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In order to overcome limitations of conventional methods, premix membrane emulsification (ME) using Shirasu porous glass (SPG) membranes was investigated for the preparation of O/W food-grade nanoemulsions. In this study, the effects of major emulsification process variables, formulation and membrane parameters on the mean droplet diameter and polydispersity (PDI) were systematically investigated. Stability of curcumin-loaded nanoemulsions with different size was also investigated during 28 days storage period. The results revealed that surfactant type and concentration, and medium-chain triglyceride (MCT) concentration played an important role on droplet size and PDI values, while premix quality, flow rate and cycle number had a minor effect on the droplet size. Moreover, there was a linear relationship between the membrane pore size and mean droplets size of nanoemulsions. Curcumin-loaded nanoemulsions with high encapsulation efficiency (> 94%) had a good stability (> 96% retention rate) after 28 days of storage at 4°C. Also, there were no major differences on the retention rate of curcumin for nanoemulsions with different droplet size when they were stored at 4 °C, 25 °C and 37 °C under both pH 3 and pH 7. These results indicated that premix ME can be successfully used for the preparation of food-grade nanoemulsions with controlled droplet sizes and narrow droplet size distributions.

Introduction

In recent years, there has been a strong interest in the pharmaceutical, cosmetic and food industries in the use of various nanostructured delivery systems of functional compounds, such as drugs, lipophilic substances, flavors, colors and antioxidants. Nanoemulsions, defined as emulsions with mean droplet diameters lower than 200 nm [START_REF] Jaiswal | Nanoemulsion: An advanced mode of drug delivery system[END_REF] or 500 nm [START_REF] Gazolu-Rusanova | Food grade nanoemulsions preparation by rotor-stator homogenization[END_REF], are being investigated intensively as delivery systems.

Nanoemulsions are mixtures of two or more immiscible liquids with one (dispersed phase) dispersed in the other (continuous phase) forming water-in-oil (W/O), oil-in-water (O/W), water-in-oil-in-water (W/O/W) or oil-in-water-in-oil (O/W/O) droplets stabilized by surfactants [START_REF] Shishir | Advances in micro and nanoencapsulation of bioactive compounds using biopolymer and lipid-based transporters[END_REF]. Generally, phase inversion temperature, phase inversion composition, high pressure homogenization, microfluidization and ultrasonication methods are used to produce nanoemulsions [START_REF] Jiang | Recent advances in encapsulation of curcumin in nanoemulsions: A review of encapsulation technologies, bioaccessibility and applications[END_REF]. However, these conventional methods have some drawbacks. For instance, phase inversion temperature and phase inversion composition methods consume low energy, but generate poly-dispersed nanoemulsions [START_REF] Date | Self-nanoemulsifying drug delivery systems: Formulation insights, applications and advances[END_REF].

On the other hand, high-pressure homogenizers, microfluidizers and ultrasonic techniques can produce mono-dispersed nanoemulsions, but require sophisticated instruments and extensive energy input [START_REF] Date | Self-nanoemulsifying drug delivery systems: Formulation insights, applications and advances[END_REF][START_REF] Jiang | Recent advances in encapsulation of curcumin in nanoemulsions: A review of encapsulation technologies, bioaccessibility and applications[END_REF]. To overcome the limitations of these conventional methods, membrane emulsification (ME) technology has attracted growing attention as a sustainable and efficient alternative to produce nanoemulsions.

ME is a drop-by-drop emulsification method through a porous membrane, introduced in Japan in 1988 (Piacentini et al., 2014a). ME is performed under mild shear conditions, which are suitable for the preparation of emulsions containing heat-sensitive ingredients [START_REF] Trentin | Microfiltration membranes to produce BSA-stabilized O/W emulsions by premix membrane emulsification[END_REF]. Another potential advantage of ME is that it creates mono-dispersed emulsions with controlled droplet sizes and narrow droplet size distributions in comparison to conventional methods [START_REF] Cheng | Pore structure design of NFES PTFE membrane for membrane emulsification[END_REF]. Moreover, ME has excellent reproducibility and good scalability [START_REF] Abrahamse | Process fundamentals of membrane emulsification: Simulation with CFD[END_REF][START_REF] Cheng | Pore structure design of NFES PTFE membrane for membrane emulsification[END_REF]. The process can be performed in two different ways: permeation of the dispersed phase through a porous membrane into stirring or crossflowing continuous phase (called direct ME or conventional ME) or passage of a premix through the membrane (called premix ME or membrane homogenization) [START_REF] Charcosset | Preparation of emulsions and particles by membrane emulsification for the food processing industry[END_REF]Piacentini et al., 2014b). In direct ME, fine droplets are formed in situ at the membrane/continuous phase interface. In premix ME, large droplets of coarse premix are disrupted into fine droplets by utilizing a membrane as a special kind of low-pressure homogenizing valve [START_REF] Vladisavljević | Preparation of microemulsions and nanoemulsions by membrane emulsification[END_REF]. Compared to direct ME, premix ME has several advantages: (ⅰ) the fluxes are much higher than in direct ME; (ⅱ) the mean droplet sizes are smaller than in direct ME; (ⅲ) premix ME process is easier to control and operate than direct ME; (ⅳ) the experimental set-up is simpler than in direct ME [START_REF] Nazir | Premix emulsification: A review[END_REF][START_REF] Vladisavljevic | Preparation of monodisperse multiple emulsions at high production rates by multi-stage premix membrane emulsification[END_REF]. On the other hand, nanoemulsions obtained with premix ME were shown to have a higher homogeneity that those obtained with classical techniques (ultrasounds and microfluidizer) (Alliod et al., 2019a). Therefore, premix ME is particularly attractive for the production of nanoemulsions.

