (210 mg) > η (420 mg). However, the difference between the curves is relatively low.
[image: Figure 2]FIGURE 2 | Flow behavior of fresh unloaded and ibuprofen-loaded emulsions with various amounts of ibuprofen.
3.2 Ibuprofen encapsulation inside fresh emulsions
It is relevant to measure the amount of ibuprofen encapsulated and the ibuprofen content remaining in the continuous phase. The results are reported in Table 2. The results are expressed in terms of masses of ibuprofen in order to compare them with the mass of ibuprofen initially introduced in the paraffin. The masses of ibuprofen measured in the dispersed phase are 52 mg, 109 mg, and 230 mg for the theoretically introduced masses of 50 mg, 105 mg, and 210 mg, respectively. The masses of ibuprofen encapsulated are close to those initially introduced. In parallel, the masses of ibuprofen remaining in the continuous phase are low since they are lower than or equal to 1 mg. It is interesting to note that for all the samples, the mass-balance is satisfactorily based on the experimental margin of errors. From these data, it can be concluded that encapsulation ratios of ibuprofen larger than or equal to 99% are obtained regardless of the introduced ibuprofen content. In addition, a very small amount of non-encapsulated ibuprofen remains in the continuous phase. The partition of the ibuprofen between the droplets and the continuous phase is in favor of the droplets. All the ibuprofen is inside the droplets. The distribution is less marked with surfactants-stabilized emulsions (Repka et al., 2023).
TABLE 2 | Repartition of ibuprofen between the dispersed and continuous phases of fresh O/W emulsions loaded with 100, 210 or 420 mg of ibuprofen.
[image: Table 2]3.3 Long-term stability and encapsulation efficiency of ibuprofen loaded emulsions
The long-term stability is assessed here in terms of emulsion stability, amount of ibuprofen encapsulated and also rheology properties, during 30, 60, and 90 days. The emulsions were stored at room temperature in a cupboard away from light. The temporal variation of the average diameter of the droplets of the emulsion loaded with various contents of ibuprofen is reproduced in Figure 3. The evolution of droplet size distribution of Pickering emulsions loaded with 100 mg and 420 mg of ibuprofen through 0, 30 or 60 days are also depicted in Figure 4. For each initial ibuprofen content, the average droplets size does not evolve during 90 days. In addition, the absence of oil leakage during this period confirms the absence of coalescence and highlights the stability of the emulsions. This stability occurs for all the emulsions regardless of the ibuprofen content. It is also interesting to note the absence of visible fungus and bacteria inside the emulsions after 90 days despite the absence of preservative and bactericide.
[image: Figure 3]FIGURE 3 | Evolution of average droplet size of emulsions with various amounts of ibuprofen through 0, 60 or 90 days. Results are presented as mean of 3 independent emulsions.
[image: Figure 4]FIGURE 4 | Evolution of droplet size distribution of Pickering emulsions loaded with (A) 100 mg and (B) 420 mg of ibuprofen through 0, 30 or 60 days.
The evolution of the viscosity is evaluated during 60 days (fresh emulsion, emulsions after 30 days and 60 days). The results are depicted in Figure 5. The flow curves (viscosity vs shear rate) depend on the amount of ibuprofen encapsulated inside the droplets. In the absence of ibuprofen, the flow curves do not significantly vary with time. In details, the flow curve slightly decreases after 30 days of storage. On the opposite, in the presence of ibuprofen, a significant decrease of the viscosity and flow curve take place after 30 days as compared to the fresh emulsion. The viscosities after 30 days and 60 days remain similar. For the largest amount of ibuprofen (420 mg), a regular diminution of the viscosity and flow curve can be observed between the fresh emulsion and after 30 and 60 days. Looking carefully at all the curves, it appears that the difference in viscosity with time is significant at low shear rates (1–10 s−1) while the viscosities are equal at high shear rates of 100 s−1. This result was expected since at high shear rates, the viscosity of dispersed systems such as suspensions, dispersions and emulsions, tend towards the viscosity of the continuous phase (Derkach, 2009). In other words, the viscosity values do not depend on the organization of the droplets inside the emulsion. Looking deeply at the viscosities at low shear rate around 1 s−1 gives more information about the structuration and organization of the droplets inside the emulsion. After 30 days, the substantial reduction of the viscosity emphasizes that the structuration of the droplets is reduced. This phenomenon occurs mainly in the presence of ibuprofen. Actually, the diminution of the viscosity cannot be attributed to change in droplet size (Figures 3, 4). It can be probably explained by the rearrangement inside the droplets and at the interfaces with time. As a hypothesis, the modification of particle organization and wettability at the interface could take place with time. The reorganization of silica due to the presence of ibuprofen occurs with time. It can be also concluded that the emulsions just after preparation are not at equilibrium and evolve with time. For these kinds of systems, the batch produced cannot be release for quality analysis via rheology measurements just after preparation.
