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Curcumin is a natural compound with polyphenolic nature that has several functional properties, such as antioxidant, anti-inflammatory and anticancer. However, its application has remained challenging due to its low aqueous solubility, biochemical/structural degradation and poor bioavailability. Although all over the years, studies have been performed to optimize and design effective nanoemulsion systems with improved physicochemical stability and bioaccessibility, there is still a need for further studies to give researchers and industries a broad range of deeper information. In this work, premix membrane emulsification (PME) was proposed as an alternative to conventional methods to prepare curcumin-loaded emulsions. In order to make use of the advantages of PME for the preparation of emulsions, the effect of various parameters, including composition parameters, process parameters, and membrane pore size, on the mean droplet diameter and polydispersity (PDI) were studied. Thus, oil-in-water (O/W) emulsions containing curcumin with different droplet sizes (small 0.5 m, medium 0.8 m, large 3.7 m and premix 60 m) were successfully prepared through PME using different carrier oils: tributyrin (short chain triglycerides, SCT), medium chain triglycerides (MCT) and corn oil (long chain triglycerides, LCT). These emulsions had a narrow size distribution and high encapsulation efficiency (> 87%). Then, an in vitro gastrointestinal model was used to evaluate the impact of carrier oil type and initial emulsions droplet size on lipid digestion and curcumin bioaccessibility. It was found that both the extent of lipid digestion and curcumin bioaccessibility were higher for SCT and MCT emulsions than LCT emulsions. The extent of LCT digestion and curcumin bioaccessibility decreased as the emulsion droplet size increased, whereas there were no significant (p > 0.05) differences in lipid digestion and bioaccessibility for small, medium and large emulsions for SCT and MCT. Moreover, it was found that curcumin encapsulation efficiency played an important role in determining the bioaccessibility. Finally, the impact of carrier oil type and initial emulsions droplet size on emulsions physical stability, curcumin chemical stability and lipid oxidation stability in O/W emulsions were investigated.

The results showed that carrier oil type and initial emulsions droplet size affected the physical stability of emulsions. Chemical stability of curcumin was independent of emulsion droplet sizes and carrier oils during storage at room temperature, while they played a critical role in determining the chemical stability during storage at 55 . At 55 , chemical stability of curcumin decreased with the decrease of emulsion droplet size. For each droplet size emulsions, stability of curcumin decreased in the order of SCT > MCT > LCT. Moreover, it was found that lipid oxidation in LCT-based emulsions was independent of initial emulsion droplet size. The presence of curcumin improved the oxidative stability of all droplet size emulsions.

Altogether, the results suggested that carrier oil type and initial emulsions droplet size play an important role in determining the physical stability of emulsions, bioaccessibility and chemical stability of curcumin and lipid oxidation stability in O/W emulsions.

RÉSUMÉ

La curcumine est un composé naturel à caractère polyphénolique qui possède plusieurs propriétés fonctionnelles (antioxydant, anti-inflammatoire et anticancéreux, etc). Cependant, son application reste difficile en raison de sa faible solubilité aqueuse, sa dégradation biochimique/structurelle et sa faible biodisponibilité. Bien que depuis de nombreuses années, des études aient été réalisées pour optimiser et concevoir des systèmes de nanoémulsion efficaces avec une stabilité physicochimique et une bioaccessibilité améliorées, des études supplémentaires sont nécessaires pour donner aux chercheurs et aux industries des connaissances plus approfondies. Dans ce travail de thèse, l'émulsification membranaire par prémix (PME) est proposée comme alternative aux méthodes conventionnelles pour préparer des émulsions chargées de curcumine. Afin de tirer parti des avantages de la PME pour la préparation d'émulsions, l'effet de divers paramètres, dont les paramètres de composition, les paramètres de procédé et la taille des pores de la membrane, sur le diamètre moyen des gouttelettes et la polydispersité (PDI) a été étudié. Ainsi, des émulsions huile dans l'eau (H/E) contenant la curcumine avec différentes tailles de gouttelettes (petite 0,5 m, moyenne 0,8 m, grande 3,7 m et prémélange 60 m) ont été préparées par PME en utilisant différentes huiles porteuses : la tributyrine (triglycérides à chaîne courte, SCT), les triglycérides à chaîne moyenne (MCT) et l'huile de maïs (triglycérides à longue chaîne, LCT). Les émulsions obtenues ont une distribution de taille étroite et une efficacité d'encapsulation élevée (> 87 %).

Ensuite, un modèle gastro-intestinal in vitro a été utilisé pour évaluer l'impact du type d'huiles porteuses et de la taille des gouttelettes des émulsions initiales sur la digestion des lipides et la bioaccessibilité de la curcumine. Il a été constaté que la digestion des lipides et la bioaccessibilité de la curcumine étaient plus élevées pour les émulsions SCT et MCT que pour les émulsions LCT. La digestion des LCT et la bioaccessibilité de la curcumine a diminué avec une augmentation de la taille des gouttelettes d'émulsion, alors qu'il n'y avait pas de différences significatives (p> 0, 05) dans la digestion des lipides et la bioaccessibilité pour les petites, moyennes et grandes émulsions pour les huiles SCT et MCT. De plus, il a été constaté que l'efficacité d'encapsulation de la curcumine jouait un rôle important dans la détermination de la bioaccessibilité. Enfin, l'impact du type d'huile porteuse et de la taille des gouttelettes des émulsions initiales sur la stabilité physique des émulsions, la stabilité chimique de la curcumine et la stabilité à l'oxydation des lipides dans les émulsions H/E a été étudié. Les résultats ont montré que le type d'huile porteuse et la taille des gouttelettes des émulsions initiales affectaient la stabilité physique des émulsions. La stabilité chimique de la curcumine était indépendante de la taille des gouttelettes d'émulsion et des huiles pendant le stockage à température ambiante, alors qu'elles jouaient un rôle essentiel dans la détermination de la stabilité chimique pendant le stockage à 55 . À 55 , la stabilité chimique de la curcumine a diminué avec la diminution de la taille des gouttelettes des émulsions. Pour chaque taille de gouttelettes, la stabilité de la curcumine a diminué dans l'ordre SCT > MCT > LCT. De plus, il a été constaté que l'oxydation des lipides dans les émulsions à base de LCT était indépendante de la taille initiale des gouttelettes. Par ailleurs, la présence de curcumine a amélioré la stabilité oxydative de toutes les émulsions, quelque soit la taille de gouttelettes.

En résumé, les résultats obtenus suggèrent que le type d'huile et la taille des gouttelettes des émulsions initiales jouent un rôle important dans la détermination de la stabilité physique des émulsions, la bioaccessibilité et stabilité chimique de la curcumine et de la stabilité à l'oxydation des lipides dans les émulsions H/E. 

Mots

GENERAL INTRODUCTION

Over the last few decades, curcumin has received considerable interest owing to its wide range of pharmaceutical functions and biological features. However, its application has remained challenging due to its poor water solubility, chemical instability, photodegradation, relatively high rate of metabolic degradation, rapid metabolism and rapid elimination from the body, and low oral bioavailability. To overcome these limitations, lipid-based nanosystems have been employed to encapsulate curcumin for improving its properties, especially emulsions.

Emulsions-based delivery systems are particularly effective for encapsulating and delivering of lipophilic bioactive substances, such as curcumin. Oil-in-water (O/W) emulsions contain relatively small emulsifier-coated lipid droplets dispersed within water, making them particularly suitable for using in liquid food products. Moreover, powders can be obtained from emulsions by commercial dehydration technologies such as spray drying, therefore allowing them to be successfully incorporated into dried food.

Suitable methodologies are needed to obtain emulsions with different sizes, structures and properties to achieve different applications. Conventionally, high-energy emulsification methods, such as ultrasonication, high pressure homogenization and microfluidization, are used to form and disperse droplets. It is not easy to control the droplet size of formed emulsions and the resulting droplets are usually highly polydisperse using these techniques. Moreover, these methods may cause loss of functional properties of heat and shear sensitive components due to the high shearing stress. On the other hand, emulsions can be prepared through low-energy emulsification methods, such as phase inversion temperature/composition and selfemulsification, which use the internal chemical energy of the system to achieve emulsification.

These methods have several limitations such as requiring relatively high concentration of surfactants and a careful selection of surfactant and oil, and are not applicable to large-scale industrial productions. Therefore, new methods for emulsification using membrane systems have received much attention.

Membrane emulsification was introduced in the late 1980's in Japan. It is an emerging and evolving technology that differs from traditional approaches by producing each droplet individually at the final desired size through a porous membrane, instead of disruption of large droplets in zones of high energy density. Membrane emulsification provides a better control over droplet generation process as the droplet size is controlled by the size of the pores.

Moreover, much less energy inputs are required in systems compared to conventional techniques. This method has been investigated for many applications, particularly relating to their potential for producing droplet size-controlled emulsions with very narrow size distribution in drug delivery systems.

In O/W emulsions systems, curcumin is solubilized inside the oil droplets and/or the surface layer of the oil droplets, which facilitates the absorption of curcumin as the small oil droplets in emulsions can be quickly digested within the human gastrointestinal tract (GIT), then rapidly generating mixed micelles capable of solubilizing curcumin. Solubilized curcumin can then be transported across the epithelial intestinal cells, where it is absorbed. Moreover, O/W emulsions protect curcumin from chemical degradation by avoiding the reaction with the active substances within the aqueous phase. However, the composition and structure of emulsions, such as surfactant type, carrier oil type, droplet size and pH, significantly influence the absorption of ingested curcumin in GIT and the chemical stability of encapsulated curcumin. The design and fabrication of delivery systems is a crucial step, in which the properties of emulsions, such as droplet size, carrier oil type, and interfacial properties, have great impact on properties of encapsulated compounds.

Thus, this work has the main following objectives:

• Understanding well membrane emulsification technique used for producing emulsions and encapsulating curcumin.

• Understanding the effect of carrier oil and emulsions droplet size on the bioaccessibility of curcumin.

• Understanding the effect of carrier oil and emulsions droplet size on the stability of curcumin.

• Designing suitable emulsions-based delivery systems for curcumin and other lipophilic functional ingredients.

The manuscript is organized in two main parts.

Part I is divided in three Chapters. Chapter comprehensively summarizes various methods used for extraction and purification of curcumin from plant materials, and its various applications in food, cosmetics and pharmaceutical fields. Chapter introduces the preparation technologies for encapsulation of curcumin in emulsions and discusses the specific factors in designing emulsions systems that affect the chemical stability and in vitro bioaccessibility of the encapsulated curcumin. Chapter introduces membrane emulsification.

Part II is divided in four Chapters and includes the materials and methods, the preparation of emulsions through membrane emulsification, the study of chemical stability and bioaccessibility of curcumin in emulsions.

INTRODUCTION

Part I of the present PhD thesis is organized in three Chapters and provides an up-to-date and comprehensive summary of the recent advances in extraction and purification of curcumin from plant materials, encapsulation of curcumin in emulsions, and membrane emulsification.

Chapter introduces various methods used for extraction and purification of curcumin from plant materials, and its various applications in food, cosmetics and pharmaceutical fields.

Then, Chapter highlights the theoretical aspects and the preparation technologies for encapsulation of curcumin in emulsions, discusses the specific factors in designing emulsions systems that affect the chemical stability and in vitro bioaccessibility of the encapsulated curcumin, and the improved pharmacological activities of curcumin in emulsions.

Finally, Chapter introduces the membrane emulsification technique used for the preparation of emulsions, including the various membranes and devices, and the effects of process parameter for each device on the droplet size of produced emulsions as well as the influence of formulation parameter on the obtained emulsions.

CHAPTER EXTRACTION, PURIFICATION AND APPLICATION OF CURCUMIN FROM PLANT MATERIALS-A COMPREHENSIVE REVIEW

Synopsis

The objective of this chapter is to introduce the various methods used for extraction and purification of curcumin from plant materials, and the various applications of curcumin in food, cosmetics and pharmaceutical fields.

In recent years, the demand of curcumin has increased in the pharmaceutical, food and cosmetic industries. Obtaining curcumin from plant sources is very important for fundamental research, and for practical applications. Therefore, the following aspects are summarized: 3) Various potential and commercial uses of curcumin

Introduction

Curcumin, also known as diferuloymethane, is a hydrophobic polyphenol derived from the rhizome of perennial herbs genus Curcuma which belongs to the ginger family (Zingiberaceae) and includes species like Curcuma longa, Curcuma amada, Curcuma zedoaria, Curcuma aromatic, Curcuma raktakanta. Among these species, Curcuma longa (turmeric) is the most popular. Generally, turmeric rhizomes contain 3-5% of three types of curcuminoid derivatives including curcumin (75%), demethoxycurcumin (10-20%) and bisdemethoxycurcumin (5%), curcumin being the most important bioactive compound [START_REF] Shirsath | Intensification of extraction of curcumin from Curcuma amada using ultrasound assisted approach: Effect of different operating parameters[END_REF]2].

Curcumin has long been used as a spice and a natural coloring agent in Indian curries, as well as a component of Chinese traditional medicines. As a food additive, its E number (codes for substances used as food additives for use within the European Union (EU) and European Free

Trade Association (EFTA)) is E100. In recent years, numerous in vivo and in vitro studies have revealed that curcumin has various physiologic activities, and worldwide attention has therefore been focused on curcumin. Curcumin has been found to have multiple actions such as antioxidant through scavenging of free radicals [3], anti-inflammatory by suppression of NF-kB and AP-1 activation [START_REF] Kang | Curcumin Suppresses Lipopolysaccharide-Induced Cyclooxygenase-2 Expression by Inhibiting Activator Protein 1 and Nuclear Factor B Bindings in BV2 Microglial Cells[END_REF], anti-cancer through inhibition of cancer cell proliferation, induction of apoptosis, suppression of angiogenesis, inhibition of the expression of anti-apoptotic proteins, protection of the immune system [START_REF] Dorai | Therapeutic potential of curcumin in human prostate cancer. III. Curcumin inhibits proliferation, induces apoptosis, and inhibits angiogenesis of LNCaP prostate cancer cells in vivo[END_REF][START_REF] Sa | Anti cancer effects of curcumin: cycle of life and death[END_REF], and anti-bacterial/fungal/viral activities [START_REF] Liu | In Vitro Anti-Propionibacterium Activity by Curcumin Containing Vesicle System[END_REF][START_REF] Rafiee | Application of curcumin-loaded nanocarriers for food, drug and cosmetic purposes[END_REF]. Due to its wide range of pharmacological activities, curcumin shows potential for commercial use in different industries including food, cosmetics and pharmaceutics.

There are two methods for obtaining curcumin: by means of synthesis and by extraction from plants. Many authors have described the preparation of synthetic curcumin [START_REF] Pabon | A synthesis of curcumin and related compounds[END_REF][START_REF] Rodrigues | Production of curcuminoids from tyrosine by a metabolically engineered Escherichia coli using caffeic acid as an intermediate[END_REF]. Nevertheless, obtaining curcumin, which is naturally present in plants by means of extraction still represents the most economical way for curcumin production. To date, various extraction techniques ranging from conventional (e.g. soxhlet extraction, maceration and solvent extraction) [START_REF] Shirsath | Intensification of extraction of curcumin from Curcuma amada using ultrasound assisted approach: Effect of different operating parameters[END_REF][START_REF] Paulucci | Optimization of the extraction of curcumin from Curcuma longa rhizomes[END_REF][START_REF] Silva | Comparison of hydrodistillation methods for the deodorization of turmeric[END_REF] to advanced extraction technologies (e.g. ultrasound-assisted extraction, microwaveassisted extraction, enzyme-assisted extraction, supercritical liquid extraction, etc.) [START_REF] Shirsath | Intensification of extraction of curcumin from Curcuma amada using ultrasound assisted approach: Effect of different operating parameters[END_REF]2,[START_REF] Gökdemir | Application of a Novel Ionic Liquid as an Alternative Green Solvent for the Extraction of Curcumin from Turmeric with Response Surface Methodology: Determination and Optimization Study[END_REF][START_REF] Kwon | Pilot-scale subcritical solvent extraction of curcuminoids from Curcuma long L[END_REF][START_REF] Sahne | Extraction of bioactive compound curcumin from turmeric (Curcuma longa L.) via different routes: A comparative study[END_REF] have been reported for efficient extraction of curcumin from plant materials. It is stated that the extraction procedure plays a critical role in determining the quantity and quality of bioactive compounds. In order to obtain high yield and high quality curcumin, it is very important to choose appropriate and effective methods and operate these under optimal conditions.

In general, various substances including essential oil, sugar, its derivatives demethoxycurcumin (DMC) and bisdemethoxycurcumin (BDMC), and other small molecules co-exist in crude curcumin extracts. Commercially available crude curcumin usually contains variable amounts of other two compounds, typically about 16-26 % DMC and 2-8% BDMC [START_REF] Horosanskaia | Purification of Curcumin from Ternary Extract-Similar Mixtures of Curcuminoids in a Single Crystallization Step[END_REF]. Consequently, many different purification techniques, alone or in combination, have been exploited to isolate and purify curcumin from curcumin extracts or commercially available crude curcumin.

Conventional purification techniques (e.g. column chromatography, semi-preparative high performance liquid chromatography) as well as supplementary modern techniques (e.g. highspeed counter-current chromatography, supercritical fluid chromatography, etc.) have been used

to separate and purify curcumin.

Obtaining curcumin from plant sources is very important for fundamental research, and for practical applications in food, cosmetics and pharmaceutical fields. However, its application has remained challenging due to some of its properties, i.e., poor water solubility, chemical instability, photo degradation, relatively high rate of metabolic degradation, and low bioavailability. Therefore, numerous studies have attempted to address these specific challenges using methods such as encapsulation. The strategies used to overcome the physicochemical challenges with curcumin were recently comprehensively covered in serval research reviews [START_REF] Rafiee | Application of curcumin-loaded nanocarriers for food, drug and cosmetic purposes[END_REF][START_REF] Araiza-Calahorra | Recent advances in emulsion-based delivery approaches for curcumin: From encapsulation to bioaccessibility[END_REF][START_REF] Jiang | Recent advances in encapsulation of curcumin in nanoemulsions: A review of encapsulation technologies, bioaccessibility and applications[END_REF] and therefore will not be discussed in this paper. This review instead focuses on the extraction and purification methodologies used for purification of curcumin for its application in food, cosmetics and pharmaceutical industries.

Curcumin extraction techniques

Extraction is the first and foremost step in the recovery of curcumin from plants materials. All extraction methods were developed based on some common objectives, such as (a) to recover targeted compounds from plants materials, (b) to increase the selectivity of the extraction procedure, (c) to improve the extraction efficiency, and (d) to provide a stable and reproducible approach [START_REF] Zhang | Recent advances in valorization of Chaenomeles fruit: A review of botanical profile, phytochemistry, advanced extraction technologies and bioactivities[END_REF].

Conventional extraction methods, such as Soxhlet extraction, maceration or solvent extraction, are widely used to extract curcumin from plants. These methods are simple, but are generally non-selective, are time consuming and in some cases cause degradation of heat-sensitive substances [START_REF] Zhang | Recent advances in valorization of Chaenomeles fruit: A review of botanical profile, phytochemistry, advanced extraction technologies and bioactivities[END_REF]. (summarized in Table 1). Moreover, schematic diagrams of experimental set-ups used for conventional extraction (Fig. 1A) and advanced extraction (Fig. 1B) are presented. 

Conventional methods for extraction of curcumin

Solvent extraction of solid samples, which is commonly known as "solid-liquid extraction", (also referred to as "maceration" or "soaking"), is a well-understood and widely-used method.

An extensive range of solvents including non-polar organic solvents and a combination of organic solvents and water has been used to extract curcumin from plants [START_REF] Paulucci | Optimization of the extraction of curcumin from Curcuma longa rhizomes[END_REF][START_REF] Popuri | Extraction of curcumin from turmeric roots[END_REF]. Popuri & Pagala [START_REF] Popuri | Extraction of curcumin from turmeric roots[END_REF] carried out a comparison of extraction solvents (acetone, ethyl acetone, ethanol, methanol, and isopropanol) for isolation of curcumin from Curcuma Longa L. It was found that extraction with ethanol gave the highest yield (0.26 mg/10 g) when the extraction was performed at 30°C for 1 h with a solid to solvent ratio of 1:8. Consistent with this, ethanol was the most preferred solvent for extraction of curcumin among all organic solvents employed [START_REF] Shirsath | Intensification of extraction of curcumin from Curcuma amada using ultrasound assisted approach: Effect of different operating parameters[END_REF][START_REF] Paulucci | Optimization of the extraction of curcumin from Curcuma longa rhizomes[END_REF][START_REF] Sogi | Effect of extraction parameters on curcumin yield from turmeric[END_REF]. Moreover, the ethanol concentration of the solvent mixture plays a crucial role in determining the extraction efficiency [START_REF] Paulucci | Optimization of the extraction of curcumin from Curcuma longa rhizomes[END_REF].

Soxhlet extraction, which is regarded as the standard and reference method for solid-liquid extraction of bioactive compounds from plants was developed by German chemist Soxhlet in 1879. Extraction of curcumin from plants using Soxhlet extractor has been reported by several authors [START_REF] Dutta | Study of secondary metabolite constituents and curcumin contents of six different species of genus (Curcuma)[END_REF][START_REF] Shirsath | Intensification of extraction of curcumin from Curcuma amada using ultrasound assisted approach: Effect of different operating parameters[END_REF]. For instance, Shirsath et al. microwave-assisted Soxhlet extraction have been developed (see [START_REF] Luque De Castro | Soxhlet extraction: Past and present panacea[END_REF] and references therein), which have decreased or minimized the negative aspects of the conventional Soxhlet extractor.

Hydro/steam distillation is another traditional extraction method in use for extraction of bioactive compounds and essential oils. It has been applied to remove essential oil (turmeric flavor) from crude turmeric powder or turmeric oleoresin, so as to obtain flavor-free, turmeric or curcumin. In a study conducted by Silva et al. [START_REF] Silva | Comparison of hydrodistillation methods for the deodorization of turmeric[END_REF], good yield of the deodorized turmeric was obtained after hydro-distillation and the cost was much lower than purified curcuminoid pigments. Moreover, deodorized turmeric had similar curcuminoids levels compared to the control and to a sample deodorized by hexane extraction. These results indicated that the hydrodistillation method is an efficient method to obtain turmeric powder or curcuminoids with less residual turmeric flavor, without any pigment loss.

Novel methods for extraction of curcumin

Ultrasound-assisted extraction (UAE)

Ultrasound works on the principle of tandem compression and expansion induced by sound waves with the frequency range of 20 kHz-100 MHz. The ultrasonic waves induce micro bubbles formation, and the breakage of these bubble lead to cavitation phenomenon, which results in intense shear forces, shock waves, macro-turbulences, micromixing and acoustic streaming [START_REF] Zhang | Recent advances in valorization of Chaenomeles fruit: A review of botanical profile, phytochemistry, advanced extraction technologies and bioactivities[END_REF]. In the process of sonication, motion energy transforms into heat, which acts as activation energy for initiating some physicochemical reactions which promote mass transfer [START_REF] Garavand | Different techniques for extraction and micro/nanoencapsulation of saffron bioactive ingredients[END_REF]. Based on this theory, UAE has been developed to release favorable and desired compounds from plant materials by accelerating diffusion, increasing mass transfer and speeding up the contact of the solvent to the target compounds.

In UAE, the operational variables including the applied frequency, temperature and time, the properties of extraction solvent, and the features of plant material are important factors that affect the yield of curcumin. Thus, it is advisable to optimize the UAE process before it is applied to recover curcumin. Shirsath et al. [START_REF] Shirsath | Intensification of extraction of curcumin from Curcuma amada using ultrasound assisted approach: Effect of different operating parameters[END_REF] investigated the effect of operating parameters on the curcumin extraction yield using UAE and found that the optimum parameters for such extraction were 35 °C, solid/solvent ratio of 1:25 (g/mL), particle size of 0.09 mm, 1 h extraction time, ultrasonic power of 250 W and ultrasound frequency of 22 kHz with ethanol as the solvent. The obtained yield (72%) was significantly higher than solvent extraction or maceration/soaking where only about 62% yield was achieved in an 8 h process. These results indicated that it can be a rapid and sustainable alternative process compared with conventional procedures.

Additionally, environmentally friendly and energy saving pulsed UAE has been used for curcumin extraction, and promising results suggested pulsed UAE is a good choice to obtain curcumin with high extraction rate but low energy consumption. In pulsed UAE, the duration and interval time had a remarkable influence on the extraction. It was found the yield of curcuminoids tended to decrease with the increase of interval time [START_REF] Li | Optimisation of pulsed ultrasonic and microwave-assisted extraction for curcuminoids by response surface methodology and kinetic study[END_REF]. Therefore, high yield of curcumin can be produced by reducing the pulsed duration or interval time. Under optimum conditions, Li et al. [START_REF] Li | Optimisation of pulsed ultrasonic and microwave-assisted extraction for curcuminoids by response surface methodology and kinetic study[END_REF] found that the curcumin yield obtained in the pulsed UAE (1.03 ± 0.02 g/100 g dry weight) was more efficient than that in UAE (0.82 ± 0.01 g/100 g dry weight).

Microwave-assisted extraction (MAE)

MAE is a well-established, automated, green extraction method for bioactive compounds extraction which uses microwave energy (electromagnetic waves with a frequency range of 300

MHz to 300 GHz). Generally, microwave frequency associated with lab work and domestic work is 2.45 GHz [START_REF] Garavand | Different techniques for extraction and micro/nanoencapsulation of saffron bioactive ingredients[END_REF]. The dispersal of electromagnetic waves induces microwave heating which results in an accelerated mass and heat transfer, leading to better transport of solutes from the inside of plant materials to the extracting solvent medium [START_REF] Praveen | An overview of extraction and purification techniques of seaweed dietary fibers for immunomodulation on gut microbiota[END_REF]. Notably, MAE offers some advantages, including the combined reduction of the extraction time, solvent and energy consumptions, and produces a higher yield as compared to conventional methods [START_REF] Mena-García | Green techniques for extraction of bioactive carbohydrates[END_REF].

In recent years, MAE method has been applied to recover curcumin from plant materials at various operating conditions. The microwave power, time intervals (irradiation time and cooling time), temperature, size of plant materials and type of solvent are the main variables investigated by researchers for the extraction of curcumin. In some cases, dry microwave irradiation (which enhances the degradation of cell wall) and pretreatment of the powdered sample (which makes the sample more vulnerable to microwave heating) are added to the MAE process, which can increase both extraction rate and extraction efficiency [2,[START_REF] Mandal | Microwave assisted extraction of curcumin by sample-solvent dual heating mechanism using Taguchi L9 orthogonal design[END_REF]. For example, Mandal et al. [START_REF] Mandal | Microwave assisted extraction of curcumin by sample-solvent dual heating mechanism using Taguchi L9 orthogonal design[END_REF] performed a Taguchi L9 orthogonal design using microwaves based on solvent-sample duo-heating synergism, for the extraction of curcumin from Curcuma longa L. The optimum conditions were as follows: 140 W (20%) microwave power, 4 min irradiation time, particles screened through sieve 20, 8 mL of modifier (methanol) and solid to solvent (acetone) ratio of 1:20. This resulted in 4.98% curcumin yield, which was higher than that with Soxhlet extraction, maceration and stirring extraction.

The above examples revealed that extraction of curcumin by MAE had better precision and higher yield with significant reduction in extraction time, when compared to conventional approaches. Additionally, the MAE technique was more efficient (in terms of percent yield and required extraction time) when compared to ultra-sonic and supercritical carbon dioxide assisted extraction [2,[START_REF] Li | Optimisation of pulsed ultrasonic and microwave-assisted extraction for curcuminoids by response surface methodology and kinetic study[END_REF].