To make use of these advantages for the preparation of nanoemulsions, ME has to be controllable and thus fully understood. The nanoemulsion formation in premix ME is affected by three types of parameters: membrane, formulation, and operating parameters. Gehrmann et al. [START_REF] Gehrmann | Instrumented small scale extruder to investigate the influence of process parameters during premix membrane emulsification[END_REF] developed an instrumented small scale extruder to produce nanoemulsions by premix ME using six different membrane materials (polycarbonate, polyester, polyethersulfone, polysulfone, nylon, polyvinylidene fluoride), and demonstrated that membrane material was a key factor for emulsifying success. In another study, Gehrmann et al. [START_REF] Gehrmann | Preparation of nanoemulsions by premix membrane emulsification: Which parameters have a significant influence on the resulting particle size?[END_REF] found that the flow rate had no major influence on the production of the nanoemulsions over a wide range, whereas the cycle number and the membrane pore size were important parameters. Moreover, the authors pointed out that it is worthwhile to investigate the influence of different parameters to optimize the process if the emulsifiermembrane combination is set [START_REF] Gehrmann | Preparation of nanoemulsions by premix membrane emulsification: Which parameters have a significant influence on the resulting particle size?[END_REF]. In recent years, there has been an increasing interest in ME using Shirasu porous glass (SPG) membranes as they have uniform pores, narrow pore size distribution, and a wide range of available mean pore sizes. [START_REF] Joseph | Evaluation of Shirasu Porous Glass (SPG) membrane emulsification for the preparation of colloidal lipid drug carrier dispersions[END_REF] demonstrated that nanoemulsions with narrow size distributions can be obtained by SPG ME techniques when optimized formulations and preparation parameters were used.

The volume prepared was 10 mL, the flowrates were measured between 0.3 and 1.25 mL/min and the transmembrane pressure was maintained below 10 bar. Thereafter, [START_REF] Alliod | Preparation of oil-in-water nanoemulsions at large-scale using premix membrane emulsification and Shirasu Porous Glass (SPG) membranes[END_REF] developed a new set-up to produce O/W nanoemulsions using premix ME with SPG membranes.

Nanoemulsions were thus prepared at large scale up to 500 mL at production rate up to 200 mL/min and pressure below 60 bar. For the same device, Alliod et al. (2019b) investigated the effect of viscosity (continuous, dispersed phase and overall emulsion viscosity) for nanoemulsions production by SPG premix ME.

Curcumin is a polyphenolic compound present in the Curcuma longa (turmeric). It can be used as a flavoring substance (bitter taste), a food preservative, a natural colorant (bright yellow color) in various foods and beverages. Moreover, it exhibits a wide range of bioactivities, such as antioxidant [START_REF] Ak | Antioxidant and radical scavenging properties of curcumin[END_REF][START_REF] Motterlini | Curcumin, an antioxidant and antiinflammatory agent, induces heme oxygenase-1 and protects endothelial cells against oxidative stress[END_REF], anti-inflammatory [START_REF] Brouet | Curcumin, an anti-tumor promoter and anti-inflammatory agent, inhibits induction of nitric oxide synthase in activated macrophages[END_REF][START_REF] Motterlini | Curcumin, an antioxidant and antiinflammatory agent, induces heme oxygenase-1 and protects endothelial cells against oxidative stress[END_REF], and anticancer [START_REF] Brouet | Curcumin, an anti-tumor promoter and anti-inflammatory agent, inhibits induction of nitric oxide synthase in activated macrophages[END_REF][START_REF] Jakubek | Strategy for improved therapeutic efficiency of curcumin in the treatment of gastric cancer[END_REF][START_REF] Liu | Anticancer effect of curcumin on breast cancer and stem cells[END_REF]. However, its applications are limited due to its poor water solubility, chemical instability, relatively high rate of metabolic degradation, rapid metabolism, and low oral bioavailability [START_REF] Jiang | Recent advances in encapsulation of curcumin in nanoemulsions: A review of encapsulation technologies, bioaccessibility and applications[END_REF]. To overcome these issues, incorporation of curcumin into nanocarriers, including nanoemulsions, is a suitable and efficient option. Many studies have shown that emulsion-based systems can greatly improve the stability and bioavailability of curcumin [START_REF] Xu | Stable emulsion produced from casein and soy polysaccharide compacted complex for protection and oral delivery of curcumin[END_REF][START_REF] Zheng | Impact of delivery system type on curcumin bioaccessibility: Comparison of curcumin-loaded nanoemulsions with commercial curcumin supplements[END_REF]. Different processes have been applied to prepare curcumin-loaded nanoemulsions. For example, Páez-Hernández et al. [START_REF] Páez-Hernández | Developing curcumin nanoemulsions by high-intensity methods: Impact of ultrasonication and microfluidization parameters[END_REF] prepared nanoemulsions containing curcumin through microfluidization and ultrasonication. [START_REF] Jintapattanakit | Vegetable oil-based nanoemulsions 23 containing curcuminoids: Formation optimization by phase inversion temperature method[END_REF] developed curcumin-loaded nanoemulsions using the phase inversion temperature method.

To the best of our knowledge, encapsulation of food ingredients in nanoemulsions has never been studied by premix ME. The objective of this research is to develop food-grade curcuminloaded medium-chain triglyceride (MCT) nanoemulsions using Tween 80 and Span 80 as surfactants by premix ME and SPG membranes. The influence of membrane pore size, formulation-related parameters including surfactant and MCT concentrations and operatingrelated parameters including flow rate, cycle number, premix quality on the resulting droplet sizes and polydispersity (PDI) values were evaluated. The optimum ranges for variables were applied to the preparation of curcumin-loaded nanoemulsions.