[image: Figure 5]FIGURE 5 | Flow behavior of fresh (“0 days”) and 30 or 60 days old (A) unloaded and (B) 100 mg, (C) 210 mg or (D) 420 mg ibuprofen-loaded Pickering emulsions. Results are presented as mean of 3 independent emulsions.
The amount of ibuprofen encapsulated as well as the partition between the droplets and the continuous phase are also monitored during 60 days. The data are displayed in Table 3. For each ibuprofen concentration, the mass of ibuprofen in the dispersed phase decreases from 17 to 14 mg, from 36 to 31 mg, and from 76 to 74 mg after 30 and 60 days. The difference is low and seems due to experimental uncertainties rather than a real release of the ibuprofen. This is confirmed by the slight increase of the mass of ibuprofen remaining in the continuous phase which does not correspond to a real release of the active ingredient. After 30 and 60 days, the percentage of ibuprofen encapsulated remains similar to that initially measured just after preparation (“0 Day”). In other words, after 30 and 60 days, the rate of encapsulation still remains over 99%. These results remain valid for all the ibuprofen concentrations studied here. This confirms unambiguously that the ibuprofen remains encapsulated since the ratio of ibuprofen does not change during the storage during 60 days. The lipophilic behavior of the ibuprofen coupled to the absence of droplets coalescence hinder its diffusion towards the aqueous phase. Ibuprofen is a small molecule. If a space between interfacial particles exists, i.e., a hole in the particle’s physical interfacial barrier, the active ingredient such as ibuprofen can theoretically cross the interface by the means of passive diffusion. For this to occur, it is necessary that: 1) the space between particles actually exist at the particle-laden interface and 2) the absence of supplementary obstacle or barrier created by electrostatic repulsions due to the particle’s charges. The confocal pictures displayed in Figure 1B seems to highlight a full coverage of the interface by the particles with one or more adsorbed layer. The value of logP has also to be considered. The value of logP in our system is equal to 3.51 confirming the low aqueous solubility of ibuprofen. This indicates that only a small amount of ibuprofen will be able to go through the aqueous phase. Even in the presence of a high gradient of concentration, the amount of ibuprofen in water will be relatively low. It is also interesting to note that recent studies showed and postulated that for Pickering emulsions, a stable barrier around emulsions droplets protect encapsulated materials (Haji et al., 2022). In the same spirit, it is evidenced that a dense and rigid solid particles-based network was observed to partition to the interface of the droplets in the Pickering emulsions. In addition, in the present study, we used original non-conventional particles in a sense of « anti-Bancroft ». These non-conventional particles could also create a second lipophilic barrier due to the hydrophobic character of the particles used. This adds a physico-chemical barrier in addition to the physical-barrier due to the solid nature of the particles. Finally, droplets coalescence is also a major cause of the leakage of active ingredients. The coalescence is hindered due to the presence of the particles. This limits even more the possibility of diffusion of ibuprofen inside the water.
TABLE 3 | Repartition of ibuprofen between the dispersed and continuous phases of fresh emulsions (“Day 0”) and after 30, and 60 days of storage loaded with 100, 210 or 420 mg of ibuprofen.