Enzyme-assisted extraction (EAE)

Plant cell walls consist of a series of complex structural polysaccharides, conferring cells stability and resistance to the extraction of the intracellular components. Thus, enzymes with specific hydrolytic properties are used to break down the matrix of the plant cell wall in order to gain access to the bioactive components within the cytosolic spaces and even those bound to the cellular walls. In EAE method, enzymes such as -amylase, glucoamylase, and amyloglocosidase are used for the extraction of curcumin [START_REF] Sahne | Extraction of bioactive compound curcumin from turmeric (Curcuma longa L.) via different routes: A comparative study[END_REF][START_REF] Kurmudle | Enzyme-assisted extraction for enhanced yields of turmeric oleoresin and its constituents[END_REF][START_REF] Kurmudle | Enzyme-assisted three phase partitioning: A novel approach for extraction of turmeric oleoresin[END_REF][START_REF] Sahne | Enzyme-assisted ionic liquid extraction of bioactive compound from turmeric (Curcuma longa L.): Isolation, purification and analysis of curcumin[END_REF]. This approach is gaining more attention because it is efficient, simple, sustainable and eco-friendly.

It is important to note that enzyme specificity and selectivity are influenced by multiple factors such as temperature, time, pH and enzyme concentration. Therefore, the use of optimum enzyme reaction conditions is necessary for getting the maximum hydrolytic activity. Kurmudle et al. [START_REF] Kurmudle | Enzyme-assisted extraction for enhanced yields of turmeric oleoresin and its constituents[END_REF] performed a single factor approach to evaluate effect of different enzyme reaction conditions on the recovery of curcuminoids and found 3% -amylase used at pH 5.0 with 5 h of incubation, 8 h of extraction and 2% glucoamylase used at pH 4.5 with 5 h of incubation, 8 h of extraction, with acetone as a solvent, increased the yields of curcumin by 26.04% and 31.83%

when compared to their control. Sahne et al. [START_REF] Sahne | Extraction of bioactive compound curcumin from turmeric (Curcuma longa L.) via different routes: A comparative study[END_REF] also optimized the process parameters in order to obtain maximum yield of curcumin and found that the application of -amylase and amyloglocosidase on turmeric powder gave 4.1% curcumin extraction yield using EAE under optimum conditions.

In some cases, EAE is combined with other extraction techniques such as ionic liquid extraction and three phase partitioning. Sahne et al. [START_REF] Sahne | Enzyme-assisted ionic liquid extraction of bioactive compound from turmeric (Curcuma longa L.): Isolation, purification and analysis of curcumin[END_REF] used enzyme-assisted ionic liquid extraction to extract curcumin from turmeric. In their work, carbamate ionic liquid extraction of curcumin from enzyme pretreated turmeric ( -amylase and amyloglucosidase mixture: substrate =1:25, incubation at 65°C for 6 h) resulted in a curcumin yield of 5.73% at 25 °C, the extraction time being 2 h.

Pressurized liquid extraction (PLE)

PLE is an attractive green-technology that uses liquid solvents at temperatures above their atmospheric boiling point, i.e. at high temperature-pressure conditions below their critical point for the extraction of bioactive compounds [START_REF] Osorio-Tobón | Process integration for turmeric products extraction using supercritical fluids and pressurized liquids: Economic evaluation[END_REF]. Elevated temperature and high pressure applied in the PLE process increase solubility and mass transfer rates between the plant matrix and the solvent, which improve the extraction performance [START_REF] Ameer | Green Extraction Methods for Polyphenols from Plant Matrices and Their Byproducts: A Review[END_REF]. If water is used as the extraction solvent, this green technique is also referred as subcritical water extraction (SWE) or pressurized hot water extraction. Subcritical water is an effective extraction solvent for extracting various medium and low polarity compounds because the decreased dielectric constant of subcritical water is similar to that of organic solvents.

In the past few years, some applications of SWE for curcumin extraction have been reported in the literature, which indicated that SWE can be a rapid and sustainable alternative process compared with conventional procedures. A selection of recent applications of SWE is listed in demonstrated that the changes in porosity and hardness of turmeric was directly related to the amount of extracted curcumin.

The addition of co-solvents or additives such as salts or buffers in SWE has been found to improve extraction yields. Euterpio et al. [START_REF] Euterpio | Extending the applicability of pressurized hot water extraction to compounds exhibiting limited water solubility by pH control: curcumin from the turmeric rhizome[END_REF] evaluated the feasibility of using subcritical water to extract curcumin from turmeric by adjusting its pH at extreme values. Also, the effect of temperature, and buffer concentration on the curcumin extraction yield were investigated in detail. It was found that the optimum conditions for such extraction were at a temperature of 197 °C using 62 g/L phosphate-buffered water at pH 1.6. Their results demonstrated that the extraction yields were improved when the pH was adjusted to a very low value. In another study [START_REF] Kwon | Pilot-scale subcritical solvent extraction of curcuminoids from Curcuma long L[END_REF], subcritical water was used in combination with ethanol for extracting curcumin from turmeric; and the authors found that the concentration of extracted curcuminoids gradually increased with the ethanol content. Moreover, this technique was also tested for scale-up. [29]

1-5% (w/w) -amylase and amyloglocosidase, 2-8 h of incubation (65°C), 1-5 h of extraction (25°C), solid to acetone ratio of 1:10 (w/v)

4.1%

The application of -amylase and amyloglocosidase on turmeric powder showed 4.1% curcumin extraction yield using EAE under optimum conditions. [START_REF] Sahne | Extraction of bioactive compound curcumin from turmeric (Curcuma longa L.) via different routes: A comparative study[END_REF] particle size 0.180-0.425 mm, 1-5% (w/w) mixture ofamylase and amyloglucosidase, 2-8 h of incubation (65 °C), 2-24 h of extraction (15-45 °C), solid to carbamate ionic liquid ratio of 1:10-1:50 (w/w)

5.73%

Use of a mixture of -amylase and amyloglucosidase enzymes to pretreat turmeric remarkably improved the extraction yield from 3.58% to 5.73%. [START_REF] Sahne | Enzyme-assisted ionic liquid extraction of bioactive compound from turmeric (Curcuma longa L.): Isolation, purification and analysis of curcumin[END_REF] Pressurized liquid extraction (PLE) 120-160 °C, 10-25 bar, particle size 0.6-2 mm, 6-22 min

3.8%

The changes in porosity and hardness of turmeric were directly related to the amount of extracted curcumin in process optimization.

[34] 90-250 °C, 5.0 MPa, pH 1-5.5 phosphate-buffered (40-75 g/mL), solvent flow rate of 0.5 mL/min [START_REF] Garavand | Different techniques for extraction and micro/nanoencapsulation of saffron bioactive ingredients[END_REF][START_REF] Li | Extraction techniques in sustainable biofuel production: A concise review[END_REF]. The efficiency of supercritical CO2 comes from its physical and thermal properties, which incorporates the features of both liquid and gaseous states [START_REF] Belwal | Recent advances in scaling-up of non-conventional extraction techniques: Learning from successes and failures[END_REF]. A supercritical fluid can be obtained when the temperature and pressure of a gas or a liquid exceed its critical points [START_REF] Guiochon | Fundamental challenges and opportunities for preparative supercritical fluid chromatography[END_REF]. In SFE process, the mild processing temperature required make it suitable for extraction of thermally unstable and easily oxidized compounds. Generally, SFE is regarded as a green alternative method to conventional extraction as it reduces amount of solvent required, shortens extraction time, facilitates automation, and improves selectivity [START_REF] Garavand | Different techniques for extraction and micro/nanoencapsulation of saffron bioactive ingredients[END_REF].

Supercritical CO2 is endowed with a high solvating capacity for essential oils (low polarity molecules), while it has limited capacity for curcumin (being more polar). Therefore, SFE using CO2 is a suitable method for extraction of essential oil from Curcuma longa L., but the amounts of curcumin which is extracted using pure CO2 is low. Therefore, polar organic co-solvents (or modifiers), such as methanol, ethanol, are added in small quantities to improve the extraction efficiency of curcumin. For instance, Wakte et al. [2] developed a methodology to extract curcumin from Curcuma longa L. using supercritical CO2 with 10% ethanol and obtained 1.46 % curcumin yield at a pressure of 30 MPa, temperature of 50 °C, CO2 flow rate of 5 mL/min and extraction time of 300 min.

Alternatively, other methodologies based on the combination of SFE following PLE have been proposed for the extraction of curcumin from plant materials. The essential oil was removed initially from the turmeric rhizomes powder by extraction with supercritical CO2 [START_REF] Osorio-Tobón | Process integration for turmeric products extraction using supercritical fluids and pressurized liquids: Economic evaluation[END_REF][START_REF] Osorio-Tobón | Extraction of curcuminoids from deflavored turmeric (Curcuma longa L.) using pressurized liquids: Process integration and economic evaluation[END_REF].

Immediately after the SFE process, PLE can be performed using ethanol as the solvent to extract curcumin. In the study conducted by Osorio-Tobón et al. [START_REF] Osorio-Tobón | Extraction of curcuminoids from deflavored turmeric (Curcuma longa L.) using pressurized liquids: Process integration and economic evaluation[END_REF], PLE was applied to recover curcumin after the SFE process was completed. Similar curcumin yields (4.3%) were obtained by this process, Soxhlet extraction and low-pressure solvent extraction, but turmeric essential oil can be recovered in the SFE process. Later, Osorio-Tobón et al. [START_REF] Osorio-Tobón | Process integration for turmeric products extraction using supercritical fluids and pressurized liquids: Economic evaluation[END_REF] investigated SFE, PLE and supercritical antisolvent process in order to obtain turmeric essential oil and powdered curcuminoid-rich extract, and found the integration processes enabled to obtain high extraction yield of both curcumin (7.6%) and essential oil (6.4%) in a more economical way. Therefore, production of curcumin through integrated process is economically viable and shown to be promising.

Ionic liquids-based extraction

In recent years, "green solvents" have been preferred instead of the classical organic solvents in order to prevent environmental pollution. In this regards, ionic liquids have gained considerable attention due to their unique chemical and physical properties such as negligible volatility, good thermal stability, tunable viscosity, and preservation of biological activities [START_REF] Pandey | Analytical applications of room-temperature ionic liquids: A review of recent efforts[END_REF][START_REF] Passos | Ionic liquid solutions as extractive solvents for value-added compounds from biomass[END_REF]. Based on their properties, ionic liquids have been successfully applied in various applications such as synthesis, catalysis, analysis and separation processes. 

Curcumin purification techniques

After successful extraction by different methods, curcumin is subjected to further separation and purification. Based on factors such as polarity, ligand interaction, and solubility, a series of purifying methods, including column chromatography, semi-preparative high performance liquid chromatography, high-speed counter-current chromatography, preparative supercritical fluid chromatography and crystallization, have been developed for isolation and purification.

The methods used to separate and purify curcumin from extracts or commercial crude curcumin are described in the following sections (summarized in Table 2). A schematic diagram of the experimental set-up for purification methods is also presented (Fig. 2).

Column chromatography (CC)

Column chromatography is the most common method for purification of substances at a preparative scale. The procedure involves preparation of the column, loading the sample onto the column, eluting the column by the mobile phase and recovering the constituents [START_REF] Cvetkovi | Integration of dry-column flash chromatography with NMR and FTIR metabolomics to reveal cytotoxic metabolites from Amphoricarpos autariatus[END_REF]. Many types of column chromatography are available based on the different stationary phases, such as adsorption chromatography, ion-exchange chromatography, affinity chromatography and size exclusion chromatography. The selection of column type depends on the properties of the target components to be separated. Adsorption chromatography is commonly used for the separation of curcumin, in which the separation is based on different adsorption properties of the compounds on the stationary phase.

Curcumin, DMC, and BDMC have different methoxy substitution pattern on the aromatic ring which results in difference in polarity. Therefore, curcumin could be separated from crude curcumin according to the difference in the interactions between curcuminoids and the stationary phase. Silica gel and resin are the most common stationary phases for column chromatography to separate curcumin from curcuminoids. Existed studies suggested that column adsorption chromatography is an effective method for large-scale production of highpurity individual curcuminoids [START_REF] Sahne | Enzyme-assisted ionic liquid extraction of bioactive compound from turmeric (Curcuma longa L.): Isolation, purification and analysis of curcumin[END_REF][START_REF] Jayaprakasha | Improved HPLC Method for the Determination of Curcumin, Demethoxycurcumin, and Bisdemethoxycurcumin[END_REF][START_REF] Revathy | Isolation, purification and identification of curcuminoids from Turmeric (Curcuma longa L.) by Column Chromatography[END_REF][START_REF] Yang | Enhanced separation and purification of curcuminoids on polyamide column via noncovalent interactions[END_REF]. For instance, Revathy et al. [START_REF] Revathy | Isolation, purification and identification of curcuminoids from Turmeric (Curcuma longa L.) by Column Chromatography[END_REF] reported silica gelbased adsorption chromatography method for the separation of curcumin, DMC and BDMC with chloroform/methanol as the mobile phase. Using this method, 906.4 mg curcumin, 597.5 mg DMC and 390.5 mg BDMC were obtained from 5 g extracts with a purity of 84%, 86% and Moreover, hyphenated techniques could improve the resolution and separation time, and represents a practical approach to resolve problems caused by peak overlap. For instance, Jayaprakasha et al. [START_REF] Jayaprakasha | Rapid separation and quantitation of curcuminoids combining pseudo two-dimensional liquid flash chromatography and NMR spectroscopy[END_REF] established a pseudo two-dimensional liquid flash chromatography to separate curcumin, DMC, BDMC and dihydro bisdemethoxy curcumin (DHBDMC) from turmeric oleoresin using silica and diol columns in series with methanol/chloroform as mobile phase. The purity of isolated curcuminoids was in the 92.4%-95.45% range, as determined by the combined quantitative method (qNMR).

Semi-preparative high performance liquid chromatography (semi-prep HPLC)

Semi-prep HPLC is one of the most efficient and widely accept technologies used for the isolation and purification of natural compounds, pharmaceuticals and other products. While it is relatively more expensive and more complex for operators than conventional liquid chromatography. This method takes advantage of high performance separation, online detection, automatic control, high recovery and good reproducibility [START_REF] Yao | Application of preparative high-speed counter-current chromatography/preparative high-performance liquid chromatography mode in rapid separation of saponins[END_REF][START_REF] Feng | Purification of compounds from Lignum Dalbergia Odorifera using two-dimensional preparative chromatography with Click oligo (ethylene glycol) and C18 column[END_REF]. The compounds of the sample mixture are separated from each other due to their different degrees of interaction (such as hydrophobic and ionic) with the absorbent material. Generally, C18-based column is the most frequently used column for isolation of curcumin and its derivatives DMC and BDMC, and is based on hydrophobic interaction.

To obtain curcumin with high purity, the optimum conditions (stationary phase, mobile phase, flow rate, injection volume, and concentration of sample) for good resolution in semi-prep HPLC need to be optimized. However, it was found that the optimal conditions established at analytical scale could be transferred to a preparative one [START_REF] Mollayi | Recycling preparative high performance liquid chromatography for the separation of curcumin from curcuminoids in curcuma longa L[END_REF][START_REF] Owczarek | Optimisation of preparative HPLC separation of four isomeric kaempferol diglycosides from Prunus spinosa L. by application of the response surface methodology[END_REF]. For instance, Mollayi et al.

[51] optimized the analytical HPLC process, and then chose a preparative HPLC column with the same bed length but about 12 times higher than the volume of the analytical column to separate curcumin from turmeric acetone extracts using optimum conditions. They found the purity of obtained curcumin decreased with the increase of concentration of acetone extract. To achieve pure curcumin at high sample loading concentration, recycling prep HPLC (up to five cycles) was used and higher purity (> 99.0%) of curcumin was obtained when the sample concentration up to 6 mg/mL. Several studies suggested semi-prep HPLC method is very feasible and effective as high purity of curcumin could be obtained [START_REF] Mollayi | Recycling preparative high performance liquid chromatography for the separation of curcumin from curcuminoids in curcuma longa L[END_REF][START_REF] Abu-Lafi | Curcumin, a natural isolate from Curcuma longa (turmeric) with high -hematin inhibitory potential[END_REF][START_REF] Xu | A method for the preparation of curcumin by ultrasonic-assisted ammonium sulfate/ethanol aqueous two phase extraction[END_REF]. Recently, Abu-Lafi et al. [START_REF] Abu-Lafi | Curcumin, a natural isolate from Curcuma longa (turmeric) with high -hematin inhibitory potential[END_REF] used semi-prep HPLC to obtain high purity curcumin (92%) from turmeric extract using a flow rate of 20 mL/min, 1 mL injection volume with a concentration of 10 mg/mL, using gradient mixture of acetonitrile and water.

High-speed counter-current chromatography (HSCCC)

HSCCC is a liquid-liquid partition chromatographic technique, which has been extensively used for the preparative separation of various active compounds from natural products. It is based on partitioning of compounds between two immiscible liquid phases [START_REF] Wang | Anti-proliferation activities of three bioactive components purified by high-speed counter-current chromatography in essential oil from ginger[END_REF], using no supporting matrix; the liquid stationary phase is immobilized by centrifugal force, which eliminates the irreversible adsorption of sample onto the solid support [START_REF] Hou | Separation of minor coumarins from Peucedanum praeruptorum using HSCCC and preparative HPLC guided by HPLC/MS[END_REF]. Each component can be separated according its distribution coefficients during the liquid-liquid extraction and centrifugal distribution process [START_REF] Pan | Optimization extraction and purification of biological activity curcumin from Curcuma longa L by high performance counter current chromatography[END_REF].

HSCCC is a feasible and effective method for separating curcumin, DMC and BDMC, which can produce individual curcuminods with high purify (>98%) and has potential to be applied for commercial production in the industry. Inoue et al. [START_REF] Inoue | Purification of Curcumin, Demethoxycurcumin, and Bisdemethoxycurcumin by High-Speed Countercurrent Chromatography[END_REF] performed simple and efficient purification of curumin, DMC and BDMC by HSCCC using an HSCCC-1A prototype model with a two-phase solvent system composed of n-hexane/chloroform/methanol/water

(5/10/7.5/2.5, v/v). The peak resolution values between three compounds were 1.7 and 2.1 respectively, and 1.1 mg of curcumin, 0.6 mg DMC and 0.9 mg BDMC were separated from 25 mg turmeric powder with purity >98%. With the development of HSCCC, a new highperformance counter-current chromatography (HPCCC) equipment with higher separation efficiency has been developed. Recently, Pan et al. [START_REF] Pan | Optimization extraction and purification of biological activity curcumin from Curcuma longa L by high performance counter current chromatography[END_REF] established a HPCCC method to separate curcumin, DMC and BDMC from crude extract employing an optimized two-phase solvent system n-hexane/ethyl acetate/methanol/water (2/3/3/1, v/v). The curcuminoids were successfully separated within 70 min, and 67 mg curcumin, 18 mg DMC and 9.7 mg BDMC with HPLC purity of 98.26%, 97.39% and 98.67% respectively were obtained from 97 mg crude sample in which their purities were 68.56%, 19.01% and 10.32% respectively.

Preparative supercritical fluid chromatography (prep-SFC)

Recently, SFC has attracted extensive attention owing to its high efficiency and environment protecting. The principles are similar to those of HPLC, and are based on adsorption and partition chromatography, and uses columns similar to those in HPLC systems. However, SFC typically utilizes supercritical fluid as the mobile phase [START_REF] Gibitz-Eisath | Supercritical Fluid Chromatography in Natural Product Analysis -An Update[END_REF]. CO2 is most frequently used in SFC, which can be easily pressurized and heated to reach its critical points (31°C and 74 bar); moreover, it is inert, nontoxic, readily available, and cheap [START_REF] Yang | Advances of supercritical fluid chromatography in lipid profiling[END_REF].

SFC has been successfully applied to both analytical and preparative scale preparation of natural compounds with similar structures. It has been proved to be a green and powerful tool for separation of curcumin from curcuminoids as high purity curcumin, DMC, and BDMC can be obtained rapidly and efficiently after one single step of separation. Sanagi et al. [START_REF] Sanagi | Application of Supercritical Fluid Extraction and Chromatography to the Analysis of Turmeric[END_REF] reported a process for the analysis of curcumin from turmeric using on line coupling of SFE with SFC and found the separation of curcuminoids by SFC was comparable to that by HPLC. Using this approach, a prep-SFC method was established for the rapid separation of the three curcuminoids from the methanol extract of turmeric [START_REF] Song | Efficient separation of curcumin, demethoxycurcumin, and bisdemethoxycurcumin from turmeric using supercritical fluid chromatography: From analytical to preparative scale: Sample Preparation[END_REF]. This method was performed with supercritical CO2 containing 8-15% methanol and 10 mM oxalic acid at a flow rate of 80 mL/min and using a Virids BEH OBD column (Waters, 250 mm × 19 mm, 5 m). Using this process, 20.8 mg curcumin (97.9% purity), 7.0 mg DMC (91.1% purity), and 4.6 mg BDMC (94.8% purity) were obtained after a single step of SFC separation with a mean recovery of 76.6%.

Crystallization

Crystallization is one of the most important separation and purification processes in chemical engineering processing industries, including pharmaceutical and food industries. In general, crystallization can be achieved by four different ways: cooling, evaporation, addition of antisolvents and precipitation; sometimes two of these can be combined for enhanced results [START_REF] Gomes | Crystallization of vanillin from kraft lignin oxidation[END_REF][START_REF] Tatsukawa | Development of quantifying supersaturation to determine the effect of the anti-solvent on precipitation in liquid-liquid interfacial crystallization[END_REF]. These strategies are aimed to reach super saturation of the solution so that the transition from the liquid phase to solid phase occurs. With the aim to separate curcumin from the crude curcumin (mixture of curcumin, DMC and BDMC) and suppress spontaneous nucleation of undesired DMC and BDMC, selection of solvents with a relatively low solubility for curcumin and highly solubility for DMC and BDMC or using seed prepared with curcumin solid standard are crucial [START_REF] Ukrainczyk | Process Parameters in the Purification of Curcumin by Cooling Crystallization[END_REF][START_REF] Horosanskaia | Purification of Curcumin from Ternary Extract-Similar Mixtures of Curcuminoids in a Single Crystallization Step[END_REF].

Usually multi-step successive crystallizations are needed to separate curcumin from crude sample to the desired purity. The process conditions, such as cooling rate, seeding, seed polymorph, agitation method and number of crystallization steps, impact the purity of curcumin.

In a study conducted by Ukrainczyk et al. [START_REF] Ukrainczyk | Process Parameters in the Purification of Curcumin by Cooling Crystallization[END_REF], purification of curcumin from commercially crude curcumin by three or four step successive cooling crystallization has been investigated.

It was found that slow cooling and seeded crystallization, particularly with the metastable Form II seed, significantly improves the purification of curcumin. Moreover, the number of crystallization steps required to reach a certain purity can be reduced by tuning the crystallization parameters, which significantly increased the overall curcumin yield. At substantially optimal crystallization conditions (metastable Form seed, ethanol/water (70% v/v) as solvent, magnetic stirring, and cooling rate of 8°C/h), the overall yield after three successive crystallizations was 50%, reaching purity of 99.85%. Recently, Horosanskaia et al.

[16] developed a separation process for isolation of curcumin from crude curcumin within a single crystallization step. The curcumin purity increased from initial content of 67-75% up to 99.4% using acetone, acetonitrile and 50/50 (w/w) mixtures of acetone/2-propanol and acetone/acetonitrile as solvents. Total product yields enhanced to 70-79% via addition of water and acetonitrile as anti-solvents at the end of the cooling crystallization process.

In order to obtain all three curcuminoids in the pure form at high yield, a combination of crystallization and chromatography has been studied (Table 2). For instance, Heffernan et al.

[66] developed a combined purification method (multistep crystallization and further separation by column chromatography of the remaining mother liquors) for isolation of three curcuminoids from commercially available crude curcumin. 100% pure curcumin, 98.6% pure DMC and 98.3% pure BDMC were obtained with a yield of 88.5%, 79.7% and 68.8%, respectively. 

Applications of curcumin

Curcumin is extensively used in traditional medicine. In recent years, its demand has increased in the pharmaceutical, food and cosmetic industries. Numerous studies have explored the applications of curcumin in cooking, medicine, beauty, and health products [START_REF] Chattopadhyay | Turmeric and curcumin: Biological actions and medicinal applications[END_REF][START_REF] Esatbeyoglu | Curcumin-From Molecule to Biological Function[END_REF][START_REF] Friedrich | Skin penetration behavior of lipid-core nanocapsules for simultaneous delivery of resveratrol and curcumin[END_REF] . In this regard, the applications of curcumin are summarized in the following sections. A schematic diagram showing the different applications is presented in Fig. 3.

Curcumin for medicinal purposes

Curcumin is historically valuable in medical applications and has been used in traditional medicine as a household remedy [START_REF] Chattopadhyay | Turmeric and curcumin: Biological actions and medicinal applications[END_REF]. Its use in various medicines is primarily due to its wide range of beneficial biological and pharmacological activities, i.e., anti-inflammatory, antioxidant, anti-bacterial, anti-diabetic, anti-cancer, and anti-tumor [START_REF] Chattopadhyay | Turmeric and curcumin: Biological actions and medicinal applications[END_REF][START_REF] Sharma | Curcumin: The story so far[END_REF][START_REF] Yallapu | Therapeutic Applications of Curcumin Nanoformulations[END_REF]. In addition, safety evaluation studies indicated that curcumin is well tolerated at a high dose without any toxic effects [START_REF] Chainani-Wu | Safety and Anti-Inflammatory Activity of Curcumin: A Component of Tumeric (Curcuma longa)[END_REF]. For the last few decades, it has increasingly come under the scientific spotlight thanks to these active biological functions and its highly safe nature.

Curcumin exhibits therapeutic effects against numerous types of cancer including bone tumor, brain tumors, head and neck, melanoma, colon, colorectal, pancreatic, breast, prostate, ovarian, lung, and oral cancer [START_REF] Rafiee | Application of curcumin-loaded nanocarriers for food, drug and cosmetic purposes[END_REF][START_REF] Noorafshan | A Review of Therapeutic Effects of Curcumin[END_REF]. The anti-cancer mechanisms involve modulation of numerous molecular targets and signaling pathways, such as NF-B, STAT3, and Akt/mTOR [START_REF] Shehzad | Curcumin in Cancer Chemoprevention: Molecular Targets, Pharmacokinetics, Bioavailability, and Clinical Trials[END_REF][START_REF] Vallianou | Potential Anticancer Properties and Mechanisms of Action of Curcumin[END_REF],

which suppress different cellular processes including cancer cell proliferation, invasion, and metastasis. Curcumin is also effective in prevention and treatment of vascular dysfunctions and cardiovascular diseases, such as cardiomyopathy, oxidative heart injury, cardiac hypertrophy and myocardial infarction [START_REF] Noorafshan | A Review of Therapeutic Effects of Curcumin[END_REF]. Its mechanisms of action are mostly related to its antiinflammatory effects. Moreover, curcumin also offers protective actions against the nervous system, especially the brain, to prevent and treat diseases related to this vital organ such as Alzheimer's and Parkinson's diseases, by exerting anti-oxidant, anti-inflammatory and antiprotein aggregation activities [START_REF] Noorafshan | A Review of Therapeutic Effects of Curcumin[END_REF][START_REF] Vajragupta | Manganese complexes of curcumin and its derivatives: evaluation for the radical scavenging ability and neuroprotective activity, Free Radic[END_REF]. In addition, curcumin has been proven to be a hypoglycemic, anti-pathogenic, anti-viral, hepato-, nephron-protective molecule [START_REF] Rafiee | Application of curcumin-loaded nanocarriers for food, drug and cosmetic purposes[END_REF][START_REF] Mahmood | Recent developments in curcumin and curcumin based polymeric materials for biomedical applications: A review[END_REF].

Curcumin has also been found to enhance wound healing through involvement in tissue remodeling, granulation tissue formation, and collagen deposition, which is attributed to its biochemical effects such as its anti-inflammatory, anti-infectious and anti-oxidant activities [START_REF] Mahmood | Recent developments in curcumin and curcumin based polymeric materials for biomedical applications: A review[END_REF].

Curcumin in the food industry

Curcumin (E 100) is a dicinnamoylmethane dye authorized for uses as a food additive in the European Community and was approved by the Joint FAO/WHO Expert Committee on Food Additives (JECFA) and the European Community Scientific Committee on Food (SCF).

Furthermore, the admissible daily intake (ADI) is 0-3 mg/kg body weight, as established at the 61st JECFA in 2004 [START_REF] Fisher | WHO Technical Report Series -JECFA[END_REF]. However, JECFA specifications consider only curcumin extracted from natural source materials but not synthetic curcumin. Therefore, natural curcumin is widely used in the food industry.