Materials and methods

Materials

Tween 80, Span 80, curcumin (≥99.5%), curcumin analytical standard (≥98.0%), dichloromethane and acetic acid were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Acetonitrile used for HPLC analysis was obtained from Carlo Erba. Labrafac TM lipophilic WL 1349 (MCT oil) was kindly provided by Gattefossé (Saint-Priest, France). Derquim+ was acquired from Derquim SL Inc. (Covelo, Spain). Ultrapure water was obtained from a Millipore Synergy Unit system. All other chemicals used in this work were of analytical grade and purchased from Sigma-Aldrich (St. Louis, MO, USA).

Experimental set-up

The experimental set-up consisted of a computer-controlled high-pressure benchtop single cylinder pump BTSP 500-5 (Floxlab, Nanterre, France) and a membrane module (SPG Technology Co. Ltd., Miyazaki, Japan) (Fig. 1). The membrane holder was equipped with a SPG tubular membrane (10 mm outer diameter, 0.7 mm wall thickness, 125 mm length), from SPG Technology Co., Ltd. (Japan). The membrane holder was connected to the high pressure pump, equipped with an accurate pressure sensor, two hand-operated valves for tank feeding and outlet delivery, a 500 mL storage tank and a touch panel computer. Furthermore, the high pressure pump was connected to an external computer (Dual_Pump Software) to allow the remote control of the pump from the central unit. The flow rate, volume and pressure delivered by the pump during operation can be controlled through both the touch panel computer and remote computer. The maximum pressure delivered by the pump was 345 bar, and the maximum flow rate was 200 mL/min.

Experimental procedures

Preparation of primary emulsions

Oil-in-water (O/W) emulsions were prepared for these experiments. The surfactant solution (aqueous phase) was first prepared by dispersing varying concentrations of Tween 80 into ultrapure water and stirring for at least 10 min to ensure complete dissolution. The oil phase was obtained by dissolution of Span 80 in MCT. Afterwards, the primary emulsion (premix) was formed by mixing the oil phase (5-15% w/w) with the aqueous phase. Different premix qualities were obtained using a magnetic stirrer (RCT Basic, IKA, Germany) at 700, 1100 and 1500 rpm for 10 min or a high-shear homogenizer (T25 digital Ultra-Turrax, IKA, Germany) at 8 000, 10 000, 12 000, and 14 000 rpm for 1 min at room temperature.

For curcumin-loaded nanoemulsions, the oil phase was prepared by adding different amounts of curcumin powder (0.1 to 0.9% w/w) into the MCT/Span 80 solution, then magnetically stirring for 20 min at 65°C in dark to ensure curcumin fully dissolution. The continuous phase consisting of water and Tween 80 was prepared at the same conditions as for the blank nanoemulsions. For the formulation of emulsions, 85 % (w/w) of water, 10% (w/w) of MCT, and 5% (w/w) of surfactant (Tween 80 and Span 80 at a ratio of 2:3) were used. The premix was formed by mixing the oil phase with the aqueous phase using a magnetic stirrer at 700 rpm for 10 min at room temperature.

Preparation of nanoemulsions by premix ME

Nanoemulsions were prepared by premix ME. Before the preparation of nanoemulsions, the continuous phase was delivered through the membrane to wet the membrane wall. Individual batches of primary emulsions were put into a glass bottle and pumped through the storage tank, then delivered through the membrane. After nanoemulsions production, the membrane was cleaned first with a 1% Derquim+ solution at 70°C and then rinsed with water until recovery of its hydrodynamic resistance to water, which is estimated from the slope of pure water flow rate versus membrane pressure. To evaluate the influence of the premix ME processing parameters on the droplet size and polydispersity (PDI) of the nanoemulsions, the experiments were carried out with different membrane pore sizes (0.3 to 0.8 µm), flow rates (5 to 50 mL/min) and cycle numbers (1 to 6). All experiments were carried out with 50 mL premix to minimize time and material consumption. Each experiments were performed 2 to 3 times.

Droplet size and polydispersity (PDI)

Droplet size of premixes were determined by laser diffraction (LD) particle size analysis with a Mastersizer 3000 (Malvern Instruments, UK). D10, D50 and D90 values which give an indication of size of the fine D10 and coarse D90 fractions, and the median droplet size D50 were obtained. D10 is the mean droplet diameter at which 10% of the droplets in volume are smaller than this size, similarly 90% lie below D90 and 50% below D50. Droplet size and PDI of nanoemulsions were measured using a Zetasizer Nano ZS (Malvern Instruments, UK). The droplet size was determined using dynamic light scattering (DLS), at a wavelength of 633 nm and scattering angle of 173° at 25°C. Z-average sizes which are the mean size in intensity were obtained. PDI is a dimensionless measure of the size distribution width, and ranges from 0 to 1.

All samples were diluted with ultrapure water (1:100 to 1:150) before analysis to avoid multiple scattering effects.

Curcumin quantification

The free curcumin in nanoemulsions was determined according to the method described by [START_REF] Tan | Polysaccharide-based nanoparticles by chitosan and gum arabic polyelectrolyte complexation as carriers for curcumin[END_REF] with slight modification. Briefly, 1 mL curcumin-loaded nanoemulsions and 5 mL dichloromethane were mixed by being centrifuged at 1000 g for 5 min at 25°C (centrifuge GT2R, Fisher Scientific). The mixture was then separated, and the subnatant containing free curcumin was collected to determine curcumin concentration (µg/mL) using a UV-1800 spectrophotometer (Shimadzu Corporation, Kyoto, Japan) at 420 nm. The calibration curcumin curve was obtained through curcumin standard solutions of different concentrations (y = 0.1579x-0.0023, R 2 = 0.9999), where y and x correspond to the absorbance and curcumin concentration (μg/mL), respectively.

