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Abstract

:

This work analyzes the dispersion of two highly hydrophobic actives, (9Z)-N-(1,3-dihydroxyoctadecan-2-yl)octadec-9-enamide (ceramidelike molecule) and 2,6-diamino-4-(piperidin-1-yl)pyrimidine 1-oxide (minoxidil), using oil-in-water nanoemulsions with the aim of preparing stable and safe aqueous-based formulations that can be exploited for enhancing the penetration of active compounds through cosmetic substrates. Stable nanoemulsions with a droplet size in the nanometric range (around 200 nm) and a negative surface charge were prepared. It was possible to prepare formulations containing up to 2 w/w% of ceramide-like molecules and more than 10 w/w% of minoxidil incorporated within the oil droplets. This emulsions evidenced a good long-term stability, without any apparent modification for several weeks. Despite the fact that this work is limited to optimize the incorporation of the actives within the nanoemulsion-like formulations, it demonstrated that nanoemulsions should be considered as a very promising tool for enhancing the distribution and availability of hydrophobic molecules with technological interest.
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1. Introduction


Colloidal carriers are good candidates for the encapsulation of hydrophobic actives, enhancing their availability [1,2,3,4]. The encapsulation procedures are based on the entrapping of the molecules within the carrier material, which results in the formation of particulate systems, favoring the dispersion and distribution of the actives in an aqueous environment [5,6]. Furthermore, the design of appropriate platforms for the solubilization and encapsulation of specific molecules needs to take into account several aspects related to the protection of the encapsulated compounds against degradation, and the long-term stability of the obtained formulations [7,8,9,10].



In the last two decades, oil-in-water nanoemulsions, with suitable compositions and physico-chemical properties, have been exploited for the encapsulation and delivery of different active molecules with interest in different industries, mainly the biomedical, food and cosmetic industries [11,12,13]. The growing interest in the use nanoemulsions for the loading and release of cosmetic actives is related to their recognized ability for facilitating the penetration of the molecules through cosmetic substrates, i.e., hair fibers or skin [14,15,16,17]. This has stimulated their application for enhancing the applicability of many actives, which presents poor stability and limited solubility in water [18].



This work explores the use of oil-in-water (o/w) nanoemulsions as platforms for the dispersion of two hydrophobic molecules, namely (9Z)-N-(1,3-dihydroxyoctadecan-2-yl)octadec-9-enamide (ceramide-like molecule, hereinafter CER) and 2,6-diamino-4-(piperidin-1-yl)pyrimidine 1-oxide (minoxidil, hereinafter MIN). The first one is a synthetic analogous of the main ceramide appearing in humans, which plays an essential role in the control of skin hydration. The disruption and degradation of the ceramide layer have a critical impact on the aging of skin and the emergence of wrinkles. These unsightly effects are associated with the modification of the hydration balance across the epidermal barrier. Therefore, it is expected that cosmetic formulations containing an exogenous source of a ceramide-like molecule may present a repairing effect for skin by hindering, at least partially, the undesirable effects associated with aging [19]. The second compound is a beta-blocker, which is frequently used in both medical products and cosmetic formulations for the prevention and treatment of alopecia due to its recognized role on the stimulation of the circulatory flow within the hair follicles [20,21]. Despite the fact that the real mechanism underlying the performance of the above molecules is almost unknown, different studies have evidenced their effectiveness, which has fostered many research efforts trying to optimize commercial formulations containing such molecules. However, the difficulties associated with the encapsulation process of both compounds lead in many cases to formulations presenting a reduced amount of the active molecules, which in turn reduces their efficacies. Furthermore, such formulations are relatively expensive, which is an important drawback towards commercialization [14,22]. Therefore, the preparation of simple formulations with long-term stability that can enhance the encapsulation yield of hydrophobic molecules, and consequently their bioavailability, is a challenge for the cosmetic and pharmaceutical industries. This makes of the incorporation of CER and MIN within the oil droplets of aqueous-based emulsion-like systems a viable alternative to ensure the stabilization of the actives and contribute to their dispersion. Furthermore, this type of formulation may result in more convenient application because their liquid nature makes easy their spreading onto the cosmetic substrate, and their high aqueous content may facilitate the removal of the residues upon rinsing. This work tries to exploit the phase inversion induced by the temperature method (PIT) for preparing oil-in-water nanoemulsions loaded with hydrophobic actives. The PIT method is categorized as a low energy method for the preparation of nanoemulsions, allowing the preparation of oil-in-water systems from a precursor water-in-oil dispersion taking advantage of the ability of the emulsifying agent for changing its relative solubility within the oily and aqueous phase with the change of temperature. Thus, the PIT method offers a tunable way for preparing nanoemulsions, which allows the prevention of the degradation of the encapsulated compounds and consumes low amounts of energy. Furthermore, this approach may be easily scalable from laboratory to industrial applications [23].