Traditionally, curcumin has been employed as a natural food coloring agent, which exhibits an attractive bright yellow-orange color and can serve as a substitute for synthetic food colorants.

It is commonly used in rice, meat, mustard, pastries, dairy products, and canned fish [START_REF] Esatbeyoglu | Curcumin-From Molecule to Biological Function[END_REF] making foods look better. Furthermore, curcumin can act as a natural preservative to increase the shelf-life of the food. It has a strong anti-microbial efficacy against many microorganisms, including Escherichia coli, Staphylococcus aureus, Salmonella typhimurium, and Listeria monocytogenes [START_REF] Altunatmaz | Antimicrobial effects of curcumin against L. monocytogenes, S. aureus, S. Typhimurium and E. coli O157:H7 pathogens in minced meat[END_REF]. It has been proved that curcumin has a good preservation effect on cooked mutton, bread, bean curd and minced meat [START_REF] Liang | Study on antiseptic effects of curcumin[END_REF][START_REF] Altunatmaz | Antimicrobial effects of curcumin against L. monocytogenes, S. aureus, S. Typhimurium and E. coli O157:H7 pathogens in minced meat[END_REF].

Additionally, curcumin is also proposed as a pH-sensitive indicator or sensor for monitoring and giving information on food quality to manufacturers, retailers or consumers as curcumin is highly sensitive toward acid-base actions. In the process of foods spoilage, color changes of sensor can be monitored directly with visual inspection, also the color can be quantitatively measured after canning with color analysis via software. For instance, a curcumin-based sensor for the detection of volatile amines (specifically known as total volatile basic nitrogen, TVBN) was described by Kuswandi et al [START_REF] Kuswandi | Real-Time Monitoring of Shrimp Spoilage Using On-Package Sticker Sensor Based on Natural Dye of Curcumin[END_REF]. The performance of this sensor was successfully tested directly for real-time monitoring of shrimp spoilage in ambient and chiller conditions.

Curcumin in the cosmetic industry

Curcumin has been used for several decades in cosmetic industry owing to its anti-oxidant and anti-inflammatory effects. It has shown potential for a wide variety of beauty treatments for the skin, face, hair, lips, and nail care with beneficial actions against ultraviolet light, aging, inflammation, hair loss, lip care and nail-care. Curcumin can be used in cosmetics for skin protection for properties such as anti-aging, anti-wrinkle, sunscreen and moisture retention [START_REF] Friedrich | Skin penetration behavior of lipid-core nanocapsules for simultaneous delivery of resveratrol and curcumin[END_REF][START_REF] Kaur | Topical vesicular formulations of Curcuma longa extract on recuperating the ultraviolet radiation-damaged skin: Vesicular herbal formulations improving skin properties[END_REF]. Curcumin readily undergoes degradation when exposed to various harsh environmental conditions such as infrared and ultraviolet rays, chemical pollution, and other physical stresses, which can prevent oxygen free radical generation and lipid peroxidation, and can then protect skin against these harmful environmental conditions. Notably, curcumin-loaded formulations can enhance its stability and bioavailability to the skin (cellular uptake and penetration behavior) [START_REF] Friedrich | Skin penetration behavior of lipid-core nanocapsules for simultaneous delivery of resveratrol and curcumin[END_REF][START_REF] Coradini | Co-encapsulation of resveratrol and curcumin in lipid-core nanocapsules improves their in vitro antioxidant effects[END_REF]. A continuous supply of curcumin enhances the skin beauty and personal care. Moreover, curcumin is proposed as an anti-bacterial and anti-inflammatory agent for treatment of acne vulgaris. In a study conducted by [START_REF] Liu | In Vitro Anti-Propionibacterium Activity by Curcumin Containing Vesicle System[END_REF], skin accumulation and propionibacterium acnes growth inhibition of curcumin-loaded lipid vesicles in vitro were evaluated. It was found that curcumin-loaded lipid vesicles could considerably accumulate in the neonate pig skin and inhibit propionibacterium acnes. Furthermore, curcumin-loaded formulations can effectively penetrate into the hair follicles and can be used for topical curcumin delivery of deep into and through the hair follicles [START_REF] Jung | Innovative Liposomes as a Transfollicular Drug Delivery System: Penetration into Porcine Hair Follicles[END_REF][START_REF] Konrádsdóttir | Drug Targeting to the Hair Follicles: A Cyclodextrin-Based Drug Delivery[END_REF]. Possible dermal applications include treatment of acne, inflammation, and hair growth disorders. 

Conclusions and perspectives

Curcumin has been widely used in different industries including food, cosmetics and pharmaceutics due to its beneficial biological activities and highly safe nature. 

Synopsis

The objective of this chapter is to introduce nanoemulsion systems for curcumin encapsulation and their applications.

Curcumin is widely acknowledged for its beneficial activities. However, its application has remained challenging due to its low aqueous solubility, biochemical/structural degradation and poor bioavailability. To overcome these limitations, lipid-based nanosystems have been employed to encapsulate curcumin for improving its functional properties, especially nanoemulsions. In order to obtain a desired encapsulation system, it is much important to understand well nanoemulsions. Which method can be chosen to prepare nanoemulsions? How to design nanoemulsions system to reach high stability, bioaccessibility and biological activies?

Therefore, the following aspects are reviewed:

1) Properties of curcumin and their limitations in applications

2) Different preparation technologies, including low energy emulsification methods and high energy emulsification methods

3) Specific factors in designing nanoemulsion systems that affect the chemical stability and in vitro bioaccessibility of the encapsulated curcumin 4) Various biological activities of encapsulated curcumin

Introduction

Curcumin is a natural low-molecular-weight (368.37g mol -1 ) polyphenolic compound present in the Curcuma longa (turmeric) rhizomes [START_REF] Rafiee | Application of curcumin-loaded nanocarriers for food, drug and cosmetic purposes[END_REF]. Turmeric is a wide-spread spice, typical of Indian cooking, that also found use in traditional Indian and Chinese medicines. Curcuminoids are the essential components of turmeric, which are responsible for its yellow color. Turmeric rhizomes contain 3~5% four types of curcuminoid derivatives including curcumin (77%), demethoxycurcumin (17%), bisdemethoxycurcumin (3%) and cyclocurcumin, of which curcumin is the most important bio-active constituent [START_REF] Araiza-Calahorra | Recent advances in emulsion-based delivery approaches for curcumin: From encapsulation to bioaccessibility[END_REF][START_REF] Wakte | Optimization of microwave, ultra-sonic and supercritical carbon dioxide assisted extraction techniques for curcumin from Curcuma longa[END_REF].

Over the last few decades, curcumin has received considerable interest owing to its wide range of pharmaceutical functions and biological features. Curcumin can be used as a flavouring substance (bitter taste), as a food preservative, as a natural colorant (bright yellow color) and as an antioxidant in various foods and beverages [START_REF] Wakte | Optimization of microwave, ultra-sonic and supercritical carbon dioxide assisted extraction techniques for curcumin from Curcuma longa[END_REF][START_REF] Eybl | Comparative study of natural antioxidants -curcumin, resveratrol and melatonin -in cadmium-induced oxidative damage in mice[END_REF]. Numerous studies have explored the applications of curcumin in prophylaxis and treatment of a variety of inflammatory conditions including wound healing in cutaneous [START_REF] Mohanty | Sustained Wound Healing Activity of Curcumin Loaded Oleic Acid Based Polymeric Bandage in a Rat Model[END_REF][START_REF] Phan | Protective Effects of Curcumin against Oxidative Damage on Skin Cells In Vitro: Its Implication for Wound Healing[END_REF][START_REF] Nguyen | A simple strategy to enhance the in vivo wound-healing activity of curcumin in the form of self-assembled nanoparticle complex of curcumin and oligochitosan[END_REF], excisional [START_REF] Mun | Synergistic antibacterial effect of curcumin against methicillin-resistant Staphylococcus aureus[END_REF][START_REF] Jagetia | Acceleration of wound repair by curcumin in the excision wound of mice exposed to different doses of fractionated radiation[END_REF] and chronic wounds [START_REF] Kant | Curcumin-induced angiogenesis hastens wound healing in diabetic rats[END_REF] and pro-inflammatory chronic diseases such as neurodegenerative diseases [START_REF] Lv | Ameliorating Effects of Combined Curcumin and Desferrioxamine on 6-OHDA-Induced Rat Mode of Parkinson's Disease[END_REF][START_REF] Mourtas | Multifunctional nanoliposomes with curcumin-lipid derivative and brain targeting functionality with potential applications for Alzheimer disease[END_REF][START_REF] Ghosh | The beneficial role of curcumin on inflammation, diabetes and neurodegenerative disease: A recent update[END_REF], cardiovascular diseases [START_REF] Sahebkar | Dual effect of curcumin in preventing atherosclerosis: the potential role of pro-oxidant-antioxidant mechanisms[END_REF][START_REF] Hasan | Curcumin modulation of high fat diet-induced atherosclerosis and steatohepatosis in LDL receptor deficient mice[END_REF], autoimmune diseases [START_REF] Rivera-Mancía | Experimental evidence for curcumin and its analogs for management of diabetes mellitus and its associated complications[END_REF][START_REF] Arora | Curcumin loaded solid lipid nanoparticles ameliorate adjuvant-induced arthritis in rats[END_REF], gastrointestinal disorders [START_REF] Morsy | Mechanisms of the Protective Effects of Curcumin against Indomethacin-Induced Gastric Ulcer in Rats[END_REF][START_REF] Sah | Turmeric (curcumin) remedies gastroprotective action[END_REF] and psychological diseases [START_REF] Jiang | Antidepressant-like effects of curcumin in chronic mild stress of rats: Involvement of its anti-inflammatory action[END_REF]. Anti-cancer activities of curcumin has also been extensively investigated and supporting evidences were found for its potential use in chemoprevention and treatment of a wide variety of tumors including breast [START_REF] Liu | Anticancer effect of curcumin on breast cancer and stem cells[END_REF], gastrointestinal [START_REF] Rajasekaran | Therapeutic potential of curcumin in gastrointestinal diseases[END_REF][START_REF] Jakubek | Strategy for improved therapeutic efficiency of curcumin in the treatment of gastric cancer[END_REF],

melanoma [START_REF] Wang | Improving anti-melanoma effect of curcumin by biodegradable nanoparticles[END_REF] and sarcoma [START_REF] Singh | Cell cycle inhibition and apoptosis induced by curcumin in Ewing sarcoma cell line SK-NEP-1[END_REF]. In spite of its excellent pharmacological benefits, researchers are still facing difficulties related to its poor water solubility, chemical instability, photodegradation, relatively high rate of metabolic degradation, rapid metabolism and rapid elimination from the body, and low oral bioavailability [START_REF] Hussain | Exploring recent developments to improve antioxidant, anti-inflammatory and antimicrobial efficacy of curcumin: A review of new trends and future perspectives[END_REF][START_REF] Anand | Bioavailability of Curcumin: Problems and Promises[END_REF]. Additionally, curcumin shows poor adsorption owing to its lipophilic nature. To overcome these problems, new strategies have been employed for improving its functional properties. Incorporation of curcumin into nanocarriers by different techniques is a suitable and efficient option [START_REF] Araiza-Calahorra | Recent advances in emulsion-based delivery approaches for curcumin: From encapsulation to bioaccessibility[END_REF][START_REF] Hussain | Nanoencapsulation, an efficient and promising approach to maximize wound healing efficacy of curcumin: A review of new trends and state-of-the-art[END_REF]. Particularly, nanoemulsions have been described as excellent carriers of lipophilic curcumin, to improve its stability and bioavailability.

In order to produce homogenous nanoemulsions, different processes (e.g., phase inversion temperature, phase inversion composition, ultrasonication, high pressure homogenization and microfluidization, etc.) have been developed. The preparation methods play an important role in loading and encapsulation efficiency of curcumin, as well as droplet size after curcumin incorporation. In this sense, suitable methodologies are needed to obtain nanoemulsions of different sizes, structures and properties to achieve different applications. Also, a scale-up to a higher level of production is necessary for industrial applications.

Hence, there is an essential need to extensively discuss the recent advances in different methods for the preparation of curcumin-loaded nanoemulsions. Additionally, we present in this review the specific factors in designing nanoemulsions system that affect the chemical stability and in vitro bioaccessibility of the encapsulated curcumin. Finally, antioxidant, anti-inflammatory and anticancer activities of such curcumin-loaded nanoformulations are comprehensively underlined.

Properties of curcumin and their limitations in applications

Structural characteristics and chemistry properties of curcumin

Curcumin, also known as diferuloyl methane, is a symmetric molecule, with an ordered crystal structure [START_REF] Araiza-Calahorra | Recent advances in emulsion-based delivery approaches for curcumin: From encapsulation to bioaccessibility[END_REF][START_REF] Sun | Role of curcumin in the management of pathological pain[END_REF]. The structure of curcumin is comprised of two aromatic rings with methoxyl and hydroxyl groups in the ortho position, connected through a seven carbon chain consisting of an , -unsaturated -diketone moiety [START_REF] Sahne | Enzyme-assisted ionic liquid extraction of bioactive compound from turmeric ( Curcuma longa L.): Isolation, purification and analysis of curcumin[END_REF]. The molecular configuration of curcumin can exist in the tautomeric forms keto and enol due to intramolecular hydrogen atoms transfer at the -diketone chain of curcumin. The structural features of curcumin are illustrated in Fig. 1.

Under slightly acidic and neutral conditions, the keto form is dominant. However, in alkaline conditions, curcumin is present primarily in its enolic form [START_REF] Ghosh | The beneficial role of curcumin on inflammation, diabetes and neurodegenerative disease: A recent update[END_REF][START_REF] Prasad | Curcumin, a component of golden spice: From bedside to bench and back[END_REF]. In fact, the conformation of curcumin is dependent of temperature, polarity and the properties of solvent [START_REF] De Souza Ferreira | Improving the bioavailability of curcumin: is micro/nanoencapsulation the key?[END_REF]. Curcumin is a relatively hydrophobic molecule with a calculated log octanol/water partition coefficient (logP) value of 3.2, which makes it practically insoluble in water and highly soluble in lipid [START_REF]Bioavailable curcumin formulations: A review of pharmacokinetic studies in healthy volunteers[END_REF]. It has adequate transmembrane permeability due to its lipophilic nature [START_REF] Hussain | Exploring recent developments to improve antioxidant, anti-inflammatory and antimicrobial efficacy of curcumin: A review of new trends and future perspectives[END_REF].

However, curcumin is soluble in polar solvents like methanol, acetone, ethanol and dimethyl sulfoxide (DMSO) [START_REF] Araiza-Calahorra | Recent advances in emulsion-based delivery approaches for curcumin: From encapsulation to bioaccessibility[END_REF]. Besides, it is sensitive to environmental conditions, including elevated temperatures, light, extreme pH, moisture, and oxygen. Under these conditions, the three active sites (one diketone moiety, and two phenolic groups) of curcumin can suffer oxidation, especially the phenol-OH functional group which is the most easily abstractable hydrogen from curcumin. Then, the hydrogen donation reactions result in reversible and irreversible nucleophilic addition (Michael reaction) reactions, hydrolysis, degradation and enzymatic reactions [START_REF] Priyadarsini | The Chemistry of Curcumin: From Extraction to Therapeutic Agent[END_REF]. In general, the chemical degradation of curcumin in solution leads to the formation a series of compounds, such as trans-6-(4 -hydroxy-3 -methoxyphenyl)-2,4-dioxo-5hexenal, vanillin, ferulic acid and feruloylmethane [START_REF] Typek | Formation of aqueous and alcoholic adducts of curcumin during its extraction[END_REF]. 

Challenges for curcumin delivery

A major problem associated with the applications of curcumin is its poor bioavailability as a result of the chemical stability, low water solubility as well as poor absorption and rapid metabolism. The bioavailability of curcumin is determined by its bioaccessibility. Curcumin needs to be bioaccessible to be absorbed by the gastrointestinal tract (GIT) epithelium cells and then transported into the systemic circulation to exert biological activities. For that, absorption of the curcumin in the GIT is crucial. However, most of curcumin through orally consumed can not be absorbed into the small intestine epithelium cells due to the hydrophobic property of curcumin. Even though part of curcumin can absorb into the epithelium cell, it can be flushed back into the lumen through the efflux system [START_REF] Sanidad | Curcumin: Recent Advances in the Development of Strategies to Improve Oral Bioavailability[END_REF]. Moreover, after oral administration, most of curcumin is degraded in tissues such as those of the liver and small intestine before entering the systemic circulation because of the rapid metabolism [START_REF] Park | Solubility, stability, and bioaccessibility improvement of curcumin encapsulated using 4--glucanotransferase-modified rice starch with reversible pH-induced aggregation property[END_REF].

Numerous studies have shown the low oral bioavailability of curcumin through evaluated the level of curcumin or its metabolites in serum or tissue after administration. In animal studies, Pan et al. [START_REF] Pan | Biotransformation of Curcumin Through Reduction and Glucuronidation in Mice[END_REF] reported that after intraperitoneal administration of curcumin at a dose of 0.1 g/kg body weight to mice, the levels of curcumin in the plasma, liver, intestines, kidneys, spleen and brain were 2.25, 26.90, 177.04, 7.51, 26.06 and 0.41 g/g, respectively. Marczylo et al. [START_REF] Marczylo | Comparison of systemic availability of curcumin with that of curcumin formulated with phosphatidylcholine[END_REF] also showed poor bioavailability of curcumin. They found that the maximum serum concentration of curcumin, curcumin sulfate and curcumin glucuronide were 6.5 4.5 nM, 225 0.6 nM and 7.0 11.5 nM, respectively after oral dosing of 340 mg/kg curcumin to rats. In a clinical trial of curcumin treatment for patients with colorectal cancer, neither curcumin nor its metabolites were detected in blood or urine with an oral dose of 440~2200 mg/day curcumin extract at up to 29 days of daily treatment, but curcumin and curcumin sulfate were found in feces [START_REF] Sharma | Pharmacodynamic and Pharmacokinetic Study of Oral Curcuma Extract in Patients with[END_REF]. Similarity, human studies also show that curcumin has poor bioavailability. In a human Phase II clinical trial, only 22~41 ng/mL curcumin was detected in the plasma of patients with pancreatic cancer who had received 8 g/day of curcumin by mouth [START_REF] Dhillon | Phase II Trial of Curcumin in Patients with Advanced Pancreatic Cancer[END_REF]. More recently, Hiroki et al. [START_REF] Sasaki | Innovative Preparation of Curcumin for Improved Oral Bioavailability[END_REF] found that after an oral dose of 30 mg/kg curcumin powder, maximum curcumin concentration in plasma was 1.8 ng/mL after 6 h of dosing.

The poor solubility in water, instability at physiological pH and low oral bioavailability hinder its industrial use. However, curcumin may be encapsulated by a number of efficient encapsulation techniques, which include nanoemulsions, to improve its water solubility, stability and bioavailability.

Methods of preparation of curcumin-loaded nanoemulsions

Nanoemulsions are biphasic dispersion of two immiscible phases with one dispersed in the other: either water in oil (W/O) or oil in water (O/W) droplets stabilized by an amphiphilic surfactant [START_REF] Singh | Nanoemulsion: Concepts, development and applications in drug delivery[END_REF]. Typically, nanoemulsions are defined with a very small droplet size (r < 100 nm) [START_REF] Salvia-Trujillo | Excipient Nanoemulsions for Improving Oral Bioavailability of Bioactives[END_REF], and because they are nonequilibrium systems, their formation requires energy. The generation of nanoemulsions can be achieved through two essentially different approaches: (i) low-energy and (ii) high-energy methods [START_REF] Yang | Fabrication of ultrafine edible emulsions: Comparison of high-energy and low-energy homogenization methods[END_REF]. Low-energy emulsification makes use of internal chemical energy of the system, which allows to produce small droplets without or with a gentle stirring [START_REF] Ren | Nanoemulsion formation by the phase inversion temperature method using polyoxypropylene surfactants[END_REF]. In contrast, high-energy production methods rely on mechanical devices (e.g. microfluidizer, high-pressure homogenizer, etc.) to produce intense disruptive forces that break up particles into smaller sizes [START_REF] Yang | Fabrication of ultrafine edible emulsions: Comparison of high-energy and low-energy homogenization methods[END_REF][START_REF] Ren | Nanoemulsion formation by the phase inversion temperature method using polyoxypropylene surfactants[END_REF]. These low energy emulsification methods have gained more attention in recent years due to lower operational costs and equipment investments compared with high energy methods [START_REF] Borrin | Curcumin-loaded nanoemulsions produced by the emulsion inversion point (EIP) method: An evaluation of process parameters and physico-chemical stability[END_REF]. Moreover, they may be less detrimental to heat sensitive bioactive compounds.

Low-energy emulsification methods

Low-energy methods include many different methods, such as phase inversion and selfemulsification. The phase inversion methods often involve the inversion of the surfactant curvature from positive to negative or negative to positive [START_REF] Solans | Nano-emulsions: Formation by low-energy methods[END_REF][START_REF] Calderó | Studies on the formation of polymeric nano-emulsions obtained via low-energy emulsification and their use as templates for drug delivery nanoparticle dispersions[END_REF]. This can be achieved through two different routes: changing the temperature while keeping the constant composition (Phase Inversion Temperature, PIT), and changing the composition while keeping the constant temperature (Phase Inversion Composition, PIC) [START_REF] Ren | Nanoemulsion formation by the phase inversion temperature method using polyoxypropylene surfactants[END_REF][START_REF] Calderó | Studies on the formation of polymeric nano-emulsions obtained via low-energy emulsification and their use as templates for drug delivery nanoparticle dispersions[END_REF].

Phase inversion temperature method

The PIT method is based on a phase transition by the change in the nonionic surfactant spontaneous curvature induced by temperature. At low temperatures, the temperature-sensitive surfactants are hydrophilic and have a positive spontaneous curvature. In contrast, the surfactants are more hydrophobic and the spontaneous curvature tends to become negative with increasing temperatures. At intermediate temperatures (hydrophilic-lipophilic balance (HLB)temperature), the hydrophilic and lipophilic properties of surfactants are balanced, and the mean spontaneous curvature is close to zero [START_REF] Ren | Nanoemulsion formation by the phase inversion temperature method using polyoxypropylene surfactants[END_REF][START_REF] Sharif | The effect of NaCl and Na2SO4 concentration in aqueous phase on the phase inversion temperature O/W nanoemulsions[END_REF]. The affinity of the surfactant for the aqueous and oil phases is exchanged by varying temperature, causing a change in phase from water-inoil (W/O) to oil-in-water (O/W) [START_REF] Boscán | From miniemulsion to nanoemulsion polymerization of superhydrophobic monomers through low energy phase inversion temperature[END_REF]. A schematic representation of the PIT method to form O/W nanoemulsions can be observed in Fig. 2A. First an O/W emulsion is prepared by mixing of all components (surfactant, cosurfactant, oil and water, etc.) at room temperature, then gently heating the system to above or around the PIT temperature followed by rapidly cooling down to spontaneously form fine oil droplets. The PIT temperature, is defined as the temperature where the mixed system has a low turbidity due to the formation of a bicontinuous emulsion [START_REF] Chuesiang | Antimicrobial activity and chemical stability of cinnamon oil in oil-inwater nanoemulsions fabricated using the phase inversion temperature method[END_REF]. It is commonly determined by measuring the electrical conductivity, since there is a drastic difference between the electrical conductivity values of the oil phase and water phase [START_REF] De Oliveira Honse | Emulsion phase inversion of model and crude oil systems detected by near-infrared spectroscopy and principal component analysis[END_REF]. pH is another property that can be used to evaluate the PIT temperature. In general, at the temperature above the PIT, the pH of the system is unstable and can not be measured.

However, the pH is always stable while below the PIT [START_REF] Mashhadi | The effect of Na2SO4 concentration in aqueous phase on the phase inversion temperature of lemon oil in water nano-emulsions[END_REF].

Recently, several groups have reported the formation of curcumin-loaded nanoemulsions by PIT method (Table 1). Jintapattanakit et al. [START_REF] Jintapattanakit | Vegetable oil-based nanoemulsions containing curcuminoids: Formation optimization by phase inversion temperature method[END_REF] prepared curcuminoid-loaded nanoemulsions with a nonionic surfactant, polyethylene glycol-40 hydrogenated castor oil (RH40) through the PIT method. The effect of curcuminoid and RH40 concentrations on the particle size, zeta potential and stability was investigated in detail. The results show that the PIT method may be more efficient than other methods for the production of edible nanoemulsions using RH40 as the surfactant. Calligaris et al. [START_REF] Calligaris | Development of Transparent Curcumin Loaded Microemulsions by Phase Inversion Temperature (PIT) Method: Effect of Lipid Type and Physical State on Curcumin Stability[END_REF] also obtained curcumin-loaded nanoemulsions by the PIT method. They demonstrated that the maximum lipid content allowing curcumin loaded transparent microemulsions was greatly affected by the oil type and physical state of lipid. This study contributes to the design and formation of curcumin-loaded nanoemulsions, while giving an interesting approach for the delivery of lipophilic compounds.

Phase inversion composition method

The PIC method is based on changing the water/oil ratio of the system through progressively adding one of the components (water or oil) over a mixture of the other components at a constant temperature during the procedure to obtain nanoemulsions [START_REF] Solans | Nano-emulsions: Formation by low-energy methods[END_REF]. The preparation of O/W nanoemulsions by the PIC method can be divided into two steps: (i) mixing of the organic phase (oil + surfactant) to obtain a fixed composition and (ii) adding water resulting in the formation of O/W nanoemulsions (Fig. 2B). The mechanism is similar to the temperature-induced curvature change in the PIT method. Water addition leads to a progressively increase in the hydration grade of the surfactant, and the spontaneous curvature of surfactant changes from negative to positive [START_REF] Roger | Nanoemulsification in the vicinity of phase inversion: Disruption of bicontinuous structures in oil/surfactant/water systems[END_REF].

Maestro et al. [START_REF] Maestro | Influence of the phase behavior on the properties of ionic nanoemulsions prepared by the phase inversion composition method[END_REF] developed nanoemulsions of oleylamine using oleylammonium as surfactant by the PIC method. The formation of nanoemulsion was studied in an ionic system instead of previous cationic systems. The method has been intensively investigated for nanoemulsions preparation [START_REF] Solè | Nano-emulsions prepared by the phase inversion composition method: Preparation variables and scale up[END_REF][START_REF] Yang | Stability of oil-in-water nano-emulsions prepared using the phase inversion composition method[END_REF][START_REF] Yu | Highly Stable Concentrated Nanoemulsions by the Phase Inversion Composition Method at Elevated Temperature[END_REF]. Nevertheless, no report can be found in the literature related to fabrication of curcumin-loaded nanoemulsion using PIC method. The operation steps of PIC method are quite straightforward, and the technique is easy to be scaled. Therefore, it could be a promising method for producing curcumin-loaded nanoemulsions. 

High-energy emulsification methods

In recent decades, high-energy methods have been the most studied processes. A variety of high-energy methods have been proposed in the literature for preparing emulsions, including high pressure homogenization (HPH), microfluidization and ultrasonication. Compare with low-energy approaches, high-energy methods are often more effective at producing small droplet sizes as nanoemulsions are generated using mechanical devices with intensive disruptive forces, and they can use various types of oil and emulsifier. Promising formulations for curcumin nanoemulsions have been formulated with high energy methods.

Ultrasonication

Ultrasonication is an effective method for reducing the emulsion mean droplet diameter. In ultrasound emulsification, the energy is supplied by a sonotrode (sonicator probe) containing a piezoelectric quartz crystal [START_REF] Jafari | Re-coalescence of emulsion droplets during high-energy emulsification[END_REF]. The tip of the sonicator probe must be placed in the center of the premix emulsion, at a certain immersion depth in the sample (Fig. 3A). The ultrasound treatments are performed for different times at different frequencies and different powers, and the temperature is controlled using a cold water bath that dissipates the heat generated during the process. During ultrasonication, micro-bubbles are contracted and expanded due to ultrasonic waves throughout the liquid medium generating compressive and tensile stresses.