For the quantification of the total amount of curcumin in nanoemulsions, the samples were extracted by ethanol. Briefly, 1 mL nanoemulsions was added to 5 mL ethanol and the mixture system was then centrifuged at 5000 g for 15 min at 25°C. Then, the ethanol containing curcumin was collected. Finally, an Agilent 1200 HPLC system (Agilent Technologies Inc., USA) with UV detector (UV lamp and vis lamp), a Phenomenex C18 column (100 mm×4.6 mm, 2.6 μm) and Agilent ChemStation software were used for the determination of curcumin concentration. The mobile phase was composed of acetonitrile and 0.6% (v%) aqueous acetic acid at ratio of 40/60% (v%), the flow rate was 1 mL/min with a column temperature of 35°C, and an injection volume of 10 μL. Curcumin was detected at a wavelength of 425 nm. The calibration curve was established based on the relationship between the HPLC peak area (y) and curcumin concentration (x), which is y = 63091.96 x -14869.14 (R 2 = 0.9979).

Quantification of curcumin was performed using the calibration curve.

Encapsulation efficiency

The encapsulation efficiency (%) of curcumin represents the percentage of curcumin encapsulated inside the lipid droplets. The free curcumin and total amount of curcumin in the nanoemulsion were determined according to the methods described in section 2.3.4. The encapsulation efficiency of the curcumin-loaded nanoemulsion was calculated by the following equation (1):

𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 % 100 (1)
where the total amount of curcumin is the initial content of curcumin, and the amount of free curcumin is the curcumin amount that was not loaded in nanoemulsions.

Curcumin chemical stability

To evaluate the storage stability of nanoemulsions with different droplet size, curcumin-loaded nanoemulsions with different size containing 0.5% curcumin were prepared with the 0.3, 0.5 and 0.8 µm membranes. 0.01 wt % sodium azide (as a preservative) was added to the prepared curcumin-loaded nanoemulsions. Aqueous solutions of curcumin with the same concentration of curcumin-loaded nanoemulsions and different pH values were prepared with 90% (v/v) phosphate buffer solution (5 mM, pH 3.0 or 7.0) and 10% curcumin in a dimethyl sulfoxide (DMSO) solution. All samples were stored under both acid (pH 3.0) and neutral (pH 7.0) conditions in glass bottles at 4°C, 25°C and 37°C for 28 days in dark. At scheduled time, 1 mL of sample was collected and diluted with ethanol (1:5 (v%)) and centrifuged at 5000 g for 15 min at 25°C, and the supernatant was analyzed for curcumin content using HPLC. Curcumin chemical stability (retention rate) was calculated by the following equation (2):

𝑅𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 % 100

(2)

where the total amount of curcumin is the initial content of curcumin, and the content of curcumin is the curcumin amount that was measured at different sampling time.

Results and discussions

Influence of composition parameters on mean droplet size

Effect of mass ratio of Tween 80 to Span 80

Selection of a proper surfactant system is very crucial to control the physicochemical characteristics of nanoemulsions [START_REF] Mattei | A comprehensive framework for surfactant selection and design for emulsion based chemical product design[END_REF]. In our study, Tween 80 with a Hydrophilic-Lipophilic Balance (HLB) value of 15 and Span 80 with a HLB value of 4.3 were selected, and the effect of the ratio of Tween 80 to Span 80 on the droplet size and PDI value of blank nanoemulsions were studied with a 0.4 µm membrane using 10% MCT. The HLB values of Tween 80/Span 80 mixtures were calculated using the following formula (3):

𝐻𝐿𝐵 (3)
The total surfactant concentrations were fixed at 5%, the ratios of Tween 80 to Span 80 in the mixtures were set at 5:0, 4:1, 3:2, 2:3 and 1:4 with HLB values of 15, 12.86, 10.72, 8.58 and 6.44, respectively. As we can see from Fig. 2A, nanoemulsions prepared with Tween 80 and Span 80 at a ratio of 5:0 had a mean droplet size of 490  23 nm, and the mean droplet sizes of nanoemulsions from the ratios 4:1, 3:2 and 2:3 were comparable (454  23, 455  20 and 465

 13 nm, respectively). Their PDI values ranged from 0.11 to 0.15 without significant differences. However, nanoemulsion prepared with Tween 80 and Span 80 with proportion 1:4 had a mean particle size of 407  2 nm with a high PDI value 0.28. The decrease of HLB value results in a dramatically increase of the moles number of Span 80, leading to an increasing total surface area of oil droplets [START_REF] Hessien | Stability and tunability of O/W nanoemulsions prepared by phase inversion composition[END_REF]. Therefore, it could be concluded that decreasing HLB by decreasing Tween 80: Span 80 ratio led to a reduction of nanoemulsions droplet size. The high PDI value of nanoemulsions obtained with Tween 80 and Span 80 at a ratio of 1:4 could be explained by the excess of Span 80 which led to the formation of some micro-sized particles (as observed on the size distribution curve obtained by DLS). Thus, nanoemulsions stabilized by the mixtures of Tween 80 and Span 80 (Tween 80/Span 80 = 5:0 -1:4) with droplet sizes of 407-490 nm can be prepared by ME using the 0.4 µm membrane.