2. Materials and Methods


2.1. Materials


Oleic acid (purity > 99%) supplied by Sigma-Aldrich (Saint Louis, MO, USA), were used as oil phase of the different prepared nanoemulsions. Polyoxyethylene(20)sorbitan monooleate (Tween 80) purchased from Sigma-Aldrich (Saint Louis, MO, USA) was used for nanoemulsion stabilization. The two hydrophobic compounds to be encapsulated: (9Z)-N-(1,3-dihydroxyoctadecan-2-yl)octadec-9-enamide (CER) and 2,6-diamino-4-(piperidin-1-yl)pyrimidine 1-oxide (MIN) were supplied by Avanti Polar Lipids, Ltd. (Alabaster, AL, USA) and Sigma Aldrich (Saint Louis Sigma, Aldrich, MO, USA), respectively. Figure 1 shows the molecular structure of both hydrophobic actives.



Ultrapure deionized water used for cleaning and solution preparation was obtained by a multicartridge purification system aquaMAXTM-Ultra 370 Series (Young Lin Instrument, Co., Gyeonggi-do, Korea). The water used had a resistivity higher than 18 MΩ∙cm, and a total organic content lower than 6 ppm.




2.2. Nanoemulsion Preparation


Nanoemulsions were prepared by weighting using an analytical balance with a precision of ±0.1 mg. The preparation of the nanoemulsions was done by following phase inversion induced by temperature method (PIT) adapted from the work by Tong et al. [24]. This procedure takes advantage of the use of a non-ionic surfactant containing polyoxyethylene groups, which can change its relative solubility in water and oil phases as function of the temperature [25,26], and can be summarized as follows: initially, 4 g of a precursor water-in-oil emulsion equal amount of surfactant and oil phase (30–40 w/w% of the mixture) is prepared by adding the surfactant (30–40 w/w%) and a small amount of water (10–20 w/w% of the mixture) to the oil phase. This mixture is homogenized under magnetic stirring (1000 rpm) to obtain the precursor water-in-oil emulsion. Then, the precursor emulsion is heated at relatively high temperature (70 ± 1 °C) under continuous stirring and diluted by adding water dropwise up to obtain a dispersion with a water content about 50 w/w%. Thus, it is possible to force the inversion from the precursor water-in-oil emulsion to an oil-in-water one. After the dilution, the dispersion is maintained under continuous agitation at 70 ± 1 °C overnight to ensure the homogenization of the dispersion, and in those case in which actives are included within the dispersion for ensuring a good solubilization and distribution of the components within the formulation. It should be noted that the heating time can be reduced without compromising the preparation procedure. However, the use of such long time allows ensuring the homogeneity of the obtained dispersions. Finally, the oil-in-water emulsion is left for cooling down at room temperature during 24 h, and then diluted with water to obtain the oil-in-water nanoemulsion with the a final oil content in the range 10–30 w/w% of the total formulation. During the preparation of the nanoemulsions loaded with the active molecules, these were pre-dissolved in the oil phase of the precursor water-in-oil emulsion. In particular, formulations containing the ceramide-like molecule in the range 0–2.5 w/w% and minoxidil in the range 0–10 w/w%.



It should be noted that the choice of the temperature and time for preparation of the formulations was chosen following the results reported by Tong et al. [24]. They demonstrated that oil-in-water emulsions remaining without any signature of phase separation at high temperature during a period of at least 12 h will maintain such stability upon their cooling down and subsequent dilution. Furthermore, the temperature used for the preparation process is well below of the melting point of the encapsulated actives, and hence the induction of any thermal degradation of the formulations upon heating cannot be expected.