The formation and collapse of these bubble (vapor cavities) in a flowing liquid result in cavitation, thereby rupturing the dispersed droplets [START_REF] Modarres-Gheisari | Ultrasonic nano-emulsification -A review[END_REF].

This technique has been used by several authors to generate curcumin-loaded nanoemulsions (Table 1). In the study of Páez-Hernández et al. [START_REF] Páez-Hernández | Developing curcumin nanoemulsions by high-intensity methods: Impact of ultrasonication and microfluidization parameters[END_REF], the effects of processing parameters (power, amplitude and treatment time) and formulation parameters (diverse types of oil and oil volume fraction) were evaluated to produce curcumin-loaded nanoemulsions using hydroxylated lecithin as the emulsifier agent. The increase of time, amplitude, power and oil volume fraction caused decrease of mean droplet size and polydispersity index (PDI). The mean droplet sizes of the curcumin-MCT emulsion were significantly lower than the curcumingrapeseed and curcumin-olive emulsions. Nevertheless, the zeta potential of the emulsions had similar values independent of the processing parameters used. Abbas et al. [START_REF] Abbas | Process optimization of ultrasound-assisted curcumin nanoemulsions stabilized by OSA-modified starch[END_REF] developed food-grade curcumin-loaded nanoemulsions stabilized by modified starches by ultrasonication.

In their work, impacts of major emulsification process variables and formulation parameters on the mean droplet diameter, PDI and charge on the emulsion droplets were investigated. In another work, Sari et al. [START_REF] Sari | Preparation and characterization of nanoemulsion encapsulating curcumin[END_REF] prepared curcumin-MCT nanoemulsions via ultrasonication using whey protein concentrate 70 and Tween 80 as emulsifiers. The encapsulation efficiency of curcumin in the nanoemulsions reached 90.56 ± 0.47%. The curcumin-loaded nanoemulsions showed a good stability and improved bioaccessibility. These studies indicated that the ultrasound-assisted emulsification could be successfully used for the preparation of curcumin-loaded nanoemulsions. However, drawbacks of ultrasonication are related to the low volumes that can be prepared, and the difficulty of scaling-up.

High pressure homogenization

HPH is a widely used technique to produce stable O/W emulsions with fine texture. In the process, a high pressure pump (regularly up to 100 MPa) is used to pass the fluid through a narrow gap of a valve (Fig. 3B). Fluids are subjected to a wide range of forces, such as intense shear, cavitation, turbulent flow and temperature, resulting in disruption of droplets [START_REF] Modarres-Gheisari | Ultrasonic nano-emulsification -A review[END_REF]. In most emulsion productions, HPH can be divided in two steps: (i) converting oil and water phases into a coarse emulsion; and (ii) preparing the final fine emulsion through high-pressure systems [START_REF] Peng | Effect of high-pressure homogenization preparation on mean globule size and large-diameter tail of oil-in-water injectable emulsions[END_REF].

Many studies have investigated nanoencapsulation of curcumin by HPH (Table 1). For example, Mistry et al. [START_REF] Mistry | Effect of high-pressure homogenization and stabilizers on the physicochemical properties of curcumin-loaded glycerol monooleate/chitosan nanostructures[END_REF] prepared a curcumin delivery system via HPH using two different emsulsifiers (polyvinyl alcohol (PVA) and poloxamer 407). They investigated the impacts of the HPH process and emulsifiers on the physicochemical properties of glycerol monooleate (GMO)/chitosan nanoemulsions. The droplet size of the nanoemulsion was reduced to 50-65% after three cycles of HPH. It was concluded that HPH effectively reduced the droplet size of the GMO/chitosan nanoemulsions loaded with curcumin. Similarly, Ma et al. [START_REF] Ma | Preparation of curcumin-loaded emulsion using high pressure homogenization: Impact of oil phase and concentration on physicochemical stability[END_REF] encapsulated curcumin using HPH in three various oil phases (i.e. MCT, canola oil and linseed oil) and three different emsulsifiers (i.e. Tween-80, lecithin, whey protein isolation and acacia). They revealed correlation between emsulsifier type, oil phase and physicochemical properties (curcumin content, droplet size, potential, physical stability and storage stability) of curcumin formulations. Curcumin-MCT nanoemulsions achieved the maximum curcumin content compare to other oils. The increase of oil phase concentration led to increase curcumin content, droplet size and viscosity of the emulsions but decrease stability. However, oil type and concentration have no significant effect on zeta-potential of curcumin nanoemulsions. In a recent work by Silva et al. [START_REF] Silva | Evaluating the effect of chitosan layer on bioaccessibility and cellular uptake of curcumin nanoemulsions[END_REF], O/W nanoemulsions for encapsulation of curcumin were obtained by HPH using whey protein isolate as surfactant with MCT as lipid phase. Multilayer nanoemulsions were then formed by the deposition of a chitosan layer onto curcumin nanoemulsions. Both nanosystems (nanoemulsions and multilayer nanoemulsions) showed a considerable stability under storage conditions and at stomach pH conditions. Moreover, the curcumin-loaded nanosystems exhibited enhanced antioxidant activity and increased bioaccessibility compared to the free curcumin. Therefore, HPH can be used to create curcumin-loaded nanoemulsions and so improve the properties of curcumin.

Microfluidization

Microfluidization is one of the most efficient method of producing nanoemulsions with small droplets. Conventional microfluidizers typically use a two-steps procedure to produce nanoemulsions: (i) forming the initial coarse emulsion by blending the oil and water phases; and (ii) producing the final fine emulsion by passing coarse emulsion through the microfludizer [START_REF] Bai | Development of microfluidization methods for efficient production of concentrated nanoemulsions: Comparison of single-and dual-channel microfluidizers[END_REF][START_REF] Bai | Fabrication of oil-in-water nanoemulsions by dual-channel microfluidization using natural emulsifiers: Saponins, phospholipids, proteins, and polysaccharides[END_REF]. The coarse emulsion enters the homogenizer using a high pressure pumping device, then it is divided into two streams that flow through narrow channels to impinge on each other at high velocities, thereby producing extremely intense disruptive forces (turbulence, stresses, shear and cavitation) that lead to generation of fine emulsion [START_REF] Bai | Fabrication of oil-in-water nanoemulsions by dual-channel microfluidization using natural emulsifiers: Saponins, phospholipids, proteins, and polysaccharides[END_REF] (Fig. 3C). In addition, a one-step dual channel microfluidization method was also used to fabricate nanoemulsions. The oil and aqueous phases were separately fed into the microfluidizer from two inlet reservoirs, then they flew through the homogenizer [START_REF] Bai | Development of microfluidization methods for efficient production of concentrated nanoemulsions: Comparison of single-and dual-channel microfluidizers[END_REF] (Fig. 3D).

Recently, there have been many studies applying microfluidization to produce stable curcuminloaded nanoemulsions (Table 1). In a study conducted by Raviadaran et al. [START_REF] Raviadaran | Optimization of palm oil in water nano-emulsion with curcumin using microfluidizer and response surface methodology[END_REF], stable palm oil-based O/W nanoemulsions loading curcumin were successfully formulated using a microfluidizer. A response surface methodology with three independent factors (pressure, number of cycles and surfactant concentration (Tween 80)) was carried out to determine the optimum conditions for the droplet size based on the single-factor experimental results. The mean droplet size decreased with increased surfactant concentration and operating pressure.

More cycles were needed to achieve smaller droplet size at lower operating pressure. However, when droplet size reached its minimum values, the number of cycles had no significant effects.

In this study, the microfluidizer generated nanoemulsions with droplet size ranging 200 nm-300 nm at operating pressure of 350 bar and beyond 5 cycles. Also, Páez-Hernández et al. [START_REF] Páez-Hernández | Developing curcumin nanoemulsions by high-intensity methods: Impact of ultrasonication and microfluidization parameters[END_REF] formulated curcumin-loaded nanoemulsions via microfluidization using different formulations and process parameters to evaluate their effect on droplet size, zeta-potential, and PDI of the emulsions. The impact of operating pressure and number of cycles on droplet size was similar to the results observed by Raviadaran et al. [START_REF] Raviadaran | Optimization of palm oil in water nano-emulsion with curcumin using microfluidizer and response surface methodology[END_REF] as mentioned previously. Based on these results, the optimal curcumin emulsion produced by microfluidization had a nanometric size, high negative zeta potential and low polydisperity value. In another study, Artiga-Artigas et al.

[159] prepared nanoemulsions containing curcumin through microfluidization using different surfactants. The curcumin-loaded nanoemulsions produced had suitable physiochemical characteristics regarding droplet size ( 400 nm), zata potential ( -37mv) and encapsulation efficiency ( 75%). Moreover, the curcumin -encapsulated emulsion showed a good antioxidant capacity. Hence, microfluidization can be suggested as a suitable technology to produce curcumin nanoemulsions.

Membrane emulsification

Membrane emulsification is a promising technique to produce emulsions with a small size and a narrow droplet size distribution. It is a more recent process that also uses mechanical forces but with lower energy input compared to other emulsification methods [START_REF] Arkoumanis | Pickering particle and emulsifier costabilised emulsions produced via rotating membrane emulsification[END_REF][START_REF] Alliod | Influence of viscosity for oil-in-water and water-in-oil nanoemulsions production by SPG premix membrane emulsification[END_REF]. The low energy requirement leads to low temperature increase during the process of emulsification which gives better stability to temperature sensitive substances [START_REF] Alliod | Preparation of oil-in-water nanoemulsions at large-scale using premix membrane emulsification and Shirasu Porous Glass (SPG) membranes[END_REF]. Mainly, two types of membrane emulsification process have been developed: direct membrane emulsification (DME)

and premix membrane emulsification (PME). In DME, the dispersed phase is passed through a microporous membrane into an agitating or cross-flowing continuous phase to produce small size nanodroplets. In PME, droplets are formed by introducing the prepared coarse emulsion For the formation of nanoemulsions, membrane emulsifications are particularly attractive, especially PME. In PME, the droplet size is affected by membrane properties (e.g., pore size, thickness, tortuosity, porosity and hydrophilicity/hydrophobicity), process parameters (e.g., transmembrane pressure and rotational velocity), formulation characteristics (surfactant type and concentration, dispersed phase volume fraction, emulsion viscosity) [START_REF] Arkoumanis | Pickering particle and emulsifier costabilised emulsions produced via rotating membrane emulsification[END_REF][START_REF] Nazir | The effect of pore geometry on premix membrane emulsification using nickel sieves having uniform pores[END_REF]. Servel studies have investigated the impact of these factors (Table 1). For instance, Alliod et al. [START_REF] Alliod | Influence of viscosity for oil-in-water and water-in-oil nanoemulsions production by SPG premix membrane emulsification[END_REF] prepared O/W and W/O nanoemulsions by extruding a coarse emulsion through Shirasu Porous Glass (SPG) membranes with a mean pore diameter of 0.5 m, and investigated the effect of viscosities (continuous phase viscosity, dispersed phase viscosity as well as dispersed phase content) on the membrane pressure and droplet size. The dispersed phase viscosity had a lower impact on the membrane pressure, and no significant influence on the droplet size; the continuous phase viscosity and the emulsion viscosity both had a significant impact on the membrane pressure and mean droplet size (the pressure through the membrane increased with the continuous phase viscosity and dispersed phase content, and the mean droplet size decreased with increased continuous phase viscosity and dispersed phase content). In another work by Alliod et al. [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 effect of process parameters (cycle number, membrane pore size, flowrate) on droplet size of O/W emulsion was investigated. In this study, only one cycle was sufficient to produce droplets with small size. The mean droplet size decreased with decreasing membrane pore size. Thus, the droplet size can be controlled by changing the pore size.

Regarding membrane length, the shortest membrane led to smaller droplets as it required higher pressure than the longer membrane. The droplet size decreased with increasing flowrate. This may be due to the higher wall shear stress applied at higher flowrate. Several other studies have shown that nanoemulsions prepared by PME had good physicochemical characteristics (droplet size, narrow size distribution, encapsulation efficiency) and exhibited a considerable stability Abbreviations: DZ, droplet size; ZP, zeta potential.

Stability and bioaccessibility of curcumin-loaded nanoemulsions

Chemical stability of curcumin-loaded nanoemulsions

In nanoemulsion delivery systems, curcumin molecules are typically located within the hydrophobic interior of the oil droplets, but some of them may also be located close to the oilwater interface due to the polar groups on the curcumin. In this case, curcumin is protected from active substances within the aqueous phase that would typically promote its chemical degradation [START_REF] Sanidad | Curcumin: Recent Advances in the Development of Strategies to Improve Oral Bioavailability[END_REF]. Therefore, the chemical stability of curcumin is enhanced by encapsulating it in nanoemulsions. Some effects of nanoemulsions on stability of curcumin have been presented in Table 2.

Zheng et al. [START_REF] Zheng | Impact of delivery system type on curcumin stability: Comparison of curcumin degradation in aqueous solutions, emulsions, and hydrogel beads[END_REF] assessed the impact of different delivery system (aqueous dimethyl solutions, O/W nanoemulsions, and filled hydrogel beads) on the chemical stability of curcumin under both acidic and neutral conditions. After 14 days of storage at 55 °C, the yellowness (b* value)

of the curcumin emulsion decreased to 33% of its original value at pH 3 and to 93% of its original value at pH 7, while the yellowness of the curcumin solutions decreased to 17% of its original value at pH 3 and to 73% of its original value at pH 7. In this study, the changes of yellow color intensity indicated that curcumin degradation occurred. Xu et al. [START_REF] Xu | Stable emulsion produced from casein and soy polysaccharide compacted complex for protection and oral delivery of curcumin[END_REF] observed that about 25% of curcumin degraded after 40 days storage at 37 °C in the dark for curcumin nanoemulsions prepared with casein and soybean soluble polysaccharide complex. However, the curcumin degradation in curcumin solutions was about 94% after 2 days of storage at 37 °C in the dark. Curcumin storage stability in nanoemulsions was significantly better than in solutions confirming that nanoemulsions are an efficient system to protect curcumin from chemical degradation by avoiding the interaction between curcumin molecules and other reactive substances within solutions.

The composition and structure of delivery systems significantly affect curcumin stability.

Various studies have revealed that the stability of curcumin is influenced by the nature and concentration of emulsifier. Kharat et al. [START_REF] Kharat | Stability of curcumin in oil-in-water emulsions: Impact of emulsifier type and concentration on chemical degradation[END_REF] evaluated the impact of emulsifier type (sodium caseinate, Tween 80, quillaja saponin, gum arabic) and concentration (critical and excess) on the stability of curcumin-loaded nanoemulsions. They observed that the degradation of curcumin in saponins-stabilized nanoemulsions was relatively rapid after 15 days of storage due to the fact that saponins containing conjugated double bonds generated free radicals that promote peroxidation reactions, while the other three emulsifiers behave fairly similarly. The authors also reported that the emulsifier level in the emulsions did not significantly affect the curcumin degradation since most of the excess emulsifier was remained in the aqueous phase.

Similarly, Artiga-Artigas et al. [START_REF] Artiga-Artigas | Curcumin-loaded nanoemulsions stability as affected by the nature and concentration of surfactant[END_REF] assessed the impact of three molecularly different surfactants: lecithin, Tween 20 and sucrose monopamitate, and their concentration on the stability of curcumin-loaded nanoemulsions, and evaluated their antioxidant capacity. They found that the stability of curcumin in nanoemulsions was not significantly correlated to the concentration of surfactant. They also observed that curcumin loaded nanoemulsions with a concentration of lecithin over 1% showed long-term stability and exhibited higher antioxidant capacity than two other surfactants due to the fact that lecithin contains phosphate ions that are able to form hydrogen bonds with phenolic hydroxyls of curcumin, preventing its autoxidation and hence, maintaining the antioxidant capacity of curcumin. However, in nanoemulsions containing either Tween 20 or sucrose monopalmitate, antioxidant capacity was negatively correlated to the encapsulation efficiency due to the fact that curcumin was not really encapsulated within the oil phase but retained in the surfactant by hydrogen bonding after nanoemulsions destabilization. Therefore, curcumin exposed to the aqueous media may undergo a spontaneous auto-oxidation degradation and loss of antioxidant capacity.

Bioaccessibility of curcumin-loaded nanoemulsions

In vitro simulated digestion systems are commonly used to evaluate the bioaccessibility of curcumin encapsulated within emulsion-based delivery systems [START_REF] Park | Solubility, stability, and bioaccessibility improvement of curcumin encapsulated using 4--glucanotransferase-modified rice starch with reversible pH-induced aggregation property[END_REF][START_REF] Silva | Evaluating the effect of chitosan layer on bioaccessibility and cellular uptake of curcumin nanoemulsions[END_REF][START_REF] Ahmed | Nanoemulsion-and emulsion-based delivery systems for curcumin: Encapsulation and release properties[END_REF]. The in vitro digestion model consists of three consecutive steps: oral, gastric, and small intestinal phase. To mimic digestion, simulated saliva fluid (SSF) is obtained from mucin and -amylase at around neutral pH values (e.g. 6.8) for a fixed period of time (e.g.10 min) at a body temperature of 37 °C. Simulated gastric fluid (SGF) involves the addition of salts (e.g. NaCl, KCl, CaCl2, NaHCO3), acids (e.g. HCl) and digestive enzymes (e.g. pepsin) at an acidic pH value (e.g. 1.2-4) for a fixed period of time (e.g. 2 h) at 37 °C. Simulated intestinal fluids (SIF) involve the addition of bile extract, pancreatin and electrolyte solution (e.g. NaCl, KCl, CaCl2) at a neutral to alkaline pH values (e.g. 6.5-7.5) for a fixed period of time (e.g.2 h) at 37 °C [START_REF] Park | Solubility, stability, and bioaccessibility improvement of curcumin encapsulated using 4--glucanotransferase-modified rice starch with reversible pH-induced aggregation property[END_REF][START_REF] Sarkar | Behaviour of an oil-in-water emulsion stabilized by -lactoglobulin in an in vitro gastric model[END_REF]. In vitro lipid digestion assays have been developed to quantify the release of curcumin [START_REF] Park | Solubility, stability, and bioaccessibility improvement of curcumin encapsulated using 4--glucanotransferase-modified rice starch with reversible pH-induced aggregation property[END_REF][START_REF] Sari | Preparation and characterization of nanoemulsion encapsulating curcumin[END_REF][START_REF] Ahmed | Nanoemulsion-and emulsion-based delivery systems for curcumin: Encapsulation and release properties[END_REF][START_REF] Aditya | Co-delivery of hydrophobic curcumin and hydrophilic catechin by a water-in-oil-in-water double emulsion[END_REF]. Lipid digestion products (e.g., free fatty acids) generated by lipolysis of the oil can form various colloid phases (e.g., mixed micelles) that are available to solubilize the released curcumin. The fraction of curcumin release into the mixed micelle phase after lipid digestion can be used to quantify its bioaccessibility [START_REF] Ahmed | Nanoemulsion-and emulsion-based delivery systems for curcumin: Encapsulation and release properties[END_REF]. Many studies considering the bioaccessibility of curcumin-loaded nanoemulsions are discussed in the following section, the composition and production technique used in these studies are summarized in Table 2.

Many studies show that emulsion-based systems can greatly increase the bioavailability of curcumin within the GIT compared to crystalline curcumin dispersed within water. Aditya et al. [START_REF] Aditya | Co-delivery of hydrophobic curcumin and hydrophilic catechin by a water-in-oil-in-water double emulsion[END_REF] encapsulated curcumin and catechin in a water-in-oil-in-water (W/O/W) double emulsion using two-steps emulsification. They reported that encapsulation of curcumin within an emulsion-based system enhanced 4-fold their bioaccessibility (72%) compared to that of freely suspended curcumin (16%), because the presence of mixed micelles available to incorporate curcumin. In a recent work, Park et al. [START_REF] Park | Improvement of curcuminoid bioaccessibility from turmeric by a nanostructured lipid carrier system[END_REF] prepared Tween 80 -stabilized nanoemulsions and curcuminoids-loaded nanoemulsions developed by combining a liquid lipid (MCT) and solid lipid (glycerol monostearate, GMS). The encapsulated curcumin exhibited a notable increase in bioaccessibility (75±1.24%) compared with curcumin solution (1.7±0.24%).

In another work, Zheng et al. [START_REF] Zheng | Impact of Delivery System Type on Curcumin Bioaccessibility: Comparison of Curcumin-Loaded Nanoemulsions with Commercial Curcumin Supplements[END_REF] prepared curcumin-loaded nanoemulsions using three different methods: the conventional oil-loading method, the heat-driven method, and the pHdriven method. The different curcumin formulations were then subjected to a simulated GIT model consisting of mouth, stomach, and small intestine phases. All three nanoemulsions had fairly similar curcumin bioaccessibility values (74 79%), significantly higher than that of curcumin solution (10%). It suggests that encapsulating curcumin within small lipid particles may be advantageous for improving its absorption from the GIT. Furthermore, bioaccessibility of curcumin in emulsion-based systems is influenced by many factors, including oil composition, droplet size and curcumin-emulsifier interactions.

Several researches indicated that the bioaccessibility of curcumin is affected by the type and the amount of carrier oil present in the nanoemulsion-based delivery systems. The nature and physicochemical properties of the free fatty acid, generated by digestion of the oil, are quite different [START_REF] Ye | Triglyceride Structure Modulates Gastrointestinal Digestion Fates of Lipids: A Comparative Study between Typical Edible Oils and Triglycerides Using Fully Designed in Vitro Digestion Model[END_REF]. Long chain fatty acids form mixed micelles more easily than medium chain fatty acids, and short chain fatty acids produced by lipolysis of the SCT can not form mixed micelles to solubilize and transport curcumin. The mixed micelles formed by long chain fatty acids have a better solubilization capacity because of the large dimensions of the hydrophobic core. Ahmed et al. [START_REF] Ahmed | Nanoemulsion-and emulsion-based delivery systems for curcumin: Encapsulation and release properties[END_REF] examined the influence of triacylglycerol molecular weight on curcumin bioaccessibility. Emulsions containing only short chain triacylglycerols (SCT) within the carrier lipid had only about 1% bioaccessibility. However, utilization of MCT and long chain triacylglycerols (LCT) within the emulsion can greatly increase curcumin bioaccessibility due to the presence of mixed micelles. The bioaccessibility of curcumin was 40% in the LCT nanoemulsions but 20% in the MCT nanoemulsions when the concentration of oil in the nanoemulsion was lower than 1.5%. Similarly, Shah et al. [START_REF] Shah | Bioaccessibility and antioxidant activity of curcumin after encapsulated by nano and Pickering emulsion based on chitosan-tripolyphosphate nanoparticles[END_REF] observed that there were differences in curcumin bioaccessibility between MCT and LCT nanoemulsions when the oil was almost fully digested. In their study, the bioaccessibility was around 32% in the MCT nanoemulsions but around 65% in the LCT nanoemulsions. The bioaccessibility of curcumin may increase with increasing total lipid content, due to the increase in mixed micelles available to solubilize the curcumin. However, the bioaccessibility may not increase when the amount of lipid is higher than a certain content due to the fact that the lipid phase is not fully digest, which results in an incomplete release of curcumin from the droplets into the mixed micelles phase.

For example, Ahmed et al. [START_REF] Ahmed | Nanoemulsion-and emulsion-based delivery systems for curcumin: Encapsulation and release properties[END_REF] prepared an O/W nanoemulsion stabilized by 1 wt.% protein.

The bioaccessibility of curcumin increased as the total lipid content increased, while the bioaccessibility of curcumin was similar at 1.5 and 2.0 wt. % lipid when using LCT as the carrier lipid.

Various studies have revealed that the bioaccessibility of curcumin was dependent on the emulsifier type. Emulsifier type has an influence on the curcumin bioaccessibility, by altering the droplet surface area within the digestive tract, or by changing the ability of digestive enzymes to bind onto the emulsion droplet surface. During the simulated digestion, nanoemulsions show an increase in size due to the addition of digestive enzymes and the change of pH, ionic strength or shear (aggregation, coalescence and flocculation of the oil droplets), leading to a decreased surface area for enzyme interaction [START_REF] Hur | Influence of initial emulsifier type on microstructural changes occurring in emulsified lipids during in vitro digestion[END_REF][START_REF] Golding | Impact of gastric structuring on the lipolysis of emulsified lipids[END_REF]. Nanoemulsions stabilized by non-ionic emulsifier are more stable in acidic gastric environments owing to steric repulsions provided by the polyoxyethylene head groups resulting in a slowly increase in the droplets size with a large surface area for the binding of bile salts and lipase [START_REF] Golding | Impact of gastric structuring on the lipolysis of emulsified lipids[END_REF][START_REF] Pinheiro | Unravelling the behaviour of curcumin nanoemulsions during in vitro digestion: effect of the surface charge[END_REF]. For example, Pinheiro et al. [START_REF] Pinheiro | Unravelling the behaviour of curcumin nanoemulsions during in vitro digestion: effect of the surface charge[END_REF] reported that higher curcumin bioaccessibility during digestion (initial , stomach, duodenum, jejunum, ileum) for nanoemulsions stabilized by Tween 20 (non-ionic, 16.0% in ileum), as compared to the ones stabilized by dodecyltrimethylammonium bromide (DTAB, cationic, 1.0% in ileum). The increased bioaccessibility for Tween 20-stabilized nanoemulsions was attributed to the smaller increase in emulsion size ( 350 nm) when compared with that of the size of DTAB-stabilized nanoemulsions ( 900 nm) during the digestion process. In addition, it has been suggested that the interaction promoted by the strong electrostatic binding between cationic emulsifier and bile salts resulted in the binding of lipase and thus free fatty acid release [START_REF] Pinheiro | Unravelling the behaviour of curcumin nanoemulsions during in vitro digestion: effect of the surface charge[END_REF]. However, with the anionic emulsifier-stabilized emulsion, charged repulsion between anionic emulsifier and anionic components (e.g. bile salts) or free fatty acid could inhibit effective binding of bile salts and thus prevent the binding of lipase [START_REF] Pinheiro | Unravelling the behaviour of curcumin nanoemulsions during in vitro digestion: effect of the surface charge[END_REF].

Several researches have shown that emulsifier-curcumin interactions can reduce the curcumin bioaccessibility as part of curcumin is not detected in the micelle phase. Pinheiro et al. [START_REF] Pinheiro | In vitro behaviour of curcumin nanoemulsions stabilized by biopolymer emulsifiers -Effect of interfacial composition[END_REF] found that total curcumin bioaccessibility in lactoferrin and lactoferrin/alginate-stabilized nanoemulsions were relatively low ( 5%) in jejunum and ileum. In their work, lactoferrin was responsible for the low bioavailability of curcumin in simulated digestion system. Silva et al. [START_REF] Silva | Evaluating the behaviour of curcumin nanoemulsions and multilayer nanoemulsions during dynamic in vitro digestion[END_REF] observed that lower bioaccessibility values were observed for polyelectrolytes (0.04% chitosan 1st, 0.04% alginate 2 nd and 0.02% chitosan 3 rd layer) multilayer nanoemulsions (26.98 ± 3.99%) when compared nanoemulsions (43.64 ± 6.36%). These results may be explained by the fact that polyelectrolyte layers were efficient in protecting the release of curcumin from the multilayer nanoemulsions, leading to undigested nanosystems able to retain curcumin. Abbreviations: DZ, droplet size; ZP, zeta potential.

Applications of curcumin-loaded nanoemulsions

Curcumin has attracted growing consideration owing to its wide range of beneficial biological and pharmacological activities, such as antioxidant, anti-inflammatory and anticancer activities [START_REF] Almeida | Effect of gamma radiation processing on turmeric: Antioxidant activity and curcumin content[END_REF][START_REF] Ghasemi | Curcumin inhibits NF-kB and Wnt/ -catenin pathways in cervical cancer cells[END_REF][START_REF] Güran | Combined effects of quercetin and curcumin on anti-inflammatory and antimicrobial parameters in vitro[END_REF], but its hydrophobic nature limits its utilization as a nutraceutical in many applications [START_REF] Huang | Enhancement of curcumin water dispersibility and antioxidant activity using core-shell proteinpolysaccharide nanoparticles[END_REF]. Hence, research has been conducted to encapsulate curcumin using delivery systems that can solve these limitations. Compared to curcumin alone, encapsulated curcumin has shown greater biological activity as the delivery system provides sustained release, good stability and enhanced curcumin solubility in aqueous medium [START_REF] Hashim | Antioxidant and antibacterial activities of omega-3 rich oils/curcumin nanoemulsions loaded in chitosan and alginate-based microbeads[END_REF][START_REF] Sorasitthiyanukarn | Enhanced cytotoxic, antioxidant and anti-inflammatory activities of curcumin diethyl disuccinate using chitosan-tripolyphosphate nanoparticles[END_REF][START_REF] Mohammadian | Fabrication of curcumin-loaded whey protein microgels: Structural properties, antioxidant activity, and in vitro release behavior[END_REF].