The resulting pressure is an important factor in premix ME that has to be lower than 60 to 80 bar to avoid the SPG membrane rupture. It is equal to the sum of the pressure needed for droplet disruption (disruption pressure), pressure due to flow of the premix through the membrane pores (flow pressure) and pressure in the pipes from the pump to the membrane module (pipe pressure) [START_REF] Alliod | Preparation of oil-in-water nanoemulsions at large-scale using premix membrane emulsification and Shirasu Porous Glass (SPG) membranes[END_REF]. The resulting pressure was almost equal to the transmembrane pressure (disruption pressure + flow pressure) because the pipe pressure could be ignored (the pipe pressure was lower than 1 bar when the flow rate was set at 50 ml/min as reported in our previous article (Alliod et al., 2019b)). When the ratio of Tween 80/Span 80 decreased from 5:0 to 4:1, the resulting pressure in the first cycle increased from 63.1 bar to 77.1 bar (Fig. 2B).

However, the resulting pressure decreased when decreasing the ratio of Tween 80/Span 80 from 4:1 to 1:4. This variation could be explained by the changes of interfacial tension and to a lesser extent of viscosity. When the ratio of Span 80 increased, the viscosity of the premix emulsions increased as the viscosity of Span 80 (1000-2000 mPa.s at 20 °C) is significant higher than that of Tween 80 (375-480 mPa.s at 25 °C), which led to the increase of the flow pressure. However, interfacial tensions between oil and water phases decreased when increasing Span 80 concentrations as more low molecular weight Span 80 (428.60 g/mol) molecules occupy free spaces between the much larger Tween 80 (1310 g/mol) molecules [START_REF] Posocco | Interfacial tension of oil/water emulsions with mixed non-ionic surfactants: Comparison between experiments and molecular simulations[END_REF]. This lower interfacial tension required less energy, and then lower disruption pressure to create the nanoemulsions droplets. From the results of pressures, it can be seen that interfacial tension is the key factor that governs the resulting pressure. According to the results of droplet size and resulting pressure, Tween 80 and Span 80 at a ratio of 2:3 were used to stabilize nanoemulsions for following experiments.

Effect of surfactant and MCT concentrations

The effect of surfactant and MCT concentrations on the droplet size and PDI values was measured for the 0.4 µm membrane. All premixes were prepared under magnetic stirring at 700 rpm for 10 min, but their droplet sizes were different. When surfactant concentration increased from 1 wt% to 9 wt% (Tween 80/Span 80 = 2:3), there was a trend toward decreasing droplet sizes of the premix. Also, the premix droplet size increased with the increase of MCT oil when the surfactant concentration was kept constant. According to the effect of the premix quality (section 3.2.1.), the premix quality had no impact on the droplet size of the produced nanoemulsions when the droplet size of premix was not too small so that the influence of the surfactant and MCT concentrations could be examined independently.

Fig. 3shows droplet size and PDI values of nanoemulsions stabilized by Tween 80 and Span 80, prepared by using various concentrations of MCT, respectively. Droplet sizes ranged from 356  5 nm to 519  7 nm when nanoemulsions were prepared with 1 to 9 wt% surfactant using 5 wt% MCT (Fig. 3A). This result indicates a clear influence of the surfactant concentrations on nanoemulsions droplet size. The nanoemulsions prepared with 1 wt%, 3 wt% and 5 wt% surfactant had mean droplet size of 519  7 nm, 508  6 nm, and 512  8 nm, respectively. A further increase of the surfactant concentration to 7 wt% and 9 wt% led to a decrease in mean droplet size (451  4 nm with 7 wt%, 356  5 nm with 9 wt%), but broader droplet size distributions were obtained which resulted in higher PDI values (0.23 with 7 wt%, 0.27 with 9 wt%) (Fig. 3B). Moreover, a small peak in the micro-sized region was observed by DLS at high surfactant concentrations, which can be explained by an excess of Tween 80 and Span 80 leading to a smaller mean droplet size and a larger PDI value. Similar trend that droplet size decreased with the increase of surfactant concentration has been observed for 10 wt% and 15 wt% MCT (Fig. 3A).

An increase of MCT oil concentration led to a decrease in droplet size of nanoemulsions when the surfactant concentration was in the range of 3 wt% to 7 wt%, while droplet size increased with oil content when the surfactant concentration was set at 1 wt% and 9 wt% (1% surfactant could not be used to prepare 15 wt% MCT nanoemulsions) (Fig. 3C). The decrease of droplet size can be explained by the nanoemulsion viscosity that increases with increasing oil content, leading to an increased shear stress inside the membrane pores and smaller droplet size. This is in agreement with the results of previous studies that have also investigated the influence of oil concentration on the droplet size in premix ME [START_REF] Vladisavljevic | Preparation of monodisperse multiple emulsions at high production rates by multi-stage premix membrane emulsification[END_REF][START_REF] Alliod | Preparation of oil-in-water nanoemulsions at large-scale using premix membrane emulsification and Shirasu Porous Glass (SPG) membranes[END_REF].

At low (1 wt%) surfactant concentration, the droplet size of 10 wt% MCT nanoemulsions (552  15 nm) was significant larger than that of 5 wt% MCT nanoemulsions (519  7 nm) and other 10 wt% MCT nanoemulsions using higher surfactant concentrations (Fig. 3C). This is related to the coalescence of the nanoemulsion droplets. Generally, droplet disruption during premix ME increases drastically the specific surface area of the droplets. Therefore, adequate surfactant concentration is required to cover the new interface and prevent coalescence with other droplets.

1% Tween 80 and Span 80 was not able to stabilize sufficiently 10% MCT nanoemulsions, but 1% surfactant was relatively adequate for 5 wt% MCT nanoemulsions. At high (9 wt%) surfactant concentration, the droplet size of 10 wt% (395  26 nm) and 15 wt% (418  6 nm)

MCT nanoemulsions were larger than that of 5 wt% MCT nanoemulsions (356  5 nm) (Fig. 3C). Even though dynamic viscosity of the premix emulsions increased when increasing MCT concentration, shear stress inside the membrane pores caused by viscosity may not be the major parameter to control the droplet size. The ratio of surfactant to MCT decreased with the increase of MCT concentration when the overall concentration of surfactant was maintained constant.