2.3. Characterization of the Nanoemulsions


Nanoemulsions were characterized by electrophoretic mobility measurements and Dynamic Light Scattering (DLS) using a Nanosizer ZS (Malvern instruments, Malvern, UK) [5,27,28,29,30,31,32,33].



The effective charge density of the droplets dispersed in the aqueous phase may be inferred from measurements of the electrophoretic mobility, ue, obtained using Laser Doppler velocimetry. The electrophoretic mobility is directly proportional to the zeta potential, ζ, which gives a measurement of the effective charge of the droplets, by Henry’s equation [34]


   u e  =  2  3 η   ε ζ f  (  κ a  )  ,  



(1)




where ε and η represent the dielectric permittivity and the viscosity of the continuous phase, respectively, and   f  (  κ a  )    is the Henry function, which for particles big enough assumes a value of 1.5 (Smoluchowski approach) [35].



DLS measurements were performed at 25 °C in a quasi-backscattering configuration (scattering angle, θ = 173°) using a He-Ne laser (wavelength, λ = 632 nm). DLS experiments allow one to obtain the time dependence of the normalized intensity autocorrelation function, g(2)(q,t) that for a dispersion of monodisperse scatters presenting Brownian motion, can be described in terms of an single exponential decay [36]


   g   ( 2 )     (  q , t  )  − 1 = β  e  − 2 t / τ   ,  



(2)




where t and τ are the time and the mean relaxation time, respectively, and q = (4πn/λ)sin (θ/2) is the wave vector, with n being the continuous phase refractive index (n = 1.33). In Equation (1), β is an optical coherence factor, which is generally found to be close to 1. The analysis of the intensity autocorrelation functions allows one to estimate the apparent diffusion coefficient Dapp = 1/τq2 that for spherical scatters diffusing in a continuous Newtonian medium allows one to estimate the size of the droplets as the apparent hydrodynamic diameter    d  a p p  h   ) by the Stoke–Einstein relationship


   d  a p p  h  =    k B  T   3 π η  D  a p p     ,  



(3)




where kB and T are referred to the Boltzmann constant and the absolute temperature, respectively.




2.4. Analysis of the Stability of the Formulations


The stability of the emulsions was evaluated by the change of the average size defined in terms of the changes of the apparent hydrodynamic diameter upon aging of the formulations at room temperature (in the range 20–25 °C). Furthermore, visual assessing of the stability was also performed by the emergence of gravitational destabilization process that results in the appearance of phase separation (frequently an oil layer on the top of the formulation).





3. Results


3.1. Characterization of Bare Oleic Acid in Water Nanoemulsions


A preliminary step towards the use of mixtures of water, oleic acid and Tween 80 as platforms for the encapsulation of active molecules is seeking the most suitable composition for preparing stable nanoemulsions. This makes it necessary to study dispersions with different compositions, i.e., different contents of oil (oleic acid), water and surfactant (Tween 80). Table 1 summarizes the screened compositions for determining the most suitable compositions for the preparation stable nanoemulsions which can later be used for the encapsulation of active molecules.



The only compositions which enable the preparation of stable formulations are those containing the same weight fraction of surfactant (Tween 80) and oil phase (oleic acid), with the increase in the oil concentration in relation to that of Tween 80 resulting in the destabilization of the dispersion. Thus, phase separation was observed for dispersions containing 75 w/w% of water after 20 days when the concentration of oil is 1.5 times than of the Tween 80, whereas the stability window drops down to 8 days for dispersions in which the oil:surfactant ratio is increased up to 2. On the other side, nanoemulsions with an oil:surfactant ratio of 1 remain stable after 6 months of aging. Therefore, it is clear that the concentration of surfactant must be at least equal to that of the oil phase in the dispersion, for ensuring the complete dispersion of the oil phase as droplets within the aqueous phase, avoiding any gravitational destabilization phenomena. This can be understood considering that the stabilization of nanoemulsions requires the formation of a dense surfactant shell around the oil droplets to prevent the coalescence and Ostwald ripening. These phenomena lead to the formation of droplet aggregates, which can separate from the emulsion.