Antioxidant activity of curcumin nanoemulsions

Curcumin has been reported to exhibit various antioxidative effects in many cellular and animal models of different diseases [START_REF] Eybl | Comparative study of natural antioxidants -curcumin, resveratrol and melatonin -in cadmium-induced oxidative damage in mice[END_REF][START_REF] Phan | Protective Effects of Curcumin against Oxidative Damage on Skin Cells In Vitro: Its Implication for Wound Healing[END_REF]. Generally, it exerts an antioxidant activity in a direct or an indirect way by scavenging oxygen free radicals and inducing an antioxidant response, respectively [START_REF] Antunes | Effects of the antioxidants curcumin and vitamin C on cisplatin-induced clastogenesis in Wistar rat bone marrow cells[END_REF]. In fact, various reports have indicated that curcumin may be a beneficial antioxidative agent, but its chemistry properties limit its potential as a therapeutic agent in clinical trials. Therefore, researchers focused their attention on the feasibility of using nanotechnology-based systems, such as nanoemulsions, as efficient carriers of curcumin.

Table 3 summarizes some of the recent studies on antioxidant effects of curcumin-loaded nanoemulsions. For instance, Sari et al. [START_REF] Sari | Preparation and characterization of nanoemulsion encapsulating curcumin[END_REF] successfully formulated curcumin-loaded nanoemulsions by ultrasonification using whey protein concentrate-70 and Tween-80 as emulsifiers. The encapsulated curcumin showed a slightly lower DPPH radical scavenging activity as compared to that of unencapsulated curcumin, but the encapsulation not only preserves the antioxidant activity but also increases curcumin stability. In other words, the antioxidant activity of encapsulated curcumin is bio-accessible, i.e., released from the food matrix and solubilized. In another study, Chuacharoen et al. [START_REF] Chuacharoen | Comparative effects of curcumin when delivered in a nanoemulsion or nanoparticle form for food applications: Study on stability and lipid oxidation inhibition[END_REF] fabricated three types of curcumin-nanocarriers including nanosuspensions, nanoparticles and nanoemulsions using lecithin along with Tween 80 as surfactants and MCT as oil phase in nanoemulsions. Curcuminnanocarriers were added into milk for evaluation of the lipid oxidation and color changes during storage. Antioxidant activity was determined by TABRS (thiobarbituric acid reactive substances) assay, and color of milk was determined by spectrophotometer. The results show that all curcumin-nanocarriers had the capability to inhibit lipid oxidation, which enhanced nutritional quality of milk. On the other hand, nanocurcumin-fortified milk had color changes insignificant from control milk after 5 days. Similarity, Joung et al. [START_REF] Joung | Development of Food Grade Curcumin Nanoemulsion and its Potential Application to Food Beverage System: Antioxidant Property and In Vitro Digestion[END_REF] observed significantly reduced lipid oxidation of milk during storage when using a curcumin-nanoemulsions-fortified milk as compared to control milk and milk containing empty nanoemulsions (without curcumin).

These results suggested that curcumin-nanoemulsions have potential applications in the beverage industry because of their antioxidant properties.

Anti-inflammation activity of curcumin nanoemulsions

Curcumin has been used traditionally as an anti-inflammatory agent. It suppresses the activation of free radical-activated transcription factors, such as nuclear factor B (NF-B) and activator protein-1 (AP-1), and reduces the generation of pro-inflammatory cytokines such as tumor necrosis factor-(TNF-) and interleukin-1 (IL-1 ) [START_REF] Chen | Antiinflammation performance of curcumin-loaded mesoporous calcium silicate cement[END_REF][START_REF] Rakariyatham | Inhibitory effects of 7,7 -bromo-curcumin on 12-Otetradecanoylphorbol-13-acetate-induced skin inflammation[END_REF]. However, the therapeutic outcome of clinical studies has remained challenging due to its hydrophobic nature. In order to achieve optimum therapeutic effect, nanoemulsions have been proposed as a suitable delivery system in the treatment of inflammation and infections due to their ability to prolong the retention time of curcumin and enable control over the release of incorporated curcumin.

A number of publications have dealt with curcumin nanoemulsions formulations for antiinflammatory applications. Some effects of curcumin-loaded nanoemulsions on antiinflammation activity of curcumin are presented in Table 3. not prevent the fast metabolism of curcumin in mouse body. On the contrary, it was found that 1% curcumin-loaded nanoemulsions had significant inhibition effect on TPA-induced edema of mouse ear (43%~85% reduction) due to the fact that nanoemulsions promoted the absorption of curcumin within the intestine tract. The result suggested that curcumin in nanoemulsions significantly improved the anti-inflammation activity of curcumin. Also, Thomas et al. [START_REF] Thomas | Development of Curcumin loaded chitosan polymer based nanoemulsion gel: In vitro, ex vivo evaluation and in vivo wound healing studies[END_REF] reported that five different curcumin nanoemulsions with the same quantity of curcumin, stabilized by different radios of Tween Furthermore, incision wound model rats treated with the nanoemulsions gel showed full wound closure after 12-days treatment whereas the control groups dragged behind significantly. These studies have proved that curcumin-loaded nanoemulsions can be used for improving wound healing as they enhance the bio-accessible anti-inflammation activity of curcumin and possess antioxidant activity to prevent oxidative damage in vivo.

Anti-cancer activity of curcumin nanoemulsions

Anti-cancer activity of curcumin has been extensively investigated on numerous kinds of malignancies, such as breast, prostate, pancreatic and gastric cancers [START_REF] Liu | Anticancer effect of curcumin on breast cancer and stem cells[END_REF][START_REF] Teiten | Chemopreventive potential of curcumin in prostate cancer[END_REF]199,[START_REF] Jakubek | Strategy for improved therapeutic efficiency of curcumin in the treatment of gastric cancer[END_REF].

Curcumin inhibits transformation, proliferation, suppresses tumors metastasis and induces apoptosis through the regulation of various molecular targets (transcription and growth factors)

and its receptors (inflammatory cytokines, protein kinases and other enzymes) [START_REF] Guan | Therapeutic effects of curcumin nanoemulsions on prostate cancer[END_REF][START_REF] Rodrigues | Developments in the anticancer activity of structurally modified curcumin: An up-to-date review[END_REF].

However, pharmaceutical significance and therapeutic efficacy of curcumin is limited due to its poor pharmacokinetic properties (poor bioavailability and short biological half-life). To overcome pharmaceutical issues, various strategies have been employed for effective delivery of curcumin which include nanotechnology-based approaches. Nanoencapsulation based nanoemulsions have the ability to increase the efficacy of curcumin pharmaceutical significance.

Various in vitro and in vivo studies obviously reveal that nanoemulsions can enhance the anticancer efficacy of curcumin. Some studies on application of curcumin nanoemulsions in cancer therapy are illustrated in Table 3. For example, Machado et al. [START_REF] Machado | Effect of curcumin-nanoemulsion associated with photodynamic therapy in breast adenocarcinoma cell line[END_REF] in a recent study prepared nanoemulsions stabilized by anionic surfactant poloxamer 188 which showed a high cellular uptake on MCF-7 (human breast adenocarcinoma cell line) and HFF-1 (human foreskin fibroblast cell line) cells, as well as absence of cytotoxicity, thus being classified as an effective and safe drug. They also reported that the use of curcumin-nanoemulsions in photodynamic therapy resulted in a high phototoxic effect, decreasing the proliferation of cells and increasing the reactive oxygen species (ROS) generation in both cell lines. Their study suggested that curcumin nanoemulsions have a great potential to treat breast cancer. Similarity, Guan et al.

[200] evaluated curcumin loaded nanoemulsions for prostate cancer. Curcumin nanoemulsions can enter the PC-3 cells (human prostatic carcinoma cell line), and exhibit higher cytotoxicity than free curcumin. The nanoemulsions present also a significantly prolonged biological activity and improved therapeutic efficacy compared to free curcumin.

Some other studies reported the anti-cancer efficacy of curcumin nanoemulsions in animal models. For instance, Ganta et al. [START_REF] Ganta | Curcumin Enhances Oral Bioavailability and Anti-Tumor Therapeutic Efficacy of Paclitaxel upon Administration in Nanoemulsion Formulation[END_REF] designed curcumin and paclitaxel-loaded nanoemulsions for treatment of ovarian adenocarcinoma in tumor-bearing mice. The results revealed that curcumin downregulated the intracellular levels of intestinal P-glycoprotein (Pgp)

and cytochrome P450 3A2 (CYP3A2), thereby increasing the bioavailability of paclitaxel and inhibiting its metabolism. The coadministration of curcumin and paclitaxel in nanoemulsions did not induce any acute toxicity, and showed significant enhanced anti-tumor activity.

Guerrero et al. [START_REF] Guerrero | Curcumin-loaded nanoemulsion: a new safe and effective formulation to prevent tumor reincidence and metastasis[END_REF] evaluated curcumin-loaded nanoemulsions for the treatment of reincident tumor growth and metastasis. The results showed that nanoformulation reduced in vitro cell proliferation, increased ROS levels and permitted more persistent intracellular accumulation of curcumin, and prevented migration and invasion of melanoma cells. In vivo experiments also showed that curcumin-loaded nanoemulsions prevented melanoma reincidence and lung metastasis post-surgery from remnant cells. Prepared by HPH using MCT as oil, Tween 80 and lecithin as surfactants The stability of curcumin-nanocarriers was addressed and applied to milk systems.

Curcumin-nanocarriers protected curcumin against degradation and inhibited lipid oxidation.

[205]

Prepared by high-speed homogenization and HPH using MCT as oil, Tween 20 as emulsifier Curcumin nanoemulsions were developed and applied to commercial milk systems. Curcumin nanoemulsions were significantly effective to reduce lipid oxidation of milk during storage. [START_REF] Joung | Development of Food Grade Curcumin Nanoemulsion and its Potential Application to Food Beverage System: Antioxidant Property and In Vitro Digestion[END_REF] Anti-inflammatory Prepared by high-speed homogenization and HPH using MCT as oil and Tween 20 as emulsifier

The anti-inflammatory activity of curcumin nanoemulsions was studied in a mouse ear inflammation model. Curcumin nanoemulsions showed improved inhibition on the edema of mouse ear, and such activity was further enhanced when emulsions droplet sizes were reduced to below 100 nm.

[196]

Prepared using Labrafac PG + Triacetin as oil, Tween 80 as a surfactant and polyethylene glycol (PEG 400) as a co-surfactant. Ex-vivo permeation and deposition studies were performed through rat skin, and wound-healing activity was performed by incision wound model in wistar rats.

Nanoemulsion can be used for loading curcumin for the treatment of wound healing. [START_REF] Thomas | Development of Curcumin loaded chitosan polymer based nanoemulsion gel: In vitro, ex vivo evaluation and in vivo wound healing studies[END_REF] Anti-cancer Prepared by spontaneous nanoemulsification method using MCT and natural soy phospholipids as oil, and poloxamer 188 as surfactant The action of curcumin nanoemulsion used as a photosensitizing agent in photodynamic therapy in an in vitro breast cancer model, MCF-7 cells were analyzed.

Curcumin-nanoemulsion had phototoxic effects, significantly decreased the proliferation of MCF-7 cells and stimulating the ROS production, demonstrating great potential for treatment of breast cancer.

[202]

Prepared by self-microemulsifying method using MCT as oil, cremophor RH 40 as surfactant and glycerol as cosurfactant. Curcumin nanoemulsions and curumin against prostate cancer cells (PC-3 cell) was evaluated. Curcumin nanoemulsions exhibited an increased cytotoxicity and cell uptake, a better therapeutic efficacy than free curcumin.

It can be used as an effective drug delivery system to enhance the anticancer effect.

[200]

Prepared by ultrasonication using omega-3 fatty acid-rich flax-seed oil as oil, egg yolk lecithin and deoxycholic acid as surfactants The effect of curcumin in oral bioavailability and therapeutic efficacy of paclitaxel administered in nanoemulsion to SKOV3 tumor-bearing nu/nu mice was evaluated. Paclitaxel administered in nanoemulsion to curcumin pretreated mice did not induce any acute toxicity. The combination could improve oral bioavailability and therapeutic efficacy in ovarian adenocarcinoma.

[203]

Prepared by spontaneous nanoemulsification method using Miglyol 812 as oil, Epikuron 145 V as surfactants The totoxicy of curcumin nanoemulsions in different cell lines was determined, and the effect on preventing post-surgery tumor reincidence and metastasis in C57BL/6 mice was evaluated. Nanoformulation increased intracellular curcumin accumulation and ROS formation, while preventing cell-migration and invasion in melanoma cells. It also prevented reincident tumor growth and spontaneous lung metastasis in mice.

[204]

Conclusions and future trends

Curcumin is a natural compound with polyphenolic nature. This bioactive ingredient has been proved to possess severial functional properties. Research performed to date has highlighted the advantages of curcumin nanoencapsulation on its bioaccessibility and pharmacological activities. This review comprehensively summarizes the main nanoencapsulations techniques.

The available scientific investigations indicate that over six nanoemulsions preparation methods are used to encapsulate curcumin, including low-energy method (PIT and PIC), highenergy method (HPH, microfluidization and ultrasonication) and intermediate energy method (membrane emulsification). However, large-scale preparation of curcumin-nanoemulsions, from a pilot scale to industrial exploitation, should gain increasing attention.

Extensive studies have been performed to optimize and design effective nanoemulsion systems with improved physicochemical stability and bioaccessibility. The key factors affecting the stability and bioaccessibility of curcumin in nanoemulsion-based systems are the nature and concentration of emulsifier, oil type and volume fraction and emulsifier-curcumin interactions.

LCT nanoemulsions tend to have better bioaccessibility than MCT nanoemulsions.

Additionally, the bioaccessibility of curcumin may increase with increasing total lipid content when the lipid phase is fully digest. Furthermore, emulsifier type has an influence on the curcumin bioaccessibility, by altering the droplet surface area within the digestive tract, or by changing the ability of digestive enzymes to bind onto the emulsion droplet surface.

Nevertheless, emulsifier-curcumin interactions can reduce curcumin bioaccessibility.

In addition, this review outlines pharmacological activity of curcumin-loaded nanoemulsions.

Pharmacological activity of curcumin-loaded nanoemulsions have been focused on the bioassays in both in vitro (cell lines) and in vivo (mice and rats). They are advantageous over curcumin solutions for a wide range of applications. Indeed, nanoencapsulation techniques have been commonly applied to enhance the functional properties of curcumin, including antioxidant, anti-inflammation and anti-cancer activities.

According to the applications section of this review, nanoformulations of curcumin will be useful in the near future for different products. However, there is still a need for further studies to give researchers and industries a broad range of deeper information. In particular, further work is needed in areas such as toxicological evaluations and clinical applications of curcumin as a nanomedicine for the prevention and treatment of various diseases or as a nanoadditive in food products. Additionally, to obtain high entrapment efficiency and narrowed particle size distribution, a new preparation technique with medium energy membrane emulsification, could be investigated.

Introduction

Emulsions are dispersions of two or more immiscible liquids in which one is dispersed as small droplets in the other: either single emulsions, i.e. O/W and W/O, or multiple emulsions, i.e.

W/O/W and oil-in-water-in-oil (O/W/O) emulsions. Emulsions are well acknowledged in industries like food, cosmetic and pharmaceutics, for encapsulation and delivery of functional or bioactive components in a wide variety of products or as basic elements for more complex structures [START_REF] Mcclements | Enhanced delivery of lipophilic bioactives using emulsions: a review of major factors affecting vitamin, nutraceutical, and lipid bioaccessibility[END_REF][START_REF] Mao | Food emulsions as delivery systems for flavor compounds: A review[END_REF]. The manufacture of emulsions involves the break-up of a bulk liquid, the droplets formed being stabilized in another immiscible liquid phase. Usually, either a large amount of energy or surfactant or the combination of both is required to produce emulsions.

Conventionally, high-energy emulsification methods, such as ultrasonication, high pressure homogenization and microfluidization, are used to form and disperse droplets [START_REF] Jiang | Recent advances in encapsulation of curcumin in nanoemulsions: A review of encapsulation technologies, bioaccessibility and applications[END_REF]. In these methods, a mixture of dispersed phase and continuous phase with large drops is forced through a high shear region to promote turbulence and/or cavitation and thereby to disrupt large drops into smaller ones. It is not easy to control the droplet size of formed emulsions and the resulting droplets are usually highly polydisperse using this "droplet break-up" approach. Moreover, these methods may cause loss of functional properties of heat and shear sensitive components due to the high shearing stress. On the other hand, emulsions can be prepared through lowenergy emulsification methods, such as phase inversion temperature/composition and selfemulsification, which use the internal chemical energy of the system to achieve emulsification [START_REF] Solans | Nano-emulsions: Formation by low-energy methods[END_REF][START_REF] Komaiko | Formation of Food-Grade Nanoemulsions Using Low-Energy Preparation Methods: A Review of Available Methods: Formation of foodgrade nanoemulsions…[END_REF]. These methods have several limitations such as requiring relatively high concentration of surfactants and a careful selection of surfactant and oil, and are not applicable to large-scale industrial productions [START_REF] Komaiko | Formation of Food-Grade Nanoemulsions Using Low-Energy Preparation Methods: A Review of Available Methods: Formation of foodgrade nanoemulsions…[END_REF]. Therefore, new methods for emulsification using microstructured systems, i.e. membrane and microfluidic systems, have received much attention. The microstructured systems provide a better control over droplet generation process as the droplet size is controlled by the size of the pores or channels [START_REF] Vladisavljevi | Production of uniform droplets using membrane, microchannel and microfluidic emulsification devices[END_REF]. Moreover, much less energy inputs are required in microstructured systems (10 4 ~10 6 J/m 3 ) compared to conventional techniques (10 6 ~10 8 J/m 3 ) [START_REF] Charcosset | Membrane emulsification and microchannel emulsification processes[END_REF]. The utilization of microfluidic emulsification systems is still limited to highly sophisticated applications due to low throughputs (typically < 10 4 droplets/s) and costly microfabrication processes [START_REF] Vladisavljevi | Production of uniform droplets using membrane, microchannel and microfluidic emulsification devices[END_REF][START_REF] Skurtys | Applications of Microfluidic Devices in Food Engineering[END_REF]. The on-chip integration of microfluidic drop generators is still challenging. It is clear that membrane emulsification is superior in terms of the droplet throughput that can be achieved.

Membrane emulsification was introduced in the late 1980's in Japan [START_REF] Nakashima | Articles of porous glass and process for preparing the same[END_REF][START_REF] Nakashima | Membrane Emulsification by Microporous Glass[END_REF]. It is an emerging and evolving technology that deviates from traditional approaches by producing each droplet individually at the final desired size through a porous membrane, instead of disruption of large droplets in zones of high energy density. This method has been investigated for many applications, particularly relating to their potential for producing droplet size-controlled emulsions with very narrow size distribution as drug delivery systems [START_REF] Piacentini | Pharmaceutical Particles Design by Membrane Emulsification: Preparation Methods and Applications in Drug Delivery[END_REF][START_REF] Nakashima | Particle control of emulsion by membrane emulsification and its applications[END_REF]. In recent years, there has been a growing interest in membrane emulsification for emulsion production in foods, as it is a promising method which controls the droplet size of formed emulsions, uses less energy, and impairs fewer thermal and shear stresses to constituents of the emulsions.

Several devices equipped with membranes can be used for membrane emulsification. For each device, the optimization of the operating conditions (transmembrane pressure, flux and shear stress) as well as formulation parameters (emulsifier type and concentration, dispersed phase type and concentration, continuous phase viscosity) is very important for producing uniform, reproducible and size-controlled droplets. In this chapter, the membrane emulsification technique is reviewed, including principle of membrane emulsification, different membrane, various membrane emulsification systems, influence of process parameters and formulation parameters.

Principles of membrane emulsification

There are two main membrane emulsification processes: DME and PME. In DME, the dispersed phase is passed through a porous membrane into an agitating or cross-flowing continuous phase, which contain emulsifiers, to form an emulsion due to the mutual immiscibility of the two phases [START_REF] Vladisavljevi | Preparation of microemulsions and nanoemulsions by membrane emulsification[END_REF][START_REF] Vladisavljevi | Membrane Emulsification in Pharmaceutics and Biotechnology[END_REF] (Fig. 1A). A shear force is applied at the interface between the membrane surface and the continuous phase to overcome the capillary force and facilitate the detachment of droplets. PME involves passing a prepared coarse emulsion through a membrane, which results in the break-up of large droplets [START_REF] Nazir | Premix emulsification: A review[END_REF] (Fig. 1B). Three factors are responsible for the droplet break-up: localized shear force (due the liquid flow that removes the droplet), interfacial tension force (that keeps the droplet connected to the pore) and steric hindrance between droplets (that depends on the interfacial properties) [START_REF] Nazir | Premix emulsification: A review[END_REF]. PME has several advantages compared to DME: ( ) smaller droplet emulsions can be obtained in PME using the same membrane and phases composition [START_REF] Santos | Controlled production of eco-friendly emulsions using direct and premix membrane emulsification[END_REF]; ( ) the flow rates through the membrane are higher than in DME and hence higher productivity and shorter production times are obtained than in DME [START_REF] Joseph | Evaluation of Shirasu Porous Glass (SPG) membrane emulsification for the preparation of colloidal lipid drug carrier dispersions[END_REF]; ( ) the experimental set-up is generally simpler than in DME, e.g., no moving parts such as stirrer are needed, except for the preparation of premix; ( ) the PME process is easier to control than DME. A main advantage of DME is that the obtained emulsions have a very narrow droplet size distribution, which is highly desirable for pharmaceutical formulations [START_REF] Vladisavljevi | Recent developments in manufacturing emulsions and particulate products using membranes[END_REF]. Both processes have been widely used for encapsulation of active compounds.
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Membrane used in membrane emulsification

SPG membranes

SPG membranes are the most commonly used membranes in membrane emulsification. These membranes are manufactured from Shirasu (volcanic ash), CaCO3, and boric acid by spinodal phase separation at high temperature and subsequent acid leaching [START_REF] Kukizaki | Acid Leaching Process in the Preparation of Porous Glass Membranes from Phase-separated Glass in the Na2O-CaO-MgO-Al2O3-B2O3-SiO2 System[END_REF][START_REF] Vladisavljevic | Permeability of hydrophilic and hydrophobic Shirasu-porous-glass (SPG) membranes to pure liquids and its microstructure[END_REF]. The SPG membranes have tortuous, interconnected cylindrical pores extending in all directions within the membrane, which emerge on the membrane surface at a range of angles and in varied spacing arrangements [START_REF] Melich | Preparation and characterization of perfluorocarbon microbubbles using Shirasu Porous Glass (SPG) membranes[END_REF][START_REF] Vladisavljevic | Shirasu Porous Glass membrane emulsification: Characterisation of membrane structure by high-resolution X-ray microtomography and microscopic observation of droplet formation in real time[END_REF] (Fig. 3A). The membrane pore size can be specified from a wide range of 0.1 ~ 50 m. The SPG membrane is inherently hydrophilic due to the presence of negatively charged silanol groups on the surface [START_REF] Vladisavljevic | Permeability of hydrophilic and hydrophobic Shirasu-porous-glass (SPG) membranes to pure liquids and its microstructure[END_REF]. However, it can be chemically modified to hydrophobic using organosilane compounds or surface coating with silicon resins [START_REF] Vladisavljevic | Permeability of hydrophilic and hydrophobic Shirasu-porous-glass (SPG) membranes to pure liquids and its microstructure[END_REF][START_REF] Kukizaki | Effect of the membrane wettability on the size and size distribution of microbubbles formed from Shirasu-porous-glass (SPG) membranes[END_REF]. SPG membranes have high porosity (50-60%), high mechanical, chemical and thermal strength, and are available in tubes or flat discs.

Ceramic membranes

Ceramic membranes are typically used for ultrafiltration and microfiltration. These membranes are fabricated by depositing colloidal suspensions of metal hydroxides, such as aluminum oxide (Al2O3), zirconium oxide (ZrO2), titanium oxide (TiO2), mullite (3Al2O3•2SiO2), and/or silicon oxycarbide (SiOC) on porous supports [START_REF] Muhamad | Fabrication of ceramic membrane from local raw materials for treatment different wastes[END_REF]. The membrane structure is characterized by irregularly distributed pores, which is formed by the voids between ceramic particles with a relative narrow size distribution [START_REF] Matos | Emulsification with microfiltration ceramic membranes: A different approach to droplet formation mechanism[END_REF][START_REF] Spyropoulos | Advances in membrane emulsification. Part A: recent developments in processing aspects and microstructural design approaches: Advances in membrane emulsification[END_REF] (Fig. 3B). Ceramic membranes have similar advantages than SPG membranes, i.e. high porosity, high chemical resistance, and stability against extreme temperatures and pH conditions. However, it has been demonatrated that emulsions prepared by using the SPG membrane were more uniform than emulsions formed by using ceramic membrane at the same pore size and under the same experimental conditions [START_REF] Vladisavljevi | Production of O/W emulsions using SPG membranes, ceramic -aluminium oxide membranes, microfluidizer and a silicon microchannel plate-a comparative study[END_REF].

Polymeric membranes

Various polymeric membranes made of polycarbonate (PC), polyethylene (PE), polysulfone (PS), polyethersulfone (PES), cellulose ester (CE), cellulose acetate (CA), polyvinylidene fluoride (PVDF) and nylon, have been widely used for PME [START_REF] Gehrmann | Instrumented small scale extruder to investigate the influence of process parameters during premix membrane emulsification[END_REF][START_REF] Gehrmann | Influence of membrane material on the production of colloidal emulsions by premix membrane emulsification[END_REF]. Based on the material and procedure of fabrication, the membranes may have different structures (symmetric or asymmetric), pore geometry (cylindrical straight-through, sponge-like), pore size, wettability, strength, etc [START_REF] Gehrmann | Influence of membrane material on the production of colloidal emulsions by premix membrane emulsification[END_REF] (Fig. 3C-I). Moreover, various types of disposable syringes, made of PC, PE, PES, PS Nylon, PVDF, can be used to prepare emulsions either manually [START_REF] Gehrmann | Preparation of lipid nanoemulsions by premix membrane emulsification with disposable materials[END_REF][START_REF] Joseph | Preparation of Nanoemulsions and Solid Lipid Nanoparticles by Premix Membrane Emulsification[END_REF] or through an externally applied pressure in PME [START_REF] Gehrmann | Instrumented small scale extruder to investigate the influence of process parameters during premix membrane emulsification[END_REF]. Advantages of theses membranes are that they are usually cheap (often used as disposable material) and a wide range of specifications are available.

Metallic membranes

Metallic membranes have been also used for emulsion microfiltration [START_REF] Santos | Controlled production of eco-friendly emulsions using direct and premix membrane emulsification[END_REF][START_REF] Dragosavac | Stirred cell membrane emulsification for multiple emulsions containing unrefined pumpkin seed oil with uniform droplet size[END_REF][START_REF] Hancocks | Comparisons between membranes for use in cross flow membrane emulsification[END_REF][START_REF] Vladisavljevi | Production of foodgrade multiple emulsions with high encapsulation yield using oscillating membrane emulsification[END_REF]. Nickel and stainless steel are commonly used materials for fabricating metallic membranes. The metallic membranes are micro-engineered membranes having well-defined straight-through pores with regular surface arrangement and a narrow pore size distribution [START_REF] Dragosavac | Stirred cell membrane emulsification for multiple emulsions containing unrefined pumpkin seed oil with uniform droplet size[END_REF][START_REF] Nazir | The effect of pore geometry on premix membrane emulsification using nickel sieves having uniform pores[END_REF] (Fig. 3J-L). These membranes are relatively expensive as techniques such as laser drilling and etching have been used to create the pores, but their structure is more precisely and easily controlled.