At low MCT concentration, the resulting droplets are stabilized faster than at high MCT concentration, so the resulting droplet size is smaller. At low surfactant concentration (1 wt% and 3 wt%), there was no big difference for the PDI values of different concentration MCT nanoemulsions. However, the PDI value increased with the decrease of MCT concentration for high surfactant concentration, as the excess of surfactant in low MCT concentration nanoemulsions led to a larger PDI value (Fig. 3D).

5 wt% MCT has limited loading capacity of curcumin compared to 10 wt% and 15 wt% MCT, and 15 wt% MCT led to a higher resulting pressure (data not shown), therefore, 10 wt% MCT was selected for further experiments. According to the droplet size and PDI values of 10 wt% MCT nanoemulsions, 3 to 5 wt% surfactant concentration can be used to stabilize nanoemulsions. In the following experiments, 10 wt% MCT and 5 wt% surfactant were used to produce nanoemulsions to evaluate the influence of process parameters.

Influence of process parameters on mean droplet size

Effect of premix quality

The influence of the premix quality on the droplet size of nanoemulsions was investigated with the 0.4 µm pore size membrane using 5 wt % surfactant (Tween 80/Span 80 = 2:3). Premix with different droplet sizes and distributions were prepared with a magnetic stirrer or an Ultra-Turrax, and their D10 value ranged from 0.38 to 30.93 µm, D50 value ranged from 1.96 to 76.77 µm, D90value ranged from 8.56 to 134.00 µm (Fig. 4A). When the D10 value of premix decreased from 30.93 to 0.91 µm, there was no observable influence of the premix quality on the resulting droplet size of nanoemulsion after six cycles. All nanoemulsions had a droplet size between 440 nm and 460 nm without any tendency regarding the premix quality. But with a further decrease of the D10 value of premix (0.91 to 0.38 µm), there was an obvious trend toward decreasing droplet sizes of nanoemulsions (440 nm to 380 nm). This may be caused by the small droplets of the premix, which are smaller than membrane pore size, that existed in formed droplets leading to a lower mean droplet size of the nanoemulsions. A slightly increase of the PDI values of the resulting nanoemulsions was observed with a decrease in D10 value of premix from 30.93 to 0.91 µm (0.11-0.17). However, the PDI values of nanoemulsions increased sharply (0.17 to 0.26) when D10 values of premix decreased from 0.91 to 0.38 µm (Fig. 4B).

This also can be explained by the presence of small droplets in premix, which results in a broader size distribution and then a higher PDI values. Thus, it is very important to keep the minimum droplet size of the premix larger than the pore size of the membrane. Therefore, premixes with higher D10 values are preferred in premix ME, as this results in comparable droplet sizes with low PDI values. When decreasing the D10 value of premixes to some degree, the small droplets in premix or the ones that appeared during break-up can lead to low mean droplet size and high PDI values.

To examine further if there are any differences concerning the influence of premix quality on the droplet size of nanoemulsions in premix ME, the influence of cycle number on mean droplet sizes of nanoemulsions was studied with different premixes (Fig. 4C and Fig. 4D). The main decrease in mean droplet size happened after the first extrusion cycle which is in agreement with previous investigations [START_REF] Alliod | Preparation of oil-in-water nanoemulsions at large-scale using premix membrane emulsification and Shirasu Porous Glass (SPG) membranes[END_REF][START_REF] Gehrmann | Preparation of nanoemulsions by premix membrane emulsification: Which parameters have a significant influence on the resulting particle size?[END_REF]. After one cycle, the mean droplet size of nanoemulsions from premixes which had high D10 value ranging from 30.9 to 0.91 µm were between 470 nm and 490 nm without any tendency regarding the premix quality, whereas the droplet size of nanoemulsions decreased from 460 nm to 410 nm when D10 value of premixes decreased from 0.91 to 0.38 µm. A further increase in cycle number only led to a slight decrease of mean droplet size. After six cycles of premix ME, no significant changes in PDI values of the resulting nanoemulsions were observed. It was found that cycle number had a minor influence on the droplet size of nanoemulsions in all premix quality experiments. The premix quality was not a crucial parameter for the droplet size of the nanoemulsions obtained with premix ME when minimum droplet size of the premix was larger than the membrane pore size.

Effect of flow rate and cycle number

The influence of flow rate from 5 to 50 mL/min on the nanoemulsions droplet size and resulting pressure was investigated through a 0.4 µm pore size membrane using Tween 80 and Span 80 (Tween 80/Span 80 = 2:3) as surfactant and 10% MCT as oil phase. The mean droplet size of four nanoemulsions prepared with different flow rates were between 485 nm and 505 nm after the first cycle. With an increase of cycle number, the mean droplet size decreased at all studied flow rates and reached 445 -460 nm after six cycles (Fig. 5A). The PDI values of four nanoemulsions were in the range of 0.11 to 0.15, and the cycle number did not influence the PDI values. It seems that our results disagree with the findings reported by [START_REF] Alliod | Preparation of oil-in-water nanoemulsions at large-scale using premix membrane emulsification and Shirasu Porous Glass (SPG) membranes[END_REF], who observed a decrease of droplet size when increasing the flow rate. This may due to the different range of pressure applied. The resulting pressures at all studied flow rates ranged from 31.5 bar to 51.1 bar, which were higher than the resulting pressures in the study of Alliod et al.

(9.06 to 24.7 bar) [START_REF] Alliod | Preparation of oil-in-water nanoemulsions at large-scale using premix membrane emulsification and Shirasu Porous Glass (SPG) membranes[END_REF]. In our study, a low flow rate resulting in a high pressure was sufficient to produce droplets with small size.