Moreover, the use of Tween 80 for the stabilization of the oleic acid droplets allows preparing formulations with a high water content, in the range of 50–80 w/w%, appearing phase separations for dispersion containing higher water content. However, the emulsions including water in the range 50–68 w/w% appear very viscous, and should be discarded for encapsulation purposes due to the difficulties associated with their practical use. Therefore, nanoemulsions with a water content in the range 68–80 w/w% and an oil:surfactant ratio of 1 appears as the most suitable alternative for the encapsulation of hydrophobic actives within the oil droplets when dispersions containing water, Tween 80 and oleic acid are considered.



The characterization of the stable nanoemulsions was performed in terms of the droplet dimensions evaluated in terms of the apparent hydrodynamic diameter obtained from DLS measurements and the effective surface charge of the droplets evaluated in terms of the electrophoretic mobility (see Equation (1)). This latter parameter provides information on the potential stability of the formulations. Thus, high absolute values of the mobility, or zeta potential, are indicatives of a high surface charge of the droplets, which provides to the droplets with a high resistance against the aggregation. Figure 2 shows the autocorrelation functions of intensities and the respective intensity distributions obtained from the analysis of three stable nanoemulsions contained fixed water contents (50, 60 and 70 w/w%), and a fixed oil:surfactant ratio of 1. It should be noted that the high turbidity of the samples make impossible their direct measurement using DLS, and hence a dilution by a factor 10 of the nanoemulsions was required before performing the measurements. Furthermore, this also contributes to the reduction of the viscosity of the samples. It should be noted that any of the original nanoemulsions undergo destabilization upon dilution. This would be evidenced on the DLS results from the emergence of multiple contributions to the intensity distributions.



The results show that the autocorrelation functions decay over long times, appearing very similar independently of the composition of the dispersions. Furthermore, the intensity distributions obtained from the analysis of the autocorrelation functions shown in Figure 2b are considerably broad and similarly independent of the nanoemulsion composition, which indicates a high polydispersity of the droplets. It should be noted that the results suggest that once stable dispersions are obtained, the increase in the content of water phase of the nanoemulsions does not lead to any significant change in the size of the droplets. Thus, on the basis of the above results it may be expected that an increase in the oil content can lead to an increase in the number of droplets, and hence considering that the surfactant:oil ratio remains constant, the distribution of surfactant molecules within the oil droplet/water interfaces should not be significantly modified for nanoemulsions with different weight content of water and fixed surfactant:oil ratio of 1.



A more detailed analysis of the nanoemulsions may be done in terms of the apparent hydrodynamic diameter, calculated from the diffusion coefficient obtained by DLS from the intensity distribution (Figure 2b), and the electrophoretic mobility. Figure 3 shows the water content (   c   H 2  O    ) dependences of the apparent hydrodynamic diameter and the electrophoretic mobility for nanoemulsions with an oil:surfactant ratio of 1.



The results indicate that the droplets are relatively big with an average apparent hydrodynamic diameter about 200 nm. Furthermore, according to the negative values of the electrophoretic mobility values, the nanoemulsions should be considered as relatively stable systems due to their negative net charge evidenced on the negative values of the electrophoretic mobility reported in Figure 3b (equivalent to a zeta potential of −30 ± 2 mV). Considering that the Tween 80 is a non-ionic surfactant, it is expected that the negative charge may arise from the incorporation of some oleic acid molecules within the interfacial layers, with this oleic acid having their dissociated heads oriented towards the water phase [37,38]. This results in electrostatic repulsions between the droplets, which provides stability to the formulations. Therefore, the above results suggest that the nanoemulsions studied can be suitable platforms for the encapsulation of hydrophobic actives.




3.2. Encapsulation of CER and MIN in Oleic Acid in Water Nanoemulsions


On the basis of the results discussed above, nanoemulsions containing 75 w/w% of water and an oil:surfactant ratio of 1 were initially tested as potential candidates for the encapsulation of CER and MIN. This choice was selected considering that such composition corresponds to an intermediate value between the onset on the destabilization region (dispersions with a water content above 80 w/wt%) and the region where highly viscous nanoemulsions were obtained (dispersions with a water content below 68 w/wt%). The first step was possible to analyze the maximum amount of CER that may be accepted for a nanoemulsion with a specific composition without compromising the stability of the dispersion. This was possible by preparing independent formulations containing increasing amounts of the active molecule, which allows the evaluation of the maximum content that can be encapsulated from the appearance of an excess of the active substances without being solubilized in the vial or by the emergence of the instability of the formulation due to the incorporation of the active substance, i.e., induction of phase separation due to the incorporation of the active substance.