[image: Table 3]3.4 Behavior of ibuprofen loaded emulsions diluted in different physiological media
In this part, the effect of the dilution of the emulsion in different physiological media at various pH on the emulsion stability and encapsulation stability is discussed. We start with emulsions diluted 100 times in water, and buffers physiological media of pH of 7.4, 6.8 or 1.2. The pH of the ibuprofen loaded Pickering emulsions, containing initially 420 mg of Ibuprofen, diluted 100 times in distilled water or in a physiological media buffer were measured. The pH of water decreases from 5.56 to 4.51 when adding the ibuprofen loaded Pickering emulsion. Conversely, the pH values do not evolve after dilution in physiological media buffer. The final pH after dilution correspond, respectively, to pH = 1.44 ± 0.19, pH = 7.30 ± 0.01, and pH = 6.88 ± 0.08. The same pH were recorded for the 3 ibuprofen contents.
Figure 6 depicts the microscopic images and the droplet size distribution of the emulsions loaded with 100 mg, 210 mg or 420 mg of ibuprofen and diluted 100 times in water or in a buffer physiological media at different pH. For each ibuprofen content, the droplet size distributions are similar regardless of the dilution media. More interestingly, the droplet size distributions correspond well to that obtained with the fresh non-diluted emulsions (Figure 1A). Exposing ibuprofen loaded Pickering emulsions to physiological media with different pH do not impact their average droplet size. The average droplet size of ibuprofen loaded Pickering emulsions is not only unchangeable through time but also when exposed to the physiological media at different pH. This highlights the stability of the emulsion toward dilution in water or physiological media. This confirms that the silica particles do not desorb under dilution or change of pH.
[image: Figure 6]FIGURE 6 | (Left) Droplet size distribution of Pickering emulsions diluted 100 times in water (“Eau”) or in a physiological buffer media (pH = 7.4, pH = 6.8, pH = 1.2). (Right) Microscopic images of each emulsion diluted in water or in physiological buffer media at acidic pH of 1.2. Similar pictures are obtained with the physiological buffer media at the other pH (6.8 and 7.4). The emulsions are loaded with (A) 100 mg, (B) 210 mg or (C) 420 mg of ibuprofen.
In the following, the physiological medium at pH 1.2 was selected in order to test the stability of the encapsulation properties of the emulsions under severe conditions. The water is also used as a reference. The content of ibuprofen encapsulated and the partition between the droplets and the continuous phase are followed after dilution in water and physiological media at pH 1.2 during 1 h. The data are displayed in Table 4.
TABLE 4 | Repartition of ibuprofen between the dispersed and continuous phases of Pickering emulsions diluted 100 times in water (“Water”) and in a pH buffer physiological media at pH 1.2 (“pH = 1.2”).
[image: Table 4]The amount of ibuprofen encapsulated, i.e., the percentage of ibuprofen encapsulated, appears rather close to that obtained with the fresh non-diluted emulsions (Table 2). This is true for the acidic physiological media and water. The rate of encapsulation still remains over 98%. In parallel, the remaining ibuprofen content detected in the continuous phase appears weak and smaller than 1 mg. These results remain valid for the physiological media and water. This confirms unambiguously that the ibuprofen remains encapsulated. This means that the pH or the dilution are not a source of instability or release of ibuprofen. The fact that the rate of encapsulation remains high and constant after 1 h of dilution under stirring in the physiological media and water indicates the absence of early “burst” release which are sometimes encountered with Pickering emulsions due to the porosity and structure of the particles. The absence of release can be explained by the remarkable stability of this non-conventional O/W Pickering emulsions stabilized by partially hydrophobic silica. According to the structure of ibuprofen (pKa = 4.9), the presence of the carboxylic group may add two problems related to the pH: the possible dimer formation through H-bonds between protonated carboxylic group, COOH, and a change in the partition behavior due to the ionization of this group. According to the results, both events seem not to take place here. It is interesting to note that for classical surfactant-stabilized emulsions the behavior is different. The dilution of the emulsion can produce a modification of the repartition of the surfactants and the active ingredient toward the continuous phase. Actually, the surfactant could desorb (Geffroy et al., 2000; He et al., 2015; Sharipova et al., 2017) and favors the emulsion instability and active ingredient release.