The influence of flow rate and cycle number on resulting pressure is presented in Fig. 5B. In our study, the pressure reached the highest value during the first cycle and subsequently decreased to a constant value after three cycles at all studied flow rates (Fig. 5B). This can be explained by the fact that droplet disruption mainly occurred during the first cycle, and almost no more droplets disrupted after three cycles. The energy input required to extrude the emulsion through the membrane pores almost kept the same in the following cycles. This result is in agreement with previous studies [START_REF] Alliod | Preparation of oil-in-water nanoemulsions at large-scale using premix membrane emulsification and Shirasu Porous Glass (SPG) membranes[END_REF][START_REF] Gehrmann | Instrumented small scale extruder to investigate the influence of process parameters during premix membrane emulsification[END_REF]. As we also can see from Fig. 5B, the pressure increased with flow rate for all cycles. For instance, the pressure during the first cycle rose from 28.9 bar at 5 mL/min to 49.2 at 50 mL/min. This is due to the fact that higher flow rates through the membrane pores result in higher pressure.

From the above results, it can be concluded that flow rate had a minor effect on the droplet size.

In order to achieve a high efficiency, 50 mL/min was chosen for the preparation of nanoemulsions. Droplet disruption of premix at all flow rates mainly occurred during the first cycle, and almost no more droplets disrupted after three cycles. Therefore, a cycle number of three was selected to obtain nanoemulsions with small and homogenous particle sizes.

Influence of membrane pore size on mean droplet size

Membrane pore size plays an essential role in determining the droplet size of nanoemulsions as premix ME is a process where premix is extruded through the pores of a membrane yielding smaller emulsion droplets [START_REF] Gehrmann | Instrumented small scale extruder to investigate the influence of process parameters during premix membrane emulsification[END_REF]. Therefore, nanoemulsions were produced by extruding premixes three times through SPG membranes with pore size of 0.3, 0.4, 0.5, 0.6 and 0.8 µm using Tween 80 and Span 80 (Tween 80/Span 80 = 2:3) as surfactant and 10% MCT as oil phase for evaluating the effect of membrane pore size on droplet size. As expected, the mean droplet size increased when increasing the pore size of SPG membranes (Fig. 6A). Moreover, we found a linear relationship between droplet size and membrane pore size with a ratio of 1.12 (Fig. 6B). This ratio is in an excellent agreement with the value (1.26) reported earlier in production of O/W nanoemulsions by [START_REF] Alliod | Preparation of oil-in-water nanoemulsions at large-scale using premix membrane emulsification and Shirasu Porous Glass (SPG) membranes[END_REF], who used ethylhexyl palmitate as the oil phase for cosmetic formulations. Therefore, the mean droplet size of MCT nanoemulsions in premix ME can be tuned over a wide range by adjusting the membrane pore size. The PDI values of nanoemulsions prepared with 0.6 and 0.8 µm membranes (0.24 and 0.33, respectively) were higher than that of nanoemulsions prepared with 0.3, 0.4 and 0.5 µm membranes (0.11-0.16). This result could be explained by the fact that 5% surfactant was too high for the nanoemulsions with larger droplet size as the required amount of emulsifier decreased with the increased in membrane pore size [START_REF] Joseph | Preparation of nanoemulsions and solid lipid nanoparticles by premix membrane emulsification[END_REF].

Thus, 3% surfactant was tested in the preparation of nanoemulsions with the 0.6 µm and 0.8 µm membranes. The results revealed that the PDI of nanoemulsions prepared with 0.6 µm membrane was reduced to 0.14, however, the PDI of nanoemulsions prepared with 0.8 µm membrane did not significantly change. Even if 1% surfactant was used, the PDI value was almost the same. We supposed that the nanoemulsions prepared with the 0.8 µm membrane

were not stable as they had large droplet size.

The membrane pore size used in premix ME can affect the premix disruption. A flow rate of 50 mL/min was applied to prepare nanoemulsions when using the 0.4, 0.5, 0.6 and 0.8 µm membranes. However, the flow rate had to be reduced to 5 mL/min for the 0.3 µm membrane as the pressure has to be lower than 60 to 80 bar to avoid membrane rupture. The pressure increased from 11.3 bar to 49.2 bar when membrane pore size decreased from 0.8 µm to 0.4 µm. Meanwhile the resulting pressure was also very high (50.2 bar) when the flow rate was set at 5 mL/min for the 0.3 µm membrane. Lower flow rate caused lower flow pressure, but membranes with smaller pore size require higher disruption pressure for extrusion to produce smaller droplets. Therefore, the resulting pressure increased with the decrease of membrane pore size.

Curcumin loading test

Curcumin-loaded nanoemulsions were prepared from a formulation composed of curcumindissolved MCT oil, water and surfactant (Tween 80/Span 80=2:3) at the weight ratio of 10:85:5 using a 0.4 µm SPG membrane at a flow rate of 50 mL/min for 3 cycles. The effect of curcumin concentration on the droplet size, PDI and encapsulation efficiency was investigated. The droplet sizes of curcumin-loaded nanoemulsions were in the range of 465-485 nm with narrow size distribution (PDI = 0.11-0.14) (Fig. 7A), and were almost unaffected by the curcumin concentrations. This is in agreement with previous study [START_REF] Abbas | Process optimization of ultrasound-assisted curcumin nanoemulsions stabilized by OSA-modified starch[END_REF] showing that curcumin concentrations did not impact the droplet size and PDI values of curcumin-loaded nanoemulsions obtained by ultrasonication. Moreover, it was found that the addition of curcumin did not significantly increased the droplet size and PDI values compared to blank nanoemulsions prepared at the same conditions (droplet size of 445 nm; PDI of 0.12).