The results showed that the considered nanoemulsions with a water content of 75 w/w% and an oil:surfactant ratio of 1 may include up to 1.5 w/w% of the ceramide-like molecule, without any signature of phase separation or sedimentation of the encapsulated molecule. This means that it is possible to include 2.7 × 10−3 mol of CER for each 100 g of the formulation. The increase in the CER content up to 1.6 w/w% of the formulation leads to the separation of part of the ceramide-like molecule as a precipitate at the bottom of the vial containing the formulation. Figure 4 shows the dependences of the average hydrodynamic diameter and the electrophoretic mobility on the amount of ceramide-like molecule (cCER) included within the nanoemulsion droplets.



The results shows that the ceramide-like molecule can be incorporated within the nanoemulsion up to a maximum concentration of 1.5 w/w% without any significant change in the size of the droplets. However, the incorporation of increasing amounts of ceramide within the nanoemulsions leads to a broadening of the size distribution (bigger error bars). This may be associated with an increase in the polydispersity of the droplets in relation to the nanoemulsions without the incorporation active ingredient. Thus, the incorporation of the ceramide-like molecule within the nanoemulsion leads to an increase in the polydispersity index (PDI) by a factor of around 2 as is reported in the results in Table 2. The absence of a clear dependence of the half height of the size distribution, and hence of the polydispersity index, on the concentration of solubilized ceramide-like molecule appears as a signature of the absence of any significant destabilization of the nanoemulsions upon the encapsulation process. The electrophoretic mobility value of the nanoemulsion (Figure 4b) remains in negative values independently of the amount of encapsulated ceramide-like molecule. However, a slight decrease in the absolute value of the electrophoretic mobility of the nanoemulsions with the increase in the ceramide-like molecule concentration was observed. This may be rationalized considering that a part of the ceramide-like molecule is placed at the interfacial layer adsorbed at the droplet-aqueous phase interface, replacing negatively charged oleic acid molecules and hence the effective charge density of the droplets is reduced. However, a detailed analysis of the zeta potential indicates that the surface charge of the droplets upon the encapsulation of the ceramide-like molecule should be considered almost negligible. This indicates that the incorporation of the ceramide-like molecules within the oil droplets does not significantly modify the stability of the nanoemulsions, which appears mainly governed by the electrostatic repulsion between the charged droplets.



The same approach used for loading the ceramide-like molecule within the nanoemulsions was exploited for including the second active ingredient, i.e., the minoxidil. The results showed that minoxidil can be incorporated within the nanoemulsions in a concentration that is several times higher than the corresponding one for the ceramide-like molecule. Thus, nanoemulsions with up to 10 w/w% of minoxidil were obtained without any signature of destabilization on the formulation. This means that it was possible to include at least 4.8 × 10−2 mol of minoxidil per each 100 g of dispersion. This does not mean that such concentration is the maximum amount of minoxidil that the formulation can incorporate. However, the application of formulations containing 10 w/w% of minoxidil involves between 2 and 5-fold the conventional dosages of most commercial formulations for topical application, and hence this work has been limited to the incorporation within the nanoemulsions of a reasonable minoxidil concentration for a practical purpose [39]. Figure 5 shows a comparison of the dependence of the droplet size of the nanoemulsion on the concentration of both active ingredients (cactive), as well as the electrophoretic mobility of the droplets.



Despite the maximum amount of encapsulated minoxidil is several times higher than that of ceramide, there are no changes neither on the droplet size nor on the electrophoretic mobility with the concentration of minoxidil, remaining both parameters very close to those obtained for nanoemulsions containing ceramide (see Table 3 for a summary of the effect of the inclusion of minoxidil on the size and surface charge of the droplets). In particular, the absence of any change on the electrophoretic mobility with the minoxidil concentration suggests that, on the contrary to that what happens for the encapsulation of the ceramide-like molecule, minoxidil molecules are placed only in the inner region of the oil core of the droplets with a very limited incorporation at the droplet/aqueous continuous phase interface, and hence the effective charge of the droplets loaded with minoxidil continues to be defined by the dissociated groups of the oleic acid placed in the protecting shell of the droplets. This may be understood easily considering that CER is a clear amphiphilic molecule, whereas the amphiphilicity of minoxidil is lower and hence its adsorption at the fluid/fluid interface is rather limited (see Figure 1).