They have higher mechanical strength and longer operating life than ceramic membranes. A disadvantage of laser-drilled metallic membranes is their relatively low porosity (< 50%) [START_REF] Zhu | Short Review on Porous Metal Membranes-Fabrication, Commercial Products, and Applications[END_REF] that limits the emulsification rate.

Other membranes

In addition to the membranes mentioned above, emulsions can be prepared using silicon/silicon nitride membranes [START_REF] Kobayashi | Effects of Type and Physical Properties of Oil Phase on Oil-in-Water Emulsion Droplet Formation in Straight-Through Microchannel Emulsification[END_REF] and Anodic alumina membranes [START_REF] El-Hawari | Premix Membrane Emulsification: Preparation and Stability of Medium-Chain Triglyceride Emulsions with Droplet Sizes below 100 nm[END_REF]. Silicon/silicon nitride membranes are made by photolithographic treatment of a silicon wafer and subsequent etching, or electrochemical metal deposition on a skeleton in an electrolysis bath, respectively. Their properties are similar to micro-engineered metallic membranes. Anodic alumina membranes have an Al2O3 film on the surface and have a higher hydrophilicity than common polymeric membranes. 

Equipment for membrane emulsification

Emulsions can be prepared using SPG micro kits, Micropore dispersion cells, membrane extruders, cross-flow modules and dynamic membrane systems. Emulsions prepared with different methods and the effects of process parameters for each device on the droplet size of produced emulsions are summarized in Table 1.

SPG micro kits

SPG Technology Co., Ltd (Miyazaki, Japan) developed membrane emulsification micro kits that use a pipe-shaped 10 mm SPG membrane. These devices require only 3 ~ 10 mL of dispersed phase or premix per single batch, which is useful for expensive compounds as well as for preliminary tests for formulation optimization.

In the external pressure micro kit, the dispersed phase or premix is pushed from outside of membrane tube with the help of external pressure and droplets are formed at the internal surface of the membrane. In DME, the continuous phase (>10 mL) is stirred by a magnetic bar at the bottom of the beaker. It should be noted that the micro kit should be immersed in the continuous phase (Fig. 4A). In PME, the homogenized emulsion just falls by gravity into a collection beaker (Fig. 4B). The collected emulsions can be repeatedly extruded through the same membrane without cleaning between successive extrusions to decrease the droplet size of emulsions. Generally, the volume of obtained fine emulsions in DME is larger than that in PME.

In a study conducted by Joseph and Bunjes [START_REF] Joseph | Evaluation of Shirasu Porous Glass (SPG) membrane emulsification for the preparation of colloidal lipid drug carrier dispersions[END_REF], nanoemulsions were successfully prepared by DME and PME using SPG external pressure micro kits. Droplet-to-pore size ratios of 2.8 ~ 8.2 and 0.4 ~ 2.1 were observed for the DME and the PME method, respectively. PME worked much better for the preparation of nanoemulsions than DME using external micro kits because of the short process time and small droplet size/membrane pore size ratios. Moreover, it was found that the droplet size of emulsions decreased with the increase of emulsifying pressure in DME.

In the internal pressure micro kit, the inside of the pipe-shaped membrane is filled with the dispersed phase or premix, which permeates through the membrane, droplets being formed at the external surface of the membrane. In DME, the micro kit is immersed in a beaker containing the continuous phase, which is stirred with a magnetic bar (Fig. 4C). In PME, the membrane module is placed in an empty beaker (Fig. 4D), as in the external pressure micro kit. Choi et al. [START_REF] Choi | Enhanced solubility and oral bioavailability of itraconazole by combining membrane emulsification and spray drying technique[END_REF] observed that the droplet size of emulsions increased with increasing agitator speed, which can be explained by the increased shear and mechanical stress at higher agitation speed increasing the chance of collisions between droplets, thus resulting in their coalescence.

Another crucial factor that has a great impact on the formation of emulsions is the feed pressure, which can control the flux rate of the dispersed phase and the detachment of the droplets. Choi et al. [START_REF] Choi | Enhanced solubility and oral bioavailability of itraconazole by combining membrane emulsification and spray drying technique[END_REF] reported that an increase in feed pressure causes an increase of droplet size of formed emulsions due to the fact that the droplets grew faster so the interface can not be stabilized fast enough by adsorbed emulsifier molecules. However, Oh et al. [START_REF] Oh | Effect of process parameters on nanoemulsion droplet size and distribution in SPG membrane emulsification[END_REF] found the droplet size of emulsions decreased with the increase of feed pressure. The difference can be explained by the different surfactants. Perhaps small droplets of collapsing lipid jets are covered by rapid stabilizing surfactants before coalescence occurs leading to small droplets formed when increasing the pressure. The maximum pressure that can be applied in internal pressure kit (40 kPa) [START_REF] Choi | Enhanced solubility and oral bioavailability of itraconazole by combining membrane emulsification and spray drying technique[END_REF] is lower than that in external pressure kit (1000 kPa) [START_REF] Joseph | Evaluation of Shirasu Porous Glass (SPG) membrane emulsification for the preparation of colloidal lipid drug carrier dispersions[END_REF]. Therefore, the external pressure type micro kit maybe more effective for droplet size reduction than the internal one. (D) Internal pressure micro kit for PME.

Micropore dispersion cells

The Micropore dispersion cell is a kind of stirred cell used for membrane emulsification, which is commercialized by Micropore technologies (UK). It consists of an injection chamber containing a flat disc membrane with a pore size between 3 m and 350 m, a glass cylinder, which contains a stainless steel stirrer driven by a motor. This device produces small batches (~100 mL), which are suitable for formulation development. In DME, the dispersed phase is injected into the injection chamber and pressed through the membrane using a syringe pump, the continuous phase is in the glass cylinder and stirred (Fig. 5A). In PME, premix is pumped through the membrane to form fine emulsions in the glass cylinder (Fig. 5B). As in SPG micro kits, transmembrane flux and stirring speed are important parameters in determining the droplet size of emulsions. An increase in stirring speed increases the drag force acting on the droplets and finally leads to a decrease in the droplet size [START_REF] Santos | Controlled production of eco-friendly emulsions using direct and premix membrane emulsification[END_REF][START_REF] Dragosavac | Stirred cell membrane emulsification for multiple emulsions containing unrefined pumpkin seed oil with uniform droplet size[END_REF]. An increase in the transmembrane flux leads to an increase in droplet size of emulsions in DME [START_REF] Dragosavac | Stirred cell membrane emulsification for multiple emulsions containing unrefined pumpkin seed oil with uniform droplet size[END_REF], but to a decrease in droplet size in PME [START_REF] Santos | Controlled production of eco-friendly emulsions using direct and premix membrane emulsification[END_REF]. Moreover, the droplet size can also be reduced by increasing the number of passes through the membrane in PME. For example, Santos et al. [START_REF] Santos | Controlled production of eco-friendly emulsions using direct and premix membrane emulsification[END_REF] 

Membrane extruders

Membrane extrusion is a low-pressure method for preparing colloidal lipid dispersions with narrow size distribution. It is typically used for the preparation of unilamellar liposomes with controlled size. The extrusion technique for liposomes preparation resembles the PME process.

Thus, membrane extruders are widely used to prepare emulsions as well [START_REF] Joseph | Preparation of Nanoemulsions and Solid Lipid Nanoparticles by Premix Membrane Emulsification[END_REF][START_REF] Gehrmann | Instrumented small scale extruder to investigate the influence of process parameters during premix membrane emulsification[END_REF][START_REF] El-Hawari | Premix Membrane Emulsification: Preparation and Stability of Medium-Chain Triglyceride Emulsions with Droplet Sizes below 100 nm[END_REF].

Small volume extruder (< 1 mL) is a manually operated device consisting of two syringes and a membrane holder (Fig. 6A). As a first step, the pre-premix can be prepared using two syringes [START_REF] Gehrmann | Preparation of lipid nanoemulsions by premix membrane emulsification with disposable materials[END_REF] or other common preparation devices, such as Ultra-Turrax or magnetic stirring. Then, homogeneous emulsions are obtained by pushing the two syringes back and forth. In this method, different commercial thin membranes, such as PC, PES, nylon, CA, are available. The membrane materials, membrane pore size and extrusion cycle number play an essential role in determining the droplet size of emulsions [START_REF] Gehrmann | Preparation of lipid nanoemulsions by premix membrane emulsification with disposable materials[END_REF][START_REF] Joseph | Preparation of Nanoemulsions and Solid Lipid Nanoparticles by Premix Membrane Emulsification[END_REF]. The advantage of this extruder is that small volumes can be prepared within a short time, making it an interesting technique for formulation optimization as well as for the preparation of emulsions with expensive or toxic compounds.

Moreover, small size extruders having a simple construction are very easy to disassemble and clean, and thin membranes are cost-efficient and can be used as disposable, which reduces the risk of cross-contamination.

The membrane extrusion method can also be used in large-scale processing. Joseph and Bunjes [START_REF] Joseph | Preparation of Nanoemulsions and Solid Lipid Nanoparticles by Premix Membrane Emulsification[END_REF] found that the EmulsiFlex-C5 homogeniser without homogenising valve equipped with an extrusion pressure gauge and the filter/extruder attachment (7 ~200 mL) is an efficient design to produce emulsions (Fig. 6B), which yielded similar droplet size than the small volume extruder. Gehrmann et Bunjes [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 (10 mL) containing a high pressure syringe pump equipped with a stainless steel syringe connected to filter/extruder unit of an EmulsiFlex-C5 homogenizer (Fig. 6C), which had a similar performance in comparison with commercial extruders. Recently, stable MCT emulsions with droplet size below 100 nm and a narrow droplet size distribution using sucrose laurate as an emulsifier were prepared using this small scale extruder [START_REF] El-Hawari | Premix Membrane Emulsification: Preparation and Stability of Medium-Chain Triglyceride Emulsions with Droplet Sizes below 100 nm[END_REF]. An advantage of the largevolume device is that the process conditions are better controlled leading to more reproducible 

Cross-flow systems

In this system, the continuous phase/emulsion circulates in a closed loop between the holding tank and the membrane module. In PME, the dispersed phase from the outer side of the membrane tube penetrates through the membrane driven by a pressurized gas and droplets are formed at the membrane surface and detached by the continuous phase flowing along to the membrane surface (Fig. 7A). The method is suitable for large-scale production and continuous or semi-continuous operation. Membranes with different materials and morphologies, such as SPG, ceramic microfiltration membranes, polymeric membrane tubes, and laser drilled stainless steel membrane, can be used in cross-flow emulsification. Cross-flow velocity and transmembrane pressure are important parameters determining the droplet size of produced emulsions. An increase in cross-flow velocity causes a decrease in the droplet size of obtained emulsions due to the faster detachment of the droplets [START_REF] Timgren | Effects of cross-flow velocity, capillary pressure and oil viscosity on oil-in-water drop formation from a capillary[END_REF]. There are three distinct regions in the behavior of the droplet size of emulsions with increasing transmembrane pressure because of different mechanisms of droplet detachment from the membrane [START_REF] Spyropoulosa | Food-grade emulsions prepared by membrane emulsification techniques[END_REF]. At low pressures (just above the critical pressure, which is defined as the minimum transmembrane pressure difference to start producing droplets), the droplet size changes very slowly with increasing pressure because cross-flow shear is the dominant force instead of pressure. Then, the droplet size increases more rapidly as the pressure increase further as transmembrane pressure is the dominant factor resulting in the detachment of droplets before the action of shear can break the droplets off. Finally, an additional increase in pressure has less effect as droplets are formed due to Raleigh instabilities. Moreover, Hancocks et al. [START_REF] Hancocks | Comparisons between membranes for use in cross flow membrane emulsification[END_REF] found that membrane types have a great impact on the droplet size of produced emulsions because of the different materials, pore shapes and wall thickness. This set-up can be used for PME as well but has the disadvantage of diluting emulsions. In PME, the premix is dispersed into the continuous phase instead of the direct dispersion of the dispersed phase [START_REF] Suzuki | Characteristics of the Membrane Emulsification Method Combined with Preliminary Emulsification for Preparing Corn Oil-in-Water Emulsions[END_REF] (Fig. 7B). A potential disadvantage of the crossflow method is the damage of the previously formed droplets within the pump and fitting, especially in cases of large droplets.

Static membrane emulsification (in the absence of shear flow at the membrane surface) is an attractive alternative method when the transmembrane pressure is close to the critical pressure, in which droplets can be spontaneously detached from the membrane pores [START_REF] Piacentini | Pulsed back-and-forward cross-flow batch membrane emulsification with high productivity to obtain highly uniform and concentrate emulsions[END_REF]. The negative effects related to the shear stress outside of the membrane on emulsions and sensitive components are avoided. At transmembrane pressures much higher than the critical pressure, pulsed back-and-forward cross-flow membrane emulsification, in which the continuous phase is tangentially agitated by inverting the flow direction back-and-forward within the membrane, is a suitable method for producing emulsions with high dispersed to continuous phase ratio for long time of operation [START_REF] Piacentini | Pulsed back-and-forward cross-flow batch membrane emulsification with high productivity to obtain highly uniform and concentrate emulsions[END_REF]. 

Dynamic membrane systems

Dynamic membrane systems equipped with a moving membrane, in which the droplets detachment from the pores is obtained by membrane rotation, vibration, or oscillation, is another approach to prepare emulsions. In rotating membrane emulsification, the dispersed phase is introduced into the internal of a rotating tubular porous membrane by pressurized gas, and droplets are detached at the external surface membrane into the stationary continuous phase (Fig. 8A). Rotating membrane emulsification is operated in semi-batch mode and for DME even though it can be used for PME [START_REF] Aryanti | Rotating Membrane Emulsification for Producing Single and Multiple Emulsions[END_REF][START_REF] Pawlik | Encapsulation stability of duplex emulsions prepared with SPG cross-flow membrane, SPG rotating membrane and rotor-stator techniques-A comparison[END_REF][START_REF] Pawlik | SPG rotating membrane technique for production of food grade emulsions[END_REF]. It was reported that SPG rotating membranes can be used to prepare O/W emulsions with a range of droplet size that can be controlled by rotational speed and transmembrane pressure [START_REF] Pawlik | SPG rotating membrane technique for production of food grade emulsions[END_REF]. The droplet size of emulsions decreases with the increase of rotational speed due to the increasing detaching drag force. On the other hand, larger droplets are produced with the increase of transmembrane pressure, because the adsorption rate of emulsifier to the interface is lower than the interface formation.

In oscillating membrane emulsification, the membrane periodically oscillates up and down [START_REF] Vladisavljevi | Production of foodgrade multiple emulsions with high encapsulation yield using oscillating membrane emulsification[END_REF] or backward and forward [START_REF] Silva | Azimuthally oscillating membrane emulsification for controlled droplet production[END_REF] (Fig. 8B). The shear conditions can be adjusted by varying the frequency and amplitude of the membrane axial oscillation, which is provided by an electrically driven vertical oscillator and can be controlled separately. The effect of membrane vibration on the droplet formation is quite complex because the velocity at the membrane interface changes very rapidly at the same time that the droplets are formed. It was found that the droplet size of emulsions decreased with increasing the peak shear stress at the membrane surface, which is a function of frequency or amplitude of the oscillation, independent of the individual values of frequency or amplitude [START_REF] Vladisavljevi | Production of foodgrade multiple emulsions with high encapsulation yield using oscillating membrane emulsification[END_REF][START_REF] Holdich | Membrane Emulsification with Oscillating and Stationary Membranes[END_REF]. The oscillating membrane technique can be scaled up by providing a larger membrane area in the oscillating membrane assembly, which operates in a continuous mode [START_REF] Silva | Azimuthally oscillating membrane emulsification for controlled droplet production[END_REF]. In dynamic membrane systems, emulsions can be produced continuously without product recycling, which can prevent damage of shear-sensitive active compounds or droplets previously formed. On the other hand, dynamic membrane emulsification systems are not an obvious option for large-scale applications because of the complicated and more expensive design and higher power consumption compared to cross flow systems.

(A) (B) 

Formulation parameters

Membrane type and materials, and process parameters are essential for determining the final droplet size of emulsions in membrane emulsification, which has been discussed in the previous section. Besides the influence of membrane and process parameters, formulation parameters, namely, emulsifier type and concentration, dispersed phase type and concentration, are critically important to form emulsions. The effects of formulation parameters on the droplet size of formed emulsions are summarized in Table 2.

Emulsifier type and concentration

An emulsifier is a surfactant that stabilizes emulsions. Generally, droplet disruption during proteins, polysaccharide, lecithin) are both surface active, however, the adsorption of high molecular weight surfactants are considered much slower. The rate of emulsifier adsorption at the interface (i.e. the rate by which the interfacial tension is reduced) plays a critical role in determining the droplet size of emulsions [START_REF] Hancocks | Comparisons between membranes for use in cross flow membrane emulsification[END_REF][START_REF] Pawlik | SPG rotating membrane technique for production of food grade emulsions[END_REF]. Faster reduction in interfacial tension leads to earlier detachment of droplets form the membrane pores when all other conditions are kept the same, therefore droplets with smaller size are formed. Hancocks et al. [START_REF] Hancocks | Comparisons between membranes for use in cross flow membrane emulsification[END_REF] found that the effectiveness of emulsifiers to reduce droplet size was in the order of SDS > Tween 20/Tween 80 > whey protein concentrate (WPI)/sodium caseinate > soy lecithin in cross-flow membrane emulsification. In addition to the rate of surfactants adsorption, the equilibrium interfacial tension between the dispersed phase and continuous phase is an important parameter in terms of the final droplet size of emulsions produced by membrane emulsification. Smaller droplets are formed at lower equilibrium interfacial tension due to smaller Laplace pressure (which describes the capillary pressure difference sustained across the interface between two static fluids due to the phenomenon of surface tension) inside the droplet which facilitates droplet detachment [START_REF] Joseph | Evaluation of Shirasu Porous Glass (SPG) membrane emulsification for the preparation of colloidal lipid drug carrier dispersions[END_REF][START_REF] Pawlik | SPG rotating membrane technique for production of food grade emulsions[END_REF]. Pawlik and Norton [START_REF] Pawlik | SPG rotating membrane technique for production of food grade emulsions[END_REF] found that Tween 20 reduced the interfacial tension to a greater extent than WPI, which is one of the possible reason to explain why smaller droplet size emulsions were formed in the formulation with Tween 20 as compared with the formulation with WPI. Moreover, the presence of charge on the functional group on the emulsifier, which determines the droplet charge, has a great impact on the droplet size of formed emulsions due to electrostatic interactions with the charged membrane surface. In order to avoid electrostatic attractions and remain the polarity of the membrane, the functional group on the surfactants must not carry the charge opposite to that of the membrane surface [START_REF] Vladisavljevi | Recent developments in manufacturing emulsions and particulate products using membranes[END_REF][START_REF] Surh | On the preparation of lecithin-stabilized oilin-water emulsions by multi-stage premix membrane emulsification[END_REF].

Therefore, surfactants with the same charge of the membrane surface can be chosen, which causes electrostatic repulsions resulting in a fast droplet detachment from the membrane pores.

Kukizaki [START_REF] Kukizaki | Shirasu porous glass (SPG) membrane emulsification in the absence of shear flow at the membrane surface: Influence of surfactant type and concentration, viscosities of dispersed and continuous phases, and transmembrane pressure[END_REF] observed that the droplet size of emulsions stabilized with anionic SDS is smaller (mean droplet/pore diameter ratio of 3.05) than emulsions stabilized with Tween 20 The concentration of emulsifier has a great influence on the final droplet size of emulsions as

well. An increase in emulsifier concentration, which is in critical concentration range, leads to a decrease in the droplet size of emulsions as more emulsifier molecules are available for adsorption covering the interface and prevent coalescence of the droplets [START_REF] Pawlik | SPG rotating membrane technique for production of food grade emulsions[END_REF][START_REF] Jiang | Premix membrane emulsification for the preparation of curcumin-loaded nanoemulsions[END_REF]. High concentrations of emulsifier, which is out of critical concentration range, result in little or no further reduction of the droplet size of emulsions [START_REF] Hancocks | Comparisons between membranes for use in cross flow membrane emulsification[END_REF][START_REF] Pawlik | SPG rotating membrane technique for production of food grade emulsions[END_REF]. The equilibrium interfacial tension initially sharply decreases with surfactant concentration, and then decreases relatively slowly, and finally keeps constant [START_REF] Pawlik | SPG rotating membrane technique for production of food grade emulsions[END_REF].

Dispersed phase type and concentration

In DME, the type of lipid has a great impact on the droplet size of formed emulsions. More viscous lipids result in lower dispersed-phase flux through the porous membrane for similar emulsifying pressure, which causes a lower supply rate of the dispersed phase during droplet formation [START_REF] Kobayashi | Effects of Type and Physical Properties of Oil Phase on Oil-in-Water Emulsion Droplet Formation in Straight-Through Microchannel Emulsification[END_REF][START_REF] Kukizaki | Shirasu porous glass (SPG) membrane emulsification in the absence of shear flow at the membrane surface: Influence of surfactant type and concentration, viscosities of dispersed and continuous phases, and transmembrane pressure[END_REF]. Thus, smaller droplets are generated for a more viscous oil phase due to faster droplet detachment from the membrane pores [START_REF] Kobayashi | Effects of Type and Physical Properties of Oil Phase on Oil-in-Water Emulsion Droplet Formation in Straight-Through Microchannel Emulsification[END_REF]. Kobayashi et al. [START_REF] Kobayashi | Effects of Type and Physical Properties of Oil Phase on Oil-in-Water Emulsion Droplet Formation in Straight-Through Microchannel Emulsification[END_REF] observed that the average droplet size of emulsions gradually decreased with increasing the viscosity of the dispersed phase in the range below a threshold of 100 mPa•s, while the average droplet size were independent of the viscosity in the range above 100 mPa•s which can be explained by the adsorption kinetics of emulsifiers molecules. It should be noted that there are only minimal differences between the droplet size of the emulsions formulated using different oils having viscosity in a narrow range, which are sometimes regarded as similar droplet size [START_REF] Joseph | Evaluation of Shirasu Porous Glass (SPG) membrane emulsification for the preparation of colloidal lipid drug carrier dispersions[END_REF].

Actually, the droplet size of emulsions prepared by DME is greatly influenced by the oil phase viscosity, not by the type of oil. In addition, some polar lipids, e.g. glyceryl behenate and lauroyl macrogolglycerides, form droplets in the micro range, independent on the membrane pore size in DME [START_REF] Joseph | Evaluation of Shirasu Porous Glass (SPG) membrane emulsification for the preparation of colloidal lipid drug carrier dispersions[END_REF][START_REF] Charcosset | Preparation of solid lipid particles by membrane emulsification-Influence of process parameters[END_REF]. These lipids are classified as self-emulsifying [START_REF] Joseph | Evaluation of Shirasu Porous Glass (SPG) membrane emulsification for the preparation of colloidal lipid drug carrier dispersions[END_REF][START_REF] Svensson | Hydration of an amphiphilic excipient[END_REF]. For example, D'Oria et al. [START_REF] Charcosset | Preparation of solid lipid particles by membrane emulsification-Influence of process parameters[END_REF] found that 20% lauroyl macrogolglycerides in combination with 0.1% Tween 20 yielded droplets with a size much lower than the membrane pore size using DME (between 50 and 130 nm for membranes with pores size between 0.2 and 1 m). Therefore, the colloidal particles prepared with lauroyl macrogolglycerides do not result from the PME process.

In PME, the type of oil is of minor importance to the droplet size of produced emulsions [START_REF] Gehrmann | Influence of membrane material on the production of colloidal emulsions by premix membrane emulsification[END_REF][START_REF] Joseph | Preparation of Nanoemulsions and Solid Lipid Nanoparticles by Premix Membrane Emulsification[END_REF][START_REF] Alliod | Influence of viscosity for oil-in-water and water-in-oil nanoemulsions production by SPG premix membrane emulsification[END_REF]. Although different oils having different viscosity may result in a difference in the viscosity of the dispersed phase or the premix, which have an influence in the emulsifying pressure, the droplet size of emulsions containing different types of oils is in a similar range [START_REF] Alliod | Influence of viscosity for oil-in-water and water-in-oil nanoemulsions production by SPG premix membrane emulsification[END_REF]. It was reported by Joseph and Bunjes [START_REF] Joseph | Preparation of Nanoemulsions and Solid Lipid Nanoparticles by Premix Membrane Emulsification[END_REF] that the droplet size of soybean oil emulsions was similar to that of MCT emulsions even though the viscosity of soybean oil (53.1 ± 0.77 mPa•s, 25°C) was considerably higher than that of MCT (18.4 ± 0.88 mPa•s, 25°C).

There is a trend toward decreasing droplet size of emulsions with the increase in oil phase concentration as long as sufficient emulsifier molecules are present in PME [START_REF] Alliod | Influence of viscosity for oil-in-water and water-in-oil nanoemulsions production by SPG premix membrane emulsification[END_REF][START_REF] Nazir | Influence of the emulsion formulation in premix emulsification using packed beds[END_REF]. The viscosity of the formulations increases with the concentration of lipid phase, which results in an increase in emulsifying pressure [START_REF] Alliod | Influence of viscosity for oil-in-water and water-in-oil nanoemulsions production by SPG premix membrane emulsification[END_REF] or a decrease in transmembrane flux [START_REF] Vladisavljevic | Preparation of monodisperse multiple emulsions at high production rates by multi-stage premix membrane emulsification[END_REF]. In the study of Alliod et al. [START_REF] Alliod | Influence of viscosity for oil-in-water and water-in-oil nanoemulsions production by SPG premix membrane emulsification[END_REF], the final droplet size of emulsions decreased from 680 nm to 580 nm when the Marcol 82 content increased from 10% to 30%, corresponding to the viscosity of final emulsions from 4.3 mPa•s to 11.85 mPa•s. In an other study [START_REF] Nazir | Influence of the emulsion formulation in premix emulsification using packed beds[END_REF], the droplet size became larger at higher dispersed phase concentration when using the same surfactant concentration, while a reduced droplet size was obtained with an increased amount of surfactant. However, Vladisavljevi et al. [START_REF] Vladisavljevic | Preparation of monodisperse multiple emulsions at high production rates by multi-stage premix membrane emulsification[END_REF] found that the mean droplet size was independent on the dispersed phase content over a wide range (1-60 vol.%) at given operating conditions. This probably can be explained by the fact that the surfactant concentration was not enough at high dispersed phase concentration. Therefore, it should be noted that at high dispersed phase concentration, the amount of surfactant plays an important role in determining the droplet size of emulsions and the droplet size distribution.

Viscosity of continuous phase

It has been reported that the viscosity of the continuous phase has an impact on the droplet size of emulsions in DME [START_REF] Pawlik | SPG rotating membrane technique for production of food grade emulsions[END_REF][START_REF] Kukizaki | Shirasu porous glass (SPG) membrane emulsification in the absence of shear flow at the membrane surface: Influence of surfactant type and concentration, viscosities of dispersed and continuous phases, and transmembrane pressure[END_REF]. The change of viscosity of the continuous phase impacts both the drag force and the interfacial tension force during droplets detachment. On the one hand, the diffusion rate of the surfactant molecules from the aqueous phase to the newly formed droplet surface decreases with the increase of the continuous phase viscosity, which leads to a decreased reduction rate of the interfacial tension [START_REF] Pawlik | SPG rotating membrane technique for production of food grade emulsions[END_REF][START_REF] Suárez | Stirred tank membrane emulsification using flat metallic membranes: A dimensional analysis[END_REF]. On the other hand, the hydrodynamic drag force, is directly proportional to the viscosity of the continuous phase [START_REF] Pawlik | SPG rotating membrane technique for production of food grade emulsions[END_REF].