Encapsulation efficiency is an important indicator to evaluate the success of drug delivery systems, which can affect the stability of curcumin. It was found that all nanoemulsions had high encapsulation efficiency (94.5-96.5%) of curcumin and that encapsulation efficiency was independent upon curcumin concentration. Therefore, curcumin-loaded nanoemulsions with a narrow size distribution and high encapsulation efficiency were successfully prepared using 0.4 µm SPG membrane.

Storage stability of curcumin nanoemulsions

Storage stability of nanoemulsions is one of the most significant factors determining their suitability for applications in food industries. In this study, the variation of retention rates of loaded curcumin and droplet size of nanoemulsions was examined during storage of nanoemulsions samples with different droplet sizes at 4°C, 25°C and 37°C.

There were no significant changes of the droplet size and PDI values of nanoemulsions during the storage in different conditions for the three different size nanoemulsions (data not shown).

Retention rate of curcumin in free solutions decreased to 84% of original value at pH 7 (Fig.

8A

) and to 88% of its original value at pH 3 (Fig. 8B) after 28 days storage at 4°C. For nanoemulsions prepared with 0.3, 0.5 and 0.8 µm membranes, there was more than 96% of curcumin retention after 28 days storage at both pH 3 and pH 7. As we can see from Fig. 8C and Fig. 8D, the retention rate was about 85% and 70% at pH 3 and pH 7, respectively, when curcumin free solutions were stored at 25 °C in the dark for 28 days, while curcumin retention in all nanoemulsions were in the range of 87% to 92% and without large difference between pH 3 and pH 7. The difference of curcumin retention between pH 3 and pH 7 free solutions can be explained by the fact that hydrolysis (breaking of β-diketone moiety) and oxidation (O2 serving as the initial electron acceptor) reaction occur under alkaline condition, while only oxidation reaction takes place in acidic condition (Schneider et al., 2015;Wang et al., 2019).

The retention of curcumin was higher in nanoemulsions than in curcumin free solutions, especially for pH 7 free solution. As seen in Fig. 8E and Fig. 8F, it was observed that about 80% and 64% curcumin remained for curcumin solutions after 28 days storage at 37°C at pH 3 and pH 7, respectively, but curcumin retention rate increased by encapsulating curcumin in nanoemulsions. Moreover, there was some difference on the retention rates of curcumin between nanoemulsions stored at pH 3 and pH 7 conditions at 37°C. In line with expectations, the results clearly demonstrated that an increasing temperature resulted in an increasing degradation rate of curcumin in both free solutions and nanoemulsions, but nanoemulsions could decrease the thermo-degradation of curcumin. This corresponds to the observations made by [START_REF] Jintapattanakit | Vegetable oil-based nanoemulsions 23 containing curcuminoids: Formation optimization by phase inversion temperature method[END_REF] and [START_REF] Naksuriya | A kinetic degradation study of curcumin in its free form and loaded in polymeric micelles[END_REF] who reported that oxidation and hydrolysis reaction were accelerated by increasing storage temperature. In nanoemulsions, curcumin molecules are typically located within the hydrophobic interior of the oil droplets, which protect curcumin from active substances, heat and light within the aqueous phase leading to a decreased degradation.

We found there was no major difference on the retention rate of curcumin for nanoemulsions with different droplet sizes stored at 4 °C, 25 °C and 37 °C for 28 days. However, previous studies have found that curcumin was more stable when encapsulated in larger droplets than in smaller ones during storage at pH 7 and 55 °C, which was attributed to the decrease in oil-water interfacial area of the nanoemulsions [START_REF] Kharat | Comparison of emulsion and nanoemulsion delivery systems: The chemical stability of curcumin decreases as oil droplet size decreases[END_REF]. We did not see a similar effect maybe because the difference of nanoemulsions droplet size investigated in our study was not large enough, and therefore the oil-water interfacial area did not have a large difference. Other possible explanations are that the mild storage conditions used in our study are not sufficient to establish the differences between the droplet sizes.

From the results obtained, it is suggested that suitable storage conditions for curcumin-loaded nanoemulsions were 4°C under acidic condition.

Conclusion

The developed experimental set-up including a high-pressure pump and a membrane module with SPG membrane is an appropriate instrument for generating O/W nanoemulsions by premix ME. During the preparation of nanoemulsions, different process parameters can be adjusted precisely. In our study, we found that the droplet size of the nanoemulsions was highly dependent on membrane and formulation parameters. In particular, a linear relationship was found between droplet size and membrane pore size, which confirmed that the droplet size can be controlled by changing the membrane pore size. Nanoemulsions containing different concentration of curcumin had similar droplet size and PDI values compared to those without 

Fig. 1 .Fig. 2 .Fig. 3 .Fig. 4 .Fig. 5 .Fig. 6 .Fig. 7 .Fig. 8 .

 12345678 Fig. 1. Schematic representation of the premix ME set-up.
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curcumin. Moreover, curcumin-loaded nanoemulsions prepared by premix ME had high encapsulation efficiency (94.5-96.5%) which was independent upon curcumin concentration. Also, we found there were no major differences on the retention rate of curcumin for nanoemulsions with different droplet sizes when they were stored at 4 °C, 25 °C and 37 °C for 28 days under both acidic and neutral conditions. Degradation of curcumin in all formulations increased with increasing temperature. It was shown that 4°C under acidic condition was the most suitable storage condition of curcumin O/W nanoemulsions, since it gave the best protection against chemical degradation (> 96% curcumin retention). Overall, this study confirmed that food ingredient-loaded nanoemulsions with high encapsulation efficiency can be obtained by premix ME.
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