To further increase the maximum amount of encapsulated ceramide-like molecule, nanoemulsions with different compositions were tested. Table 4 summarized the maximum amount of ceramide-like molecule encapsulated in nanoemulsions as function of the water content at a fixed oil:surfactant ratio of 1, i.e., in nanoemulsions containing different volumes of oil phase and hence different numbers of droplets for solubilizing the ceramide-like molecule. Thus, the lower the water content the higher the amount of oil contained within the formulation.



The results show that the increase in the amount of oil phase results in an enhancement of the encapsulation of the ceramide-like molecule, which may be ascribed to the higher volume available for its distribution. Thus, considering that the increase in the oil content of the nanoemulsions accompanied of an equivalent increase in the surfactant leads only to an increase in the number of droplets, it may be expected that more oily nanoemulsions can favor the solubilization of higher concentrations of actives. On the other hand, the increase in the water content above 75 w/w% leads to a slight decrease in the maximum amount of ceramide that can be incorporated within the nanoemulsion without compromising its stability.




3.3. Long-Term Stability of Nanoemulsions Loaded with CER and MIN


The long-term stability of the dispersions containing the hydrophobic actives can be followed in terms of the time evolution of apparent hydrodynamic diameter of the droplets. Figure 6 shows the time evolution of the apparent hydrodynamic diameter of the droplets of nanoemulsions with a water content of 75 w/w% and a fixed oil:surfactant ratio of 1 loaded with different concentration of the hydrophobic actives.



The temporal evolution of the apparent hydrodynamic diameter of the nanoemulsions loaded with CER and MIN appears rather constant during the first month of aging. Thus, it is possible to assume that the storage of the nanoemulsions loaded with the actives does not undergo any significant destabilization upon their storage at room temperature. This makes it possible to assume that the studied nanoemulsions can present good long-term stability, which is further confirmed by the absence of any creaming or sedimentation on the dispersion during a period longer of one year.