The same dilution experiments were performed with emulsions after 30 days and 60 days (data not shown). Similarly to that obtain with the fresh emulsions, the dilution in the physiological media at different pH does not modify the droplets average size, the droplet size distribution, and the encapsulation efficiency. This confirms the high stability of the emulsion and the encapsulation during dilution and in physiological media at different pH even for aged emulsions.
It was not relevant to perform rheology experiments with the diluted emulsions because the data cannot be directly compared to those of the fresh non-diluted emulsions since the viscosity of an emulsion depends significantly on the dispersed phase volume fraction (Derkach, 2009; Velandia et al., 2021). To tackle this issue and have a constant dispersed phase volume while varying the pH, the emulsions were directly prepared with the buffer solution which contained the silica particles. It was decided to only prepare one type of emulsion for which the continuous phase was constituted of the buffer physiological medium at pH 1.2. The rheograms (viscosity as a function of the shear rate) of the unloaded emulsion and emulsions loaded with 100 mg, 210 mg, and 420 mg are reported in Figure 7 (“Buffer pH 1.2”). The data obtained with the same emulsions prepared with water are also inserted in the figure for sake of comparison (“Classical Emulsion”).
[image: Figure 7]FIGURE 7 | Comparison of flow behavior of the emulsions prepared with the particles dispersed in water (“Classical Emulsion”) and those directly prepared with the buffer solution at pH 1.2 (“Buffer pH 1.2,” particles dispersed in the buffer physiological medium at pH 1.2). The emulsions are loaded with (A) 0 mg, (B) 100 mg, (C) 210 mg or (D) 420 mg of ibuprofen. Results are presented as mean of 3 independent emulsions.
The trend of the flow curves (viscosity vs shear rate) of the classical emulsions and those prepared in a buffer medium at acidic pH are similar. The values of the viscosity are quite close at low shear rates while a larger difference occurs at high shear rates. Since the viscosity at high shear rates is related to the viscosity of the continuous phase, it can be observed that the acidic buffered continuous phase is less viscous and more fluidic than the water continuous phase. In addition, the absence of significant difference of viscosity at small shear rates indicates that the structuration and organization of the droplets inside the emulsion is not affected by the acidic buffer.
4 CONCLUSION
For the first time, non-conventional anti-Bancroft O/W Pickering emulsions were used as platform to encapsulate an apolar active ingredient. A high internal dispersed-phase volume of 50% of paraffin oil was employed in the presence of 0.5 wt% of partially hydrophobized silica particles. The weak silica concentration allowed to avoid excess of particles inside the continuous phase. The larger amount of dispersed phase aimed to encapsulate high amounts of ibuprofen used as model active ingredients. Three amounts of hydrophobic ibuprofen ranging from 100 mg (1.6 mg/mL of paraffin) to 420 mg (6 mg/mL of paraffin) have been studied.
The confocal images indicated that the majority of silica was adsorbed at the interface of the droplets and that only a weak amount remained in the continuous phase. In the presence of ibuprofen, the O/W interfacial tension decreased to 25 mN/m and produced concentrated emulsions of droplets of diameter of 30 µm lower than in absence of ibuprofen (40 µm). High ibuprofen loadings were obtained with encapsulation rates of 99%. The ibuprofen concentration had a slight impact on the viscosity of the emulsions.
The emulsions remained stable during 90 days. The encapsulation of increasing dose of ibuprofen had no impact on the emulsion stability. During this period, the ibuprofen remained encapsulated inside the droplets. The flow curves indicated that the emulsions became more fluid with time due to a change of the structure and organization of the droplets with time. The effect of the dilution of the emulsion in different physiological media was also evaluated. No variation of the droplet size distribution could be detected for all the pH and media. The size of the droplets was similar to that of the non-diluted emulsions. The emulsions displayed high stability toward dilution and pH. The ibuprofen remained encapsulated after 1 h of dilution under stirring indicating the absence of early burst release of the active ingredient.
Future studies will aim to demonstrate that the same system can be used with water/paraffin oil/silica reverse emulsions in order to encapsulate polar active ingredients such as insulin. This will pave the way for a platform for encapsulation based on paraffin oil, water and partially hydrophobic silica. This will be possible due to the versatility of this silica for the formulation of direct O/W and reverse O/W emulsions.
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