Nevertheless, for a given continuous phase, the expected increase in the drag force, resulting from the increase in the rotational velocity of membrane or agitating speed or cross-flow velocity, could be counterbalanced by the shear-induced reduction in the viscosity of the continuous phase due to shear-thinning properties [START_REF] Pawlik | SPG rotating membrane technique for production of food grade emulsions[END_REF]. Therefore, the interfacial tension force is the main parameter determining the droplet size of produced droplets, instead of the drag force, to study the effect of continuous phase. Pawlik and Norton [START_REF] Pawlik | SPG rotating membrane technique for production of food grade emulsions[END_REF] found that an increase in the viscosity of the continuous phase tends to yield an increase in droplet size of emulsions and a broader droplet size distribution. It should be noted that the rotational velocity of membrane or agitating speed or cross-flow velocity in DME affects the transport of surfactant molecules, which determine to what extent viscosity changes the adsorption of surfactant.

In PME, the droplet size of formed emulsions decreases with the increase of continuous phase viscosity due to the fact that the shear stress within the membrane pores increase with the increase of the viscosity of continuous phase, which leads to a more significant size reduction [START_REF] Alliod | Influence of viscosity for oil-in-water and water-in-oil nanoemulsions production by SPG premix membrane emulsification[END_REF][START_REF] Vladisavljevi | Production of multiple emulsions for drug delivery systems by repeated SPG membrane homogenization: Influence of mean pore size, interfacial tension and continuous phase viscosity[END_REF]. Moreover, an increase in the continuous phase viscosity results in an increase in the width of droplet size distribution due to the decreased velocity of the surfactant molecules.

Generally, the higher emulsifying pressure [START_REF] Alliod | Influence of viscosity for oil-in-water and water-in-oil nanoemulsions production by SPG premix membrane emulsification[END_REF] and lower transmembrane flux [START_REF] Vladisavljevi | Production of multiple emulsions for drug delivery systems by repeated SPG membrane homogenization: Influence of mean pore size, interfacial tension and continuous phase viscosity[END_REF] is the consequence of the higher continuous phase viscosity. The viscosity of formed emulsions is proportional to the continuous phase viscosity [START_REF] Alliod | Influence of viscosity for oil-in-water and water-in-oil nanoemulsions production by SPG premix membrane emulsification[END_REF]. 

Conclusion

Membrane emulsification is a promising alternative to conventional emulsification methods.

The advantages of membrane emulsification are uniform and controlled particle size, low Chapter includes the materials and methods, that will be used in further Chapters.

Chapter describes the study of the preparation of emulsions through PME.

Chapter mainly focuses on the impact of carrier oil type and initial emulsions droplet size on lipid digestion and curcumin bioaccessibility using an in vitro GIT model.

Chapter studies the influence of carrier oil type and droplet size on the physical stability of emulsions, chemical stability of curcumin and oxidation stability of lipid in O/W emulsions.

PME

Experimental set-up

The experimental set-up consisted of a high-pressure benchtop single cylinder pump BTSP 500- 

High-pressure pump

A high-pressure benchtop single cylinder pump BTSP 500-5 (Floxlab, Nanterre, France) was used to transfer fluid (Fig. 2A). The pump is equipped with an accurate pressure sensor, two air-actuated valves for tank feeding and outlet delivery, a 500 mL storage tank and a control 

Membrane module and membranes

Hydrophilic tubular SPG membranes were provided by SPG Technology Co. Ltd (Miyazaki, Japan). These membranes are manufactured from Shirasu (volcanic ash), CaCO3, and boric acid by spinodal phase separation at high temperature and subsequent acid leaching [START_REF] Kukizaki | Acid Leaching Process in the Preparation of Porous Glass Membranes from Phase-separated Glass in the Na2O-CaO-MgO-Al2O3-B2O3-SiO2 System[END_REF][START_REF] Vladisavljevic | Permeability of hydrophilic and hydrophobic Shirasu-porous-glass (SPG) membranes to pure liquids and its microstructure[END_REF]. These membranes have a length of 125 mm, wall thickness of 0.7 0.3 mm and outer diameter of 10 0.5 mm. The pore size of membrane can be choosen from a wide range of 0.1 ~ 50 m. In our study, 0.3 m ~ 3.1 m pore size membranes were used. The mean pore size data was provided by the manufacturer. The SPG membrane is inherently hydrophilic due to the presence of negatively charged silanol groups on the surface [START_REF] Vladisavljevic | Permeability of hydrophilic and hydrophobic Shirasu-porous-glass (SPG) membranes to pure liquids and its microstructure[END_REF], which is suitable for O/W emulsions preparation. However, it can be chemically modified to hydrophobic using organosilane compounds or surface coating with silicon resins [START_REF] Vladisavljevic | Permeability of hydrophilic and hydrophobic Shirasu-porous-glass (SPG) membranes to pure liquids and its microstructure[END_REF][START_REF] Kukizaki | Effect of the membrane wettability on the size and size distribution of microbubbles formed from Shirasu-porous-glass (SPG) membranes[END_REF]. Hydrophobic membranes are used to prepare W/O emulsions. In our study, hydrophilic membranes were used to prepare curcumin-loaded O/W emulsions. The appearance of membranes is shown in Fig. 3A.

A membrane module (Fig. 3B) (SPG Technology Co. Ltd, Miyazaki, Japan) is used to maintain the SPG tubular membrane. O-rings are placed at both ends of the membrane to fix and seal the membrane inside the module. The membrane in the module has an effective length of 115 mm and effective membrane area of 36.1 cm 2 . For emulsion preparation, the premix was pushed from the external side of the membrane tube to the internal side thanks to the transmembrane pressure, which is defined as the difference in pressure between the two sides of the membrane.

The membrane module was connected to the pump with high pressure fittings.

(A) (B) Fig. 3. The appearance of membranes (A) and membrane module (B).

Preparation of emulsions

Model composition

For membrane emulsification using SPG membranes, the emulsifier should not be adsorbed In order to investigate the impact of carrier oils on curcumin in vitro bioaccessibility and chemical stability, three different food grade oils were selected that have different molecular characteristics: tributyrin, medium chain triglycerides (MCT) and corn oil. Tributyrin is a triglyceride naturally present in butter. It is an ester composed of butyric acid and glycerol.

Tributyrin was purchased from Sigma-Aldrich and used as an example of short chain triglycerides (SCT). MCT is a triglyceride with two or three fatty acids having an aliphatic tail of 6~12 carbon atoms. MCTs are found in palm kernel oil and coconut oil and can be separated by fractionation. In our study, Labrafac TM lipophilic WL 1349 (MCT oil) was obtained by an esterification reaction between glycerol and caprylic/capric acids (C8-C10), and kindly provided by Gattefossé (Saint-Priest, France). Corn oil is derived from the germ of the corn plant. LCT contains 59% polyunsaturated fatty acid and 24% monounsaturated fatty acid [START_REF] Dupont | Food uses and health effects of corn oil[END_REF].

It was purchased from Sigma-Aldrich and used as an example of long chain triglycerides (LCT).

Experimental procedures

Preparation of primary emulsions

O/W emulsions were prepared in the following way. The aqueous phase was first obtained by dispersing Tween 80 into ultrapure water or 5 mM phosphate buffer (pH 7.0) and stirring for at least 10 min to ensure complete dissolution. For blank emulsions, the oil phase was prepared by dissolution of Span 80 in oils. For curcumin-loaded emulsions, the oil phase was obtained by dispersing curcumin powder into the oil/Span 80 solution under magnetically stirring for 20 min at 85 °C in dark to ensure curcumin fully dissolution. Afterwards, the primary emulsion (premix) was formed by mixing the oil phase with the aqueous phase using a magnetic stirrer (RCT Basic, IKA, Germany) or a high-shear homogenizer (T25 digital Ultra-Turrax, IKA, Germany) at room temperature.

Preparation of emulsions by PME

Before each experiment with a hydrophilic membrane, the hydraulic membrane resistance (Rh) was determined by measuring the resulting pressure as a function of flux (flow rate per unit area) to check that the membrane has been effectively cleaned. Normally, the membrane itself imparts a resistance to the flow of water through the membrane, which is referred to as the hydraulic resistance of the clean membrane. Ultrapure water was injected to the system equipped with a membrane at different flow rates (5 ~ 200 mL/min), and the resulting pressure was recorded. Then, Rh was calculated from the slope of the ultrapure water flux versus resulting pressure.

After the measurement of the hydraulic membrane resistance, the continuous phase was delivered through the membrane to wet the membrane wall. After that, premix was put into a glass bottle and pumped through the storage tank, then delivered through the membrane under a constant flow rate to produce fine emulsions. The flow diagram of the emulsions preparation in our study is shown in Fig. 5.

After the emulsions production, the membrane was cleaned in the following way. Firstly, the membrane was removed from the module and the system without membrane was washed with ultrapure water until the collected water from the system was clear. Then, the membrane was re-connected to the pump and cleaned with a 1% Derquim + solution at 70 °C to remove the oils and organic substances adhering to the SPG membrane. Finally, the system with membrane was rinsed with water. This method does not guarantee that Rh can be recovered to its initial value, especially if the membrane has been used several times. If the initial Rh value can not be obtained, the following regeneration process was performed. Briefly, the membrane was immersed in a pure acetone solution and sonicated in an ultrasonic cleaner for 2 ~ 12 h to remove all substances. Next, the membrane was immersed in water to perform water cleaning.

After cleaning was completed, the membrane was stored in a 5% ethanol solution to prevent adsorption of organic substances in the air. 

Characterization of emulsions

Dynamic light scattering

Droplet size and size distribution of emulsions were measured by a Zetasizer Nano ZS (Malvern Instruments, UK) using dynamic light scattering (DLS). DLS is one of the most wellestablished light scattering technique that can measure particle size in the nanometer range. The sample is illuminated by a laser beam and the fluctuations of the scattered light, which imprint information about their Brownian motion, are detected at a known scattering angle by a fast photon detector. Smaller particles, which are moving at higher speeds, show faster fluctuations than larger particles. In our study, all droplet size was determined using DLS at a wavelength of 633 nm and scattering angle of 173° at 25 °C. Z-average size, which is 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 water or 5 mM phosphate buffer (pH 7.0) (the dilution factor was adjusted to obtain an attenuation factor between 5 and 7), dependly on the aqueous phase of the emulsions, before analysis to avoid multiple scattering effects.

Multiple scattering refers to the phenomenon where photons scattered from the sample are rescattered from neighboring particles prior to reaching the instrument detector. Multiply scattered light leads to more rapid decay in the correlation function, and thus a smaller apparent size than the real size.

Zeta potential is the electrical charge at the surface of the hydrodynamic shear surrounding the colloidal particles. Zeta potential was measured by the principle of electrophoresis using Doppler Effect in combination with phase analysis light scattering, and calculated based on Smoluchowski model [START_REF] Sze | Zeta-potential measurement using the Smoluchowski equation and the slope of the current-time relationship in electroosmotic flow[END_REF].

Laser diffraction

Droplet size of premix and large emulsions were determined by laser diffraction (LD) particle size analysis with a Mastersizer 3000 (Malvern Instruments, UK). LD is a widely used technique for particle size analysis covering a wide range of particle size from sub-micron up to millimeter. The particle size distributions are obtained by measuring the angle variation in intensity of light scattered from the particles as a laser beam passes through the dispersed sample. The scattered light data information is then analyzed to calculate the particle size using Mie Scattering Theory. Light scatters more intensely and at smaller angles for large particles than for small particles (Fig. 6). The refractive index used for SCT, MCT and LCT emulsions were 1.435, 1.448 and 1.470, respectively. D10, D50 and D90 values give an indication of the size of the fine D10 and coarse D90 fractions, and the median droplet size D50. 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. D [START_REF] Kang | Curcumin Suppresses Lipopolysaccharide-Induced Cyclooxygenase-2 Expression by Inhibiting Activator Protein 1 and Nuclear Factor B Bindings in BV2 Microglial Cells[END_REF]3] and D [3,2] values representing volume mean diameters and surface area mean diameters, respectively, were also obtained. small particle size.

Encapsulation efficiency

The encapsulation efficiency (%) of curcumin represents the percentage of curcumin encapsulated inside the lipid droplets. The EE was determined by the extraction of organic solvent according to the method described by Tan et al. [START_REF] Tan | Polysaccharide-based nanoparticles by chitosan and gum arabic polyelectrolyte complexation as carriers for curcumin[END_REF] with slight modification.

For the quantification of the free curcumin in emulsions, the samples were extracted by dichloromethane. Briefly, 1 mL curcumin-loaded emulsions and 5 mL dichloromethane were mixed by being centrifuged at 1000 g for 5 min at 25 °C (centrifuge GT2R, Fisher Scientific).

The subnatant was then collected immediately to determine non-encapsulated curcumin (free curcumin) concentration ( g/mL) according to the standard curve of curcumin solutions using a UV-1800 spectrophotometer (Shimadzu Corporation, Kyoto, Japan) (Part 2_Chapter 2) or UV5 spectrophotometer (Mettler Toledo, Columbus Ohio, USA) (Part 2_Chapter 3) at 420 nm.

The calibration curve was obtained from curcumin standard solutions of different concentrations (y = 0.1579x -0.0023, R 2 = 0.9999 or y = 0.1832x + 0.0293, R 2 = 0.9993), where y and x correspond to the absorbance and curcumin concentration ( g/mL), respectively.

For the quantification of the total amount of curcumin in emulsions, the samples were extracted by ethanol. Briefly, 1 mL emulsion was added to 5 mL ethanol and the mixture was centrifuged at 5000 g for 15 min at 25 °C. Then, the supernatant was collected and analyzed by an Agilent For the HPLC experiments, 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 L. 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, g/mL), which is y = 84.622 x -203.9 (R 2 = 0.9979). Quantification of curcumin was performed using the calibration curve.

The encapsulation efficiency of the curcumin-loaded emulsion was calculated by the following equation ( 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 emulsions.

Viscosity

Emulsion viscosity is an important characteristic of emulsions. In order to investigate the effect of premix viscosity on the resulting pressure during PME, the viscosity of premixes prepared using the three different carrier oils was measured. Moreover, the viscosity of emulsions prepared by PME were measured. Shear viscosity measurements were performed using a controlled stress rheometer (MCR 302 Rheometer, Anton Paar Gmbh, Graz, Austria), equipped with a cone-and-plate geometry (12.490 mm cone diameter, 0.978 cone angle, 49 m gap). All measurements were carried out at shear rate ranging from 0.01 to 100 s -1 , with temperature controlled at 25.0 0.1 °C.

Turbiscan analysis

Stability and shelf-life are key parameters in formulation studies. The Turbiscan technology is commonly used to evaluate the destabilisations mechanisams of colloidal dispersions, including creaming, sedimentation, agglomeration, aggregation, and coalescence. Samples can be studied at wide concentration range without dilution or stress. This technology uses Static Multiple Light Scattering to detect particle migration and size variation in liquid dispersions.

Transmission (T) and Back scattering (BS) signals are related to particle size and concentration.

Their variation is recorded at different time intervals to report kinetic stability. BS is recorded at 135° for opaque samples and T at 0° from the light source for transparent samples. T and BS are directly related to the photon transport mean free path, which depends on particle size and concentration (Fig. 7). Fig. 7. T and BS are directly related to the photon transport mean free path.

In our study, the creaming and sedimentation stability of different droplet size (small, medium, large, and premix) SCT, MCT and LCT emulsions was monitored by a Turbiscan TM Classic MA 2000 (Formulaction Inc., Toulouse, France). Undiluted emulsions (approximately 6 mL) were placed in a Turbiscan special cylindrical glass tube at 25 . Small emulsions, which were produced with 0.4 m membrane, were scanned every 6 h for 72 h, medium emulsions, which were produced with 0.8 m membrane, every 4 h for 48 h, large emulsions, which was produced with 3.1 m membrane, every 1 h for 12 h, and premix emulsions every 2 min for 24 min. The data of BS (%) from emulsions as a function of their height over the measurement time were acquired.

3.6. Microstructure analysis 3.6.1. Optical microscopy Optical microscopy, also called light microscopy, is the most commonly used type of microscopy that uses visible light and a system of lenses to magnify images of small samples.

It has a resolution limited by the size of submicron particles approaching the wavelength of visible light (400 ~ 700 nm).

To confirm the precipitation of some curcumin molecules released from lipid after intestine digestion, the microstructure of curcumin-emulsions after exposure to intestine fluids were observed using optical microscopy (Leica DM LM, Wetzlar, Germany) with a 10 × objective lens. 20 L of sample was placed on a microscope slide, covered by a coverslip, and then microstructure images were acquired using image analysis software (Leica LAS EZ).

Confocal microscopy

Confocal microscopy is an optical imaging technique that uses lasers and fluorescence to create a three-dimensional image of a sample. It has a better optical resolution and contrast by means of using a spatial pinhole to block out-of-focus light in image formation. Most substances are colorless and cannot be clearly distinguished under a microscope. Thus, it is necessary to stain the sample to visualize structures of interest within a specimen.

In order to get further understanding in microstructure change of emulsions during GIT digestion, the microstructure of curcumin-emulsions within different stages of GIT model were recorded using confocal scanning laser microscopy (CSLM) with a 63 × oil immersion objective lens (Zeiss LSM 880, Oberkochen, Germany). Before CSLM observation, 1 mL of samples were stained with 0.1 mL of Nile Red, a fat-soluble fluorescent dye that was previously dissolved in ethanol (0.1% (w/v)), to highlight the location of the lipid droplets. Then, 0.5 mL of stained sample was placed on a microscope dish (ibidi GmbH, Germany) and covered with a lid with locking feature. Microstructure images were acquired with an excitation wavelength at 561 nm and emission wavelength at 567 ~ 648 nm.

In vitro digestion

Digestion is a complex process that converts ingested food into molecular scale nutrients which can be absorbed in a controlled manner by the body for energy, growth and cell repair. In vitro simulated digestion systems are commonly used in many fields such as nutrition, pharmacology and food chemistry. In vitro digestion assays simulate the physiological conditions of digestion in vivo and are useful tools for studying and understanding the bioaccessibility of nutrients, drugs and non-nutritive compounds. The in vitro digestion model consists of three consecutive steps: oral, gastric, and small intestinal phase (Fig. 8). In our study, the effect of carrier oils and droplet size on biological fate of curcumin was evaluated by in vitro simulated digestion assay. Due to the short residence time in the mouth, only gastrointestinal digestion was assessed. Before starting the experiment, all solutions were preheated to 37 °C. To mimic gastric digestion, simulated gastric fluid (SGF) was prepared according to the method described by Sarkar et al. [START_REF] Sarkar | Behaviour of an oil-in-water emulsion stabilized by -lactoglobulin in an in vitro gastric model[END_REF] by dissolving of 3.2 g of pepsin, 2 g of NaCl and 7 mL of HCl in 1 L of water and adjusting the pH to 2.0. Gastric digestion was initiated by adding 20 mL of emulsions or free curcumin solution (10 g/mL) to an equal volume of SGF. The mixture was adjusted to pH 2.0 using 1 M NaOH and incubated at 37 °C for 2 h with continuous stirring at a speed of 100 rpm/min using a magnetic bar to mimic stomach conditions. After incubation for 2 h, SGF digestion suspensions were subjected to intestinal digestion as described by Ahmed et al. [START_REF] Ahmed | Nanoemulsion-and emulsion-based delivery systems for curcumin: Encapsulation and release properties[END_REF]. 30 mL of sample was placed in a conical flask (100 mL) and the pH was adjusted to 7.0 using 1 M NaOH solution, then 1 mL of simulated intestinal fluid (110 mg/mL CaCl2) (SIF) and 4 mL of bile extract (46.87 mg/mL) dissolved in 5 mM phosphate buffer were added. The resulted mixture was then adjusted to pH 7 again. Finally, 2.5 mL of freshly prepared pancreatin solution (24 mg/mL) dissolved in phosphate buffer was added, and an automatic titration unit (877 Titrino plus Metrohm, USA, 

FFA (%) = 100 × (2) 
where FFA (%) is the percentage of released FFA, VNaOH is the volume of NaOH required to titrate the FFA (mL), mNaOH is the molarity of NaOH (mol/L), Moil is the molecular weight of SCT (302 g/mol), MCT (503 g/mol) [START_REF] Silva | Evaluating the effect of chitosan layer on bioaccessibility and cellular uptake of curcumin nanoemulsions[END_REF], and LCT (865.4 g/mol) [START_REF] Bardone | IBIC 2012, 3rd International Conference on Industrial Biotechnology[END_REF], and Woil is the total weight of oil initially present (g).

It should be noted that this in vitro digestion model cannot accurately simulate the complex physiochemical and physiological processes occurring within the human GIT. However, it is particularly useful for providing valuable information about the impact of carrier oils and droplet size of emulsions on the potential gastrointestinal fate within the GIT.

Curcumin bioaccessibility

Bioaccessibility is the fraction of an ingested biocomponent that is released from its matrix in the GIT, becoming accessible for absorption through the epithelial layer. In vitro digestion has been used to evaluate the quantity of biocomponents that become bioaccessible, and so bioaccessibility studies can be performed.

In our study, the small oil droplets in the emulsions can be quickly digested within GIT, thereby rapidly generating mixed micelles capable of solubilizing curcumin [START_REF] Ahmed | Nanoemulsion-and emulsion-based delivery systems for curcumin: Encapsulation and release properties[END_REF][START_REF] Zou | Enhancing nutraceutical bioavailability using excipient emulsions: Influence of lipid droplet size on solubility and bioaccessibility of powdered curcumin[END_REF][START_REF] Pinheiro | In vitro behaviour of curcumin nanoemulsions stabilized by biopolymer emulsifiers -Effect of interfacial composition[END_REF]. Then, this fraction of solubilized curcumin can be transported across the epithelial intestinal cells, where it is absorbed, and therefore can deliver its beneficial biological effects. The influence of carrier oils and initial droplet size of the emulsions on the curcumin bioaccessibility was studied after full digestion in the simulated GIT system. The bioaccessibility of curcumin was determined using an in vitro lipid digestion assay as described by Ahmed et al. [START_REF] Ahmed | Nanoemulsion-and emulsion-based delivery systems for curcumin: Encapsulation and release properties[END_REF], with slight modification. After the small intestinal stage, final digesta, which went through all the digestion process, was centrifuged at 20 000 g for 30 min at room temperature (Optima TM MAX-XP Ultracentrifuge, Beckman Coulter, USA), which resulted in samples that contained an opaque sediment phase at the bottom, a clear micelle phase in the middle in which curcumin was solubilized, and sometimes an oily or creamed phase at the top. Aliquots (2 ml) of the clear micelle phase were collected, vortexed mixed with 2 mL of chloroform to extract curcumin and then centrifuged at 2000 g for 10 min at 25°C (centrifuge GT2R, Fisher Scientific). The bottom chloroform layer was collected, and the extraction procedure was repeated 3 times with the top layer. The chloroform layers were mixed and analyzed using a UV5 spectrophotometer (Mettler Toledo, Columbus Ohio, USA). Bioaccessibility was calculated using the equation (3):

Bioaccessibility (%) = 100 × (3)
where the total amount of curcumin is the initial content of curcumin, and the amount of curcumin in micelles is the curcumin amount that can be absorbed by epithelial intestinal cells.

Chemical stability of curcumin

Chemical stability is crucial for bioactive compounds in food development process, from early compounds discovery to formulation design and incorporation to foods. It is typically related to the shelf-life of food products. 

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.

Lipid oxidation

Lipid oxidation is a complex process broadly defined as the oxidative deterioration of unsaturated fatty acids. Hydroperoxides are primary products of lipid oxidation and their decomposition leads to secondary compounds. Lipid oxidation occurs during storage, and the formation of oxidation products affects product quality as it leads to changes in flavor and nutrient value [START_REF] Ahmed | Oxidation of lipids in foods[END_REF]. The effect of emulsions droplet size and the presence of curcumin on emulsions oxidative stability was investigated, both primary and secondary oxidation products were measured periodically when emulsions were stored at 55°C for 12 days.

Primary oxidation compounds

Lipid hydroperoxides were determined by the international dairy federation (IDF) method as descried by Shanta and Decker [START_REF] Shantha | Rapid, Sensitive, Iron-Based Spectrophotometric Methods for Determination of Peroxide Values of Food Lipids[END_REF], with some modification. Briefly, lipid extraction was performed by adding 0.3 mL of emulsions to a mixture of 1.5 mL isooctane/2-propanol (3:2 v/v) and then vortexing the sample for 30 s, followed by centrifugation at 1000 g for 2 min. Next, 0.1 mL of the upper organic phase (0.9 mL total volume) was diluted 10 times and then 0.1 mL of diluted solution mixed with 1.4 mL of pre-mixed methanol/1-butanol (2:1 v/v), followed by the addition of 50 L of 3.94 M ammonium thiocyanate and 50 L of 0.132 M ferrous iron solution. The absorbance was measured at 500 nm after 20 min using an UV5 visible spectrophotometer (Mettler Toledo, Columbus Ohio, USA). Lipid hydroperoxides concentrations were determined using a Fe 3+ standard curve (0-100 g/mL). The peroxide value expressed as millequivalents (meq) of peroxide per kilogram of sample using the following equation ( 5):

Peroxide value = (AS -AB) / (m × 55.84 × m0 × 2) × 90 [START_REF] Dorai | Therapeutic potential of curcumin in human prostate cancer. III. Curcumin inhibits proliferation, induces apoptosis, and inhibits angiogenesis of LNCaP prostate cancer cells in vivo[END_REF] where AS is the absorbance of the sample, AB is the absorbance of the blank, m is the slope obtained from the calibration curve, m0 is the mass of the sample (g), 55.84 is the atomic weight of iron (g/mol), 2 is a division factor necessary to express the peroxide value as milliequivalents of peroxide instead of milliequivalents of oxygen, 90 corresponds to the inverse of the dilution factor related to the isooctane organic phase (0.9/0.1*10).

Secondary oxidation compounds

Thiobarbituric acid-reactive substances (TBARS), an index of lipid peroxidation, were measured according the method reported by Mcdonald and Hultin [START_REF] Mcdonald | Some Characteristics of the Enzymic Lipid Peroxidation System in the Microsomal Fraction of Flounder Skeletal Muscle[END_REF]. Firstly, thiobarbituric acid solution (TBA) was prepared by dissolving 0.09375 g of thiobarbituric acid, 3.75 g of trichloroacetic acid in 25 ml of 0.25 M HCl. Then, 0.5 mL of emulsions was mixed with 1 mL of TBA reagent in test tubes and placed in a boiling water bath for 15 min. After that, the tubes were cooled to room temperature for 10 min and then treated with 0.3 mL chloroform and centrifuged at 3000 g for 15 min. The absorbance of the supernatant was measured at 532 nm (Mettler Toledo, Columbus Ohio, USA). TBARS concentrations were calculated using a standard curve prepared using 1,1,3,3-tetramethoxypropane (0-30 M).

CHAPTER PREMIX MEMBRANE EMULSIFICATION FOR THE PREPARATION OF CURCUMIN-LOADED NANOEMULSIONS

Synopsis

The objectives of the work developed in this Chapter are to fully understand PME by studying the effect of various parameter and to prepare curcumin-loaded emulsions by PME.

In this chapter, an experimental set-up including a high-pressure pump and a membrane module with SPG membrane was used for preparing O/W nanoemulsions by PME. The effect of various parameter, including composition parameter (mass ratio of Tween 80 to Span 80, surfactant and MCT concentrations), process parameter (premix quality, flow rate and cycle number), and membrane pore size on the mean droplet diameter and PDI were systematically investigated.

During the preparation of nanoemulsions, all parameters can be adjusted precisely. Moreover, curcumin-loaded emulsions were prepared by PME and the stability of curcumin in nanoemulsions with different droplet size was investigated during a 28 days storage period.

This chapter resulted in the following paper: Tian Jiang, Catherine Charcosset (2022), "Premix membrane emulsification for the preparation of curcumin-loaded nanoemulsions", Journal of Food Engineering, 316, 110836.