4. Conclusions


Different oil-in-water nanoemulsions with relatively simple compositions were tested as platforms for the encapsulation of two molecules of potential interest in the cosmetics industry: a ceramide-like molecule and minoxidil. The results show that these two active ingredients can be efficiently encapsulated using nanoemulsions containing a water fraction in the range 68–80 w/w%, and a very reduced amount of oil (in the range 10–16 w/w%), maintaining a ratio between the oil content and that of the stabilizing agent (Tween 80) of 1. This makes possible the preparation of formulations loading up to a maximum of 2 w/w% of the ceramide-like molecule for nanoemulsions having a water content of 73 w/w% and an oil:surfactant ratio of 1, and more than 10 w/w% of minoxidil, within oleic acid droplets having an average size about 200 nm. Despite the fact that the content of oil that can be loaded into the droplets can be modulated by changing the composition of the formulation, this affects neither to the size nor the average surface charge of the droplets. This is explained considering that the only effect of the modification of the amount of the oil and aqueous phases maintaining a constant oil:surfactant ratio is to change the number of droplets and hence the accessible volume for the distribution of the actives. The nanoemulsions’ droplets remain stable due to their effective negative charge. It is true that this work has been only focused on the optimization of the encapsulation efficiency of nanoemulsions for a ceramidelike molecule and minoxidil. However, the results suggest that this type of colloidal dispersion may provide a versatile tool for enhancing the distribution of hydrophobic actives with cosmetic interest. This is possible because the methodology used in this work allows the preparation of stable formulations taking advantage of the ability of a non-ionic surfactant for changing its properties due to a temperature change, without needing any organic solvent or co-surfactant for ensuring the dispersion of the active substance.
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Figure 1. (a) Molecular structure of (9Z)-N-(1,3-dihydroxyoctadecan-2-yl)octadec-9-enamide) and (b) 2,6-diamino-4-(piperidin-1-yl)pyrimidine 1-oxide. 
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Figure 2. DLS study of different nanoemulsions with different water contents and a fixed oil:surfactant ratio of 1. (a) Autocorrelation functions of intensities. (b) Intensity distributions. The different plots correspond to nanoemulsions with different water contents: (―) 50 w/w%, (―) 60 w/w% and (―) 70 w/w%. Notice that the high turbidity of the mixtures makes necessary a dilution of the sample by a factor 10 for performing DLS measurements. 
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Figure 3. (a) Dependence of the apparent hydrodynamic diameter on the water concentration for nanoemulsions with a fixed oil:surfactant ratio of 1. The error bars provide information of the width at half height of the hydrodynamic diameter distributions defined as is shown in the inset. (b) Dependence of electrophoretic mobility on the water concentration for nanoemulsions with a fixed oil:surfactant ratio of 1. Notice that the high turbidity of the mixtures makes necessary a dilution of the sample by a factor 10 for performing DLS measurements. 
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Figure 4. (a) Dependence of the apparent hydrodynamic diameter on the encapsulated CER concentration for nanoemulsions with an oil:surfactant ratio of 1 and a fixed amount of water of 75 w/w%. The error bars provide information of the width at half height of the hydrodynamic diameter distributions. (b) Dependence of electrophoretic mobility on the encapsulated CER concentration for nanoemulsion with an oil:surfactant ratio of 1 and a fixed amount of water of 75 w/w%. The lines are guides for the eyes. Notice that the high turbidity of the mixtures makes necessary a dilution of the sample by a factor 10 for performing DLS measurements. 
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Figure 5. (a) Dependence of the apparent hydrodynamic diameter on the encapsulated active ingredient concentration for nanoemulsions with an oil:surfactant ratio of 1 and a fixed amount of water of 75 w/w%. The error bars provide information of the width at half height of the hydrodynamic diameter distributions. (b) Dependence of the electrophoretic mobility on the encapsulated active ingredients’ concentration for a nanoemulsion with an oil:surfactant ratio of 1 and a fixed amount of water of 75 w/w%. In the both panels: (●) nanoemulsions without active ingredient, (■) nanoemulsions with encapsulated ceramide, and (■) nanoemulsions with minoxidil. Notice that the high turbidity of the mixtures makes necessary a dilution of the sample by a factor 10 for performing DLS measurements. 
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Figure 6. Dependence of the apparent hydrodynamic diameter on the aging time at room temperature for nanoemulsions with an oil: surfactant ratio of 1 and a fixed amount of water of 75 w/w% loaded with different amount of CER (a) and MIN (b). The error bars provide information of the width at half height of the hydrodynamic diameter distributions. 
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Table 1. Summary of the compositions of the different nanoemulsions tested, and their stability.
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	Water

(w/w%)
	Tween 80 (w/w%)
	Oleic Acid (w/w%)
	Oleic Acid/Tween 80 Ratio
	Stability





	50.00
	25.00
	25.00
	1.00
	Yes



	50.00
	16.67
	33.33
	2.00
	No



	60.00
	20.00
	20.00
	1.00
	Yes



	60.00
	10.00
	30.00
	2.00
	No



	68.00
	16.00
	16.00
	1.00
	Yes



	68.00
	10.66
	21.33
	2.00
	No



	70.00
	15.00
	15.00
	1.00
	Yes



	70.00
	10.00
	20.00
	2.00
	No



	75.00
	12.50
	12.50
	1.00
	Yes



	75.00
	10.00
	15.00
	1.50
	No



	75.00
	8.25
	16.75
	2.00
	No



	80.00
	10.00
	10.00
	1.00
	Yes










[image: Table] 





Table 2. Average hydrodynamic diameter, polydispersity index, electrophoretic mobility and zeta potential for nanoemulsions with a water content of 75 w/w% and a fixed oil ratio of 1 loaded with different amounts of the ceramide-like molecule.
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	Loaded CER

(w/w%)
	    d h  a p p     

(nm)
	PDI
	108 ue

(m·V−1·s−1)
	Zeta Potential

(mV)





	0
	231
	0.137
	−(2.7 ± 0.1)
	−(30 ± 2)



	0.2
	275
	0.279
	−(2.8 ± 0.3)
	−(33 + 5)



	0.5
	277
	0.344
	−(2.3 ± 0.2)
	−(29 ± 3)



	0.8
	240
	0.259
	−(2.5 ± 0.2)
	−(29 ± 3)



	1.5
	229
	0.295
	−(2.5 ± 0.1)
	−(32 ± 2)



	1.6
	226
	0.365
	−(2.5 ± 0.3)
	−(34 ± 5)
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Table 3. Average hydrodynamic diameter, polydispersity index, electrophoretic mobility and zeta potential for nanoemulsions with a water content of 75 w/w% and a fixed oil ratio of 1 loaded with different amounts of the minoxidil.
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	Loaded CER

(w/w%)
	    d h  a p p     

(nm)
	PDI
	108 ue

(m·V−1·s−1)
	Zeta Potential

(mV)





	0
	231
	0.137
	−(2.7 ± 0.1)
	−(30 ± 2)



	2
	240
	0.282
	−(2.7 ± 0.1)
	−(31 + 2)



	5
	229
	0.286
	−(2.5 ± 0.3)
	−(30 ± 5)



	10
	230
	0.272
	−(2.8 ± 0.1)
	−(31 ± 3)
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Table 4. Maximum amount of ceramide-like molecule that can be included without any signature of sedimentation as function of the composition of the formulations.
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	Water

(w/w%)
	Ratio Oleic Acid/Tween 80
	Maximum Amount of Encapsulated CER

(w/w%)





	73.00
	1.00
	2.00



	75.00
	1.00
	1.60



	77.00
	1.00
	1.50



	80.00
	1.00
	1.50
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
(b)

O

o / A1suajuy

12

(a);

t (us)

t (us)





nav.xhtml


  cosmetics-08-00045


  
    		
      cosmetics-08-00045
    


  




  





media/file2.png
H,N

(b)





media/file5.jpg
@)

LA

L
& é h §% o
} } botles
R EE R T
€y (WVY0) Gy V%)






media/file3.jpg
it

0

10

10°

10

10"

10

0

00

)

)





media/file1.jpg
~ NH
oH
OH

(@)

(b)





media/file7.jpg
@ ®
T 2
= <
——— T T -
P 5 [N
sab ]
00 03 o 15 00 03 10 5
Coun (WIN%) oy V%)






media/file10.png
(aB | | | | Ilfl I (bs | | ' | | ///'l |
2T
! +
BLL, 1 & +

+ n - | [ | | §m % i %
= -3

] ) ] ) ] ) l l /Y ] ] ) ] ) ] ) ] ) ] /Y ]

[44 44
0 1 2 3 4 10 0 1 2 3 4 10
Caclive (W/W%) Caclive (W/W%)






media/file12.png
450 | . | | e
(a) )
300 | T e § | |
| g
| E mi ’
; | RS i
| 4= 150 + - | |
CCER:1 6 Wt% O CM[N:2 W/W%
| | | | 0 E: CMIN:1|O W/V.V% ' | |
10 20 30 40 0 10 20 30 40
t / days





media/file9.jpg





media/file0.png





media/file8.png
600

500

~ 400
= I
=

= 300

'pp

SN

100

200

- (a)
B n
}/ \.\-_-
| L L | L L | L | L
0.0 0.5 1.0 1.5
Crin (W/W%0)

4

10°u (m-V'l-s'l)

1
[\

1
wo

CCER

1.0 1.5
(W/w%)






media/file11.jpg
5 = (b)
i 1 ) 300 1
E 1 £ %
¥ : Pl [ 3
" . - o 0 10 20 30

0
i/ days.






media/file6.png
| | | v | | | |
- (b)
— B _‘A _2 |
T 'Eﬂ
10" 4" m)10° 7] '*-? _ %]
1 & | :
N N
- N } } 4 &= S
PO T [N T WY T N TN TR TN NN TN SO SO [N Y T T N PR I TR T Y [N TN TN TN (NN TN TN TN NN TR TR O NN T N
60 65 70 75 30 50 55 60 65 70
¢, (W/wW%) ¢, (W/wW%)