Abstract

In order to overcome limitations of conventional methods, PME using SPG membranes was investigated for the preparation of O/W food-grade nanoemulsions. In this study, the effects of major emulsification process variable, formulation and membrane parameter on the mean droplet diameter and 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 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 PME can be successfully used for the preparation of food-grade nanoemulsions with controlled droplet size 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 W/O, O/W, W/O/W or 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 polydispersed 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] Jiang | Recent advances in encapsulation of curcumin in nanoemulsions: A review of encapsulation technologies, bioaccessibility and applications[END_REF][START_REF] Date | Self-nanoemulsifying drug delivery systems: Formulation insights, applications and advances[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 [START_REF] Piacentini | Membrane emulsification technology: Twenty-five years of inventions and research through patent survey[END_REF]. 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]. [START_REF] Vladisavljevic | Preparation of monodisperse multiple emulsions at high production rates by multi-stage premix membrane emulsification[END_REF][START_REF] Nazir | Premix emulsification: A review[END_REF]. On the other hand, nanoemulsions obtained with PME were shown to have a higher homogeneity that those obtained with classical techniques (ultrasounds and microfluidizer) [START_REF] Alliod | Comparison of three processes for parenteral nanoemulsion production: Ultrasounds, microfluidizer, and premix membrane emulsification[END_REF]. Therefore, PME 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 PME 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 PME 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 emulsifier-membrane 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 SPG membranes as they have uniform pores, narrow pore size distribution, and a wide range of available mean pore size. Joseph and Bunjes [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, Alliod et al. [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 PME 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. [START_REF] Alliod | Influence of viscosity for oil-in-water and water-in-oil nanoemulsions production by SPG premix membrane emulsification[END_REF] investigated the effect of viscosity (continuous, dispersed phase and overall emulsion viscosity) for nanoemulsions production by SPG PME.

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] Motterlini | Curcumin, an antioxidant and antiinflammatory agent, induces heme oxygenase-1 and protects endothelial cells against oxidative stress, Free Radic[END_REF][START_REF] Ak | Antioxidant and radical scavenging properties of curcumin[END_REF], anti-inflammatory [START_REF] Motterlini | Curcumin, an antioxidant and antiinflammatory agent, induces heme oxygenase-1 and protects endothelial cells against oxidative stress, Free Radic[END_REF][START_REF] Brouet | Curcumin, an anti-tumor promoter and anti-inflammatory agent, inhibits induction of nitric oxide synthase in activated macrophages[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] Liu | Anticancer effect of curcumin on breast cancer and stem cells[END_REF][START_REF] Jakubek | Strategy for improved therapeutic efficiency of curcumin in the treatment of gastric cancer[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.

Jintapattanakit et al. [START_REF] Jintapattanakit | Vegetable oil-based nanoemulsions 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 PME. The objective of this research is to develop food-grade curcumin-loaded MCT nanoemulsions using Tween 80 and Span 80 as surfactants by PME and SPG membranes.

The influence of membrane pore size, formulation-related parameters including surfactant and MCT concentrations and operating-related parameters including flow rate, cycle number, premix quality on the resulting droplet size and 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 

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 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 PME

Nanoemulsions were prepared by PME. 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 PME processing parameters on the droplet size and PDI of the nanoemulsions, the experiments were carried out with different membrane pore size (0.3 to 0.8 m), 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 PDI

Droplet size of premixes were determined by 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 DLS, at a wavelength of 633 nm and scattering angle of 173° at 25°C. Zaverage size which is 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 Tan et al. [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 ( g/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 ( g/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 m) 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 L. 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 ( g/mL) (x), which is y = 84.622x-203.9 (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):

(

) 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.

Chemical stability of curcumin

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 m 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):

(

) 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. The resulting pressure is an important factor in PME that has to be lower than 60 -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 [START_REF] Alliod | Influence of viscosity for oil-in-water and water-in-oil nanoemulsions production by SPG premix membrane emulsification[END_REF]). 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 significantly higher than that of Tween 80 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 m 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. 3 shows 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 PME [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 significantly 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 PME 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 m 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 m, D50 value ranged from 1.96 to 76.77 m, D90 value ranged from 8.56 to 134.00 m (Fig. 4A). When the D10 value of premix decreased from 30.93 to 0.91 m, 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 m), 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 m (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 m (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 PME, 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 PME, 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] Gehrmann | Preparation of nanoemulsions by premix membrane emulsification: Which parameters have a significant influence on the resulting particle size?[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]. After one cycle, the mean droplet size of nanoemulsions from premixes which had high D10 value ranging from 30.9 to 0.91 m 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 m. A further increase in cycle number only led to a slight decrease of mean droplet size. After six cycles of PME, 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 PME when minimum droplet size of the premix was larger than the membrane pore size. MS: magnetic stirrer; UT: ultra-turrax.

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 m 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 Alliod et al. [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] Gehrmann | Instrumented small scale extruder to investigate the influence of process parameters during 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]. 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 PME 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 m 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 Alliod et al. [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 PME 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 m membranes (0.24 and 0.33, respectively) were higher than that of nanoemulsions prepared with 0.3, 0.4 and 0.5 m 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 m and 0.8 m membranes. The results revealed that the PDI of nanoemulsions prepared with 0.6 m membrane was reduced to 0.14, however, the PDI of nanoemulsions prepared with 0.8 m 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 m membrane were not stable as they had large droplet size.

The membrane pore size used in PME 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 m membranes. However, the flow rate had to be reduced to 5 mL/min for the 0. 

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 m 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 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 (Fig. 7B). Therefore, curcumin-loaded nanoemulsions with a narrow size distribution and high encapsulation efficiency were successfully prepared using 0.4 m 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 88% of original value at pH 3 (Fig.

8A

) and to 84% of its original value at pH 7 (Fig. 8B) after 28 days storage at 4°C. For nanoemulsions prepared with 0.3, 0.5 and 0.8 m 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 -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 [START_REF] Schneider | Degradation of Curcumin: From Mechanism to Biological Implications[END_REF][START_REF] Wang | Characterization of stress degradation products of curcumin and its two derivatives by UPLC-DAD-MS/MS[END_REF]. 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 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. 

(A) (B) (C) (D) (E) (F)

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 PME.

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 curcumin.

Moreover, curcumin-loaded nanoemulsions prepared by PME 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 PME. 

CHAPTER

Introduction

Curcumin, a plant-derived polyphenolic compound, is naturally present in the rhizomes of Curcuma longa (turmeric). Numerous studies have revealed that curcumin has various beneficial biological and pharmacological activities, such as antioxidant, anti-inflammatory and anticancer activities [START_REF] Perrone | Biological and therapeutic activities, and anticancer properties of curcumin[END_REF][START_REF] Jiang | Recent advances in encapsulation of curcumin in nanoemulsions: A review of encapsulation technologies, bioaccessibility and applications[END_REF]. Due to its potential health benefits, incorporation of curcumin into functional foods or dietary supplements is of great interest for both consumers and food industry. However, its low water-solubility makes challenging to incorporate curcumin into commercial foods, and results in low bioavailability within the GIT. As a result, a number of attempts have been made to improve the aqueous solubility and hence the bioaccessibility of curcumin through encapsulation of curcumin into delivery systems.

Emulsions-based delivery systems are particularly effective for encapsulating and delivering of lipophilic bioactive substances, such as curcumin [START_REF] Chuacharoen | Comparative effects of curcumin when delivered in a nanoemulsion or nanoparticle form for food applications: Study on stability and lipid oxidation inhibition[END_REF][START_REF] Iqbal | Formulation and characterization of food grade O/W nanoemulsions encapsulating quercetin and curcumin: Insights on enhancing solubility characteristics, Food Bioprod[END_REF][START_REF] Sharma | Optimization of emulsification conditions for designing ultrasound assisted curcumin loaded nanoemulsion: Characterization, antioxidant assay and release kinetics[END_REF]. O/W emulsions systems contain relatively small emulsifier-coated lipid droplets dispersed within water, making them particularly suitable for using in liquid food products. Moreover, powders can be obtained from emulsions by commercial dehydration technologies such as spray drying [START_REF] Rehman | Spray dried nanoemulsions loaded with curcumin, resveratrol, and borage seed oil: The role of two different modified starches as encapsulating materials[END_REF], therefore allowing them to be successfully incorporated into dried foods. The small oil droplets in emulsions can be quickly digested within the human GIT, thereby rapidly generating mixed micelles capable of solubilizing curcumin [START_REF] Ahmed | Nanoemulsion-and emulsion-based delivery systems for curcumin: Encapsulation and release properties[END_REF][START_REF] Zou | Enhancing nutraceutical bioavailability using excipient emulsions: Influence of lipid droplet size on solubility and bioaccessibility of powdered curcumin[END_REF][START_REF] Pinheiro | In vitro behaviour of curcumin nanoemulsions stabilized by biopolymer emulsifiers -Effect of interfacial composition[END_REF]. Then, this fraction of solubilized curcumin can be transported across the epithelial intestinal cells, where it is absorbed, and therefore can deliver its beneficial biological effects. However, it should be noted that the absorption of ingested curcumin by the human body is a complex process that depends on many factors, including the composition of emulsions, the nature of the original food matrix and the type of production process [START_REF] Ahmed | Nanoemulsion-and emulsion-based delivery systems for curcumin: Encapsulation and release properties[END_REF][START_REF] Salvia-Trujillo | Influence of particle size on lipid digestion and -carotene bioaccessibility in emulsions and nanoemulsions[END_REF][START_REF] Pinheiro | In vitro behaviour of curcumin nanoemulsions stabilized by biopolymer emulsifiers -Effect of interfacial composition[END_REF][START_REF] Zheng | Impact of Delivery System Type on Curcumin Bioaccessibility: Comparison of Curcumin-Loaded Nanoemulsions with Commercial Curcumin Supplements[END_REF]. The design and fabrication of delivery systems is a crucial step, in which the properties of emulsions, such as, droplet size, carrier oil type, and interfacial properties, have great impact on the release and uptake of encapsulated compounds [START_REF] Salvia-Trujillo | Influence of particle size on lipid digestion and -carotene bioaccessibility in emulsions and nanoemulsions[END_REF][START_REF] Pinheiro | In vitro behaviour of curcumin nanoemulsions stabilized by biopolymer emulsifiers -Effect of interfacial composition[END_REF][START_REF] Shah | Bioaccessibility and antioxidant activity of curcumin after encapsulated by nano and Pickering emulsion based on chitosan-tripolyphosphate nanoparticles[END_REF]. Some previous studies have suggested that the rate and extent of lipid digestion and bioaccessibility of encapsulated bioactive increased with the decrease of emulsions droplet size [START_REF] Salvia-Trujillo | Influence of particle size on lipid digestion and -carotene bioaccessibility in emulsions and nanoemulsions[END_REF][START_REF] Li | Enhancement of carotenoid bioaccessibility from tomatoes using excipient emulsions: Influence of particle size[END_REF], while Ahmed et al. [START_REF] Ahmed | Nanoemulsion-and emulsion-based delivery systems for curcumin: Encapsulation and release properties[END_REF] found that the lipid digestion was independent upon the emulsions initial droplet size. This difference could be explained by the different experimental conditions used: lipid concentrations, emulsifier type, and simulated fluid composition [START_REF] Ahmed | Nanoemulsion-and emulsion-based delivery systems for curcumin: Encapsulation and release properties[END_REF]. In order to gain further insight on the influence of the emulsion droplet size, we focused on carrier oil type. Three carrier oils were selected that had different susceptibilities to lipase digestion and different molecular characteristics: tributyrin, MCT and corn oil.

Tributyrin was used as an example of SCT, and corn oil is an example of LCT.

Membrane emulsification is a promising technique to produce emulsions using mild mechanical forces [START_REF] Vladisavljevic | Preparation of monodisperse multiple emulsions at high production rates by multi-stage premix membrane emulsification[END_REF][START_REF] Charcosset | Preparation of emulsions and particles by membrane emulsification for the food processing industry[END_REF]. It creates mono-dispersed emulsions with controlled droplet sizes and narrow droplet size distributions in comparison to conventional methods. DME and PME are two types of emulsification process, while PME shows several advantages compared to DME: (i) the mean droplet size is smaller; (ii) the dispersed phase flux is higher; (iii) the process parameters are easier to control [START_REF] Vladisavljevic | Preparation of monodisperse multiple emulsions at high production rates by multi-stage premix membrane emulsification[END_REF]. Therefore, PME is particularly attractive to produce emulsions. PME with hydrophilic SPG membranes with different pore size can produce different droplet size O/W emulsions or nanoemulsions [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] Jiang | Premix membrane emulsification for the preparation of curcumin-loaded nanoemulsions[END_REF].

The aim of the present work was to study the influence of emulsion droplet size for three different carrier oils on the lipid digestion, micelle formation and associated curcumin bioaccessibility under in vitro gastrointestinal conditions. For this purpose, emulsions with different droplet size for each oil were prepared by PME using different pore size membranes.

Moreover, the behavior during in vitro digestion was assessed in terms of droplet size and microstructure.

Materials and methods

Materials

Tween 80, Span 80, curcumin ( 99.5%), curcumin analytical standard ( 98.0%), dichloromethane, chloroform and acetic acid were obtained from Sigma-Aldrich (St. Louis, MO, USA). Acetonitrile of HPLC grade was purchased from Carlo Erba. Labrafac TM lipophilic WL 1349 (MCT oil) was obtained by an esterification reaction between glycerol and caprylic/capric acids (C8-C10), and kindly provided by Gattefossé (Saint-Priest, France).

Tributyrin (SCT oil) and corn oil (LCT oil), pepsin (from porcine gastric mucosa), pancreatin (from porcine pancreas) and bile extract (porcine) were obtained from Sigma-Aldrich.

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.

Viscosity measurements and curcumin solubility

Shear viscosity measurements were performed using a controlled stress rheometer (MCR 302

Rheometer, Anton Paar Gmbh, Graz, Austria), equipped with a cone-and-plate geometry (12.490 mm cone diameter, 0.978 cone angle, 49 m gap). All measurements were carried out at shear rate ranging from 0.01 to 100 s -1 , with temperature controlled at 25.0 0.1 °C.

The solubility of curcumin in each oil phases (SCT, MCT and LCT) and surfactants (Tween 80 and Span 80) was determined using a HPLC method. An excess amount of curcumin was added to 1 g of oil or surfactant, magnetically stirred at 700 rpm for 20 min at 80°C, and then left overnight to reach equilibrium at room temperature. The equilibrated samples were centrifuged (centrifuge GT2R, Fisher Scientific) at 8 000 g for 10 min at room temperature. The supernatant was collected and then diluted with absolute ethanol to an appropriate concentration and analyzed with 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 m) and Agilent ChemStation software. 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 L. 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 ( g/mL) (x), which is y = 84.622 x -203.9 (R 2 = 0.9979). Quantification of curcumin was performed using the calibration curve.

Preparation of curcumin emulsions

O/W emulsions with different carrier oils and droplet sizes containing curcumin were obtained by PME. The surfactant systems and surfactant concentration used in this article were the optimal parameters selected from our previous research [START_REF] Jiang | Premix membrane emulsification for the preparation of curcumin-loaded nanoemulsions[END_REF]. The aqueous phase surfactant solution was prepared by dispersing 2% w/w Tween 80 and 0.01% w/w sodium azide (as a preservative) into 85% w/w 5 mM phosphate buffer (pH 7.0) and stirred for at least 10 min to ensure complete dissolution. The oil phase was prepared by adding 0.1% w/w curcumin into 10% w/w SCT, MCT or LCT containing 3% w/w Span 80, then magnetically stirring for 20 min at 80°C to ensure curcumin fully dissolution. Coarse emulsions were obtained by mixing curcumin oil phase and aqueous phase, using a magnetic stirrer (RCT Basic, IKA, Germany) at 700 rpm for 10 min at room temperature. For some experiments, these coarse emulsions were used as premix, for other experiments they were further processed by SPG PEM to produce emulsions. Emulsions were obtained by passing the premix through a SPG tubular membrane (10 mm diameter, 0.7 mm wall thickness), which was from SPG Technology Co., Ltd. (Japan).

The experimental set-up consists 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), which was equipped with the SPG tubular membrane.

Emulsions with different droplet sizes were produced using 0.4 m (small emulsions), 0.8 m (medium emulsions) and 3.1 m (large emulsions) membranes. All experiments were carried out with 100 mL premix. After preparation, all emulsions were stored at 4 °C.

Characterization of the curcumin-loaded emulsions

Measurements of droplet size

Droplet size of small and medium emulsions 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. All samples were diluted with 5 mM phosphate buffer (pH 7.0) (the dilution factor was adjusted to obtain an attenuation factor between 5 and 7) before analysis to avoid multiple scattering effects. Droplet size of large and premixes emulsions were determined by LD particle size analysis with a Mastersizer 3000 (Malvern Instruments, UK). The technique is based on measurement of the angular variation in intensity of light scattered as a laser beam passes through a dispersed particulate sample. The Mie scattering theory was used to analyze angular scattering intensity data for calculating the size of the droplets responsible for creating the scattering pattern. The refractive index used for SCT, MCT and LCT emulsions were 1.435, 1.448 and 1.470, respectively. D [START_REF] Kang | Curcumin Suppresses Lipopolysaccharide-Induced Cyclooxygenase-2 Expression by Inhibiting Activator Protein 1 and Nuclear Factor B Bindings in BV2 Microglial Cells[END_REF]3] values representing volume mean diameters were obtained. All droplet size measurements were performed after emulsions were redispersed using a magnetic stirrer at 300 rpm for 1 min at room temperature.

Encapsulation efficiency

The encapsulation efficiency (%) was determined according to the method described by Tan et al. [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 emulsions and 5 mL dichloromethane were mixed by being centrifuged at 1000 g for 5 min at 25°C (centrifuge GT2R, Fisher Scientific). The subnatant was then collected immediately to determine nonencapsulated curcumin (free curcumin) concentration ( g/mL) according to the standard curve of curcumin solutions using a UV5 spectrophotometer (Mettler Toledo, Columbus Ohio, USA) at 420 nm.

For the quantification of the total amount of curcumin in emulsions, the samples were extracted by ethanol. Briefly, 1 mL emulsion was added to 5 mL ethanol and the mixture was centrifuged at 5000 g for 15 min at 25°C. Then, the supernatant was collected and diluted with ethanol to an appropriate concentration and analyzed by a UV5 spectrophotometer (Mettler Toledo, Columbus Ohio, USA) at 430 nm.

The encapsulation efficiency of the curcumin-loaded emulsion was calculated by the following equation (1): ×100

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 the emulsions.

In vitro digestion

Biological fate of curcumin after digestion was evaluated by in vitro simulated digestion assay.

Due to the short residence time in the mouth, only gastrointestinal digestion was assessed.

Before starting of experiment, all solutions were preheated to 37 °C. To mimic gastric digestion, simulated gastric fluid (SGF) was prepared according to the method described by Sarkar et al.

[272] by dissolving of 3.2 g of pepsin, 2 g of NaCl and 7 mL of HCl in 1 L of water and adjusting the pH to 2.0. Gastric digestion was initiated by adding 20 mL of emulsions or free curcumin solution (10 g/mL) to an equal volume of SGF. The mixture was adjusted to pH 2.0 using 1 M NaOH and incubated at 37 °C for 2 h with continuous stirring at a speed of 100 rpm/min using a magnetic bar to mimic stomach conditions. After incubation for 2 h, SGF digestion suspensions were subjected to intestinal digestion as described by Ahmed et al. [START_REF] Ahmed | Nanoemulsion-and emulsion-based delivery systems for curcumin: Encapsulation and release properties[END_REF]. 30 mL of sample was placed in a conical flask (100 mL) and the pH was adjusted to 7.0 using 1 M NaOH solution, then 1 mL of simulated intestinal fluid (110 mg/mL CaCl2) (SIF) and 4 mL of bile extract (46.87 mg/mL) dissolved in 5 mM phosphate buffer were added. The resulted mixture was then adjusted to pH 7 again. Finally, 2.5 mL of freshly prepared pancreatin solution where FFA (%) is the percentage of released FFA; VNaOH is the volume of NaOH required to titrate the FFA (mL); mNaOH is the molarity of NaOH (mol/L); Moil is the molecular weight of SCT (302 g/mol), MCT (503 g/mol) [START_REF] Silva | Evaluating the effect of chitosan layer on bioaccessibility and cellular uptake of curcumin nanoemulsions[END_REF] and LCT (865.4 g/mol) [START_REF] Bardone | IBIC 2012, 3rd International Conference on Industrial Biotechnology[END_REF] (Table 1); and Woil is the total weight of oil initially present (g).

Microstructure analysis

The microstructure changes of curcumin-emulsions that occurred within different stages of GIT model were recorded using confocal scanning laser microscopy (CSLM) with a 63× oil immersion objective lens (Zeiss LSM 880, Oberkochen, Germany). Before CSLM observation, 1 mL of samples were stained with 0.1 mL of Nile Red, a fat-soluble fluorescent dye that was previously dissolved in ethanol (0.1% (w/v)), to highlight the location of the lipid droplets.

Then, 0.5 mL of stained sample was placed on a microscope dish (ibidi GmbH, Germany) and covered with a lid with locking feature. Microstructure images were acquired with an excitation wavelength at 561 nm and emission wavelength at 567-648 nm. In addition, the microstructure of curcumin-emulsions after exposure to intestine fluids were observed using optical microscopy (Leica DM LM, Wetzlar, Germany) with a 10× objective lens. 20 L of sample was placed on a microscope slide, covered by a coverslip, and then microstructure images were acquired using image analysis software (Leica LAS EZ).

Curcumin bioaccessibility

The bioaccessibility of curcumin was determined using an in vitro lipid digestion assay as described by Ahmed et al. [START_REF] Ahmed | Nanoemulsion-and emulsion-based delivery systems for curcumin: Encapsulation and release properties[END_REF], with slight modification. After the small intestinal stage, final digesta, which went through all the digestion process, was centrifuged at 20 000 g for 30 min at room temperature (Optima TM MAX-XP Ultracentrifuge, Beckman Coulter, USA), which resulted in samples that contained an opaque sediment phase at the bottom, a clear micelle phase in the middle in which curcumin was solubilized, and sometimes an oily or creamed phase at the top. Aliquots (2 mL) of the clear micelle phase were collected, vortexed mixed with 2 mL of chloroform to extract curcumin and then centrifuged at 2 000 g for 10 min at 25°C (centrifuge GT2R, Fisher Scientific). The bottom chloroform layer was collected, and the extraction procedure was repeated 3 times with the top layer. The chloroform layers were mixed and analyzed using a UV5 spectrophotometer (Mettler Toledo, Columbus Ohio, USA).

Bioaccessibility was calculated using the equation ( 3) and expressed as available curcumin:

Bioaccessibility (%) = 100 × (3) 
where the total amount of curcumin is the initial content of curcumin, and the amount of curcumin in micelles is the curcumin amount that can be absorbed by epithelial intestinal cells.

Statistical analysis

All the experiments conducted in this study were based at least on two original emulsion samples and the digestion experiments of each original emulsion were performed at least duplicate. All measurements were performed triplicate. The results were expressed as the means ± standard deviation (SD), and statistical analyses were performed with SPSS17.0. The statistical comparisons were conducted using one-way analysis of variance (ANOVA) followed by least significant difference (LSD) and Duncan test. In all cases, p < 0.05 was regarded statistically significant.

Results and discussion

Solubility studies

Curcumin molecule has a high partition coefficient value (i.e. the measure of the extent to which a solute preferentially partitions in octanol over the aqueous phase, log octanol/water = 2.59 ~ 3.2), which makes it practically insoluble in water and highly soluble in lipid [START_REF] Grynkiewicz | Curcumin and curcuminoids in quest for medicinal status[END_REF]. [START_REF] Ahmed | Nanoemulsion-and emulsion-based delivery systems for curcumin: Encapsulation and release properties[END_REF] and Ma et al. [START_REF] Ma | Preparation of curcuminloaded emulsion using high pressure homogenization: Impact of oil phase and concentration on physicochemical stability[END_REF], who explained this effect by different interactions between curcumin and the oil, and the excluded volume effects. More dipole-dipole interactions between polar groups on shorter-chain triglycerides and curcumin molecules occurred owning to the fact that shorter-chain triglycerides have more polar groups (oxygen) on per unit mass than longer chain triglycerides, which results in higher curcumin solubility. On the other hand, a thermodynamically unfavorable exclusion zone exists after curcumin molecule was added to lipid phase. The thickness of the depletion zone increases with increasing molecular weight of the lipid molecules, which leads to lower solubility in LCT than that in SCT.

In addition, Tween 80 and Span 80 are non-ionic surfactants, widely used since they are less irritant and cytotoxic compared to ionic surfactants and less affected by pH and ionic strength that are likely to occur in the GIT. Therefore, Tween 80 and Span 80 were chosen as the surfactants for the preparation of curcumin emulsions. Curcumin solubility in Tween 80 and Span 80 were 32.9 6.4 mg/g and 4.8 1.3 mg/g, respectively. Based on the solubility results, 1 mg/g curcumin in lipid phase was used to prepare all emulsions, so that they can be compared based on similar, fully dissolved curcumin concentration. Other parameters including density, molecular weight and viscosity of three oils and two surfactants are shown in Table 1. 

Characterization of curcumin-loaded emulsions

For each oil, emulsions loaded with curcumin with three different droplet size were produced by PME: small emulsions (prepared with 0.4 m membrane), medium emulsions (prepared with 0.8 m membrane), large emulsions (prepared with 3.1 m membrane). The premix emulsions (coarse emulsions) were also investigated. The emulsions droplet sizes are summarized in Table 2. The droplet size are close to the membrane pore size, which is in agreement with our previous study [START_REF] Alliod | Preparation of oil-in-water nanoemulsions at large-scale using premix membrane emulsification and Shirasu Porous Glass (SPG) membranes[END_REF]. Therefore, PME can be successfully used for the preparation of emulsions with controlled droplet sizes.

In addition, curcumin-loaded emulsions had a milky yellow appearance after preparation, and the premixes showed deeper yellow color (Fig. 1). After 30-days of storage at 4°C, the emulsions containing small droplets of each oil maintained a homogeneous optically opaque yellowish appearance, while medium, large emulsions and premix separated into a yellow creamy layer on the top (MCT and LCT emulsions) or the bottom (SCT emulsions) of the transparent layer because of the gravitational separation (creaming) (Fig. 1). However, there were no significant (p > 0.05) changes of the droplet size during storage for all emulsions (Table 2). It seems that the results of the stability of SCT emulsions disagree with the findings reported by Ahmed et al. [START_REF] Ahmed | Nanoemulsion-and emulsion-based delivery systems for curcumin: Encapsulation and release properties[END_REF], who found that SCT emulsion stabilized by 1% -lactoglobulin was highly unstable to droplet growth and creaming. This may be attributed to the different surfactant and surfactant concentration. The values with different superscript letters in a set of data are significantly different (p<0.05).

Values with the same superscript letter are not significantly different (p > 0.05). *p < 0.05 vs emulsion droplet size at 0 d.

The encapsulation efficiency of curcumin in emulsions are shown in Table 2. Emulsions containing small and medium droplets had high encapsulation efficiency (> 96%), while the encapsulation efficiency of curcumin in large emulsions and premix were lower than that in small and medium emulsions. This result can be explained by the fact that larger droplet emulsions having smaller surface areas need less surfactant, which resulted in more surfactant with curcumin dissolved in water phase. The low encapsulation efficiency in premix explained their deeper yellow color. Therefore, it can be concluded that encapsulation efficiency could be improved by reducing the droplet size of emulsions. On the other hand, the encapsulation efficiency was independent upon the oil type in small and medium emulsions, whereas in premix it increased with the increase of the chain length of oil. It can be suggested that the low encapsulation efficiency in premix of SCT-based emulsions is related to the relatively high water solubility of SCT and therefore SCT molecules may protrude more into the aqueous phase than MCT or LCT molecules because of their short hydrocarbon chains [START_REF] Ahmed | Nanoemulsion-and emulsion-based delivery systems for curcumin: Encapsulation and release properties[END_REF].

Influence of oil type and emulsions droplet size on in vitro lipid digestion

The impact of the oil type and emulsions droplet size on the rate and extent of lipid digestion in the simulated small intestine was investigated using a pH stat method. The kinetics of lipid digestion was monitored by measuring the amount of the FFAs released over time during the simulated small intestine digestion.

For all emulsions, there was a relatively rapid increase in FFAs released during the first few minutes after pancreatin addition, followed by a more gradual increase at longer times, until a relatively constant final value was reached (Fig. 2). For the emulsions containing SCT and MCT, there was no significant (p > 0.05) decrease in the amount of FFAs released when the droplet size increased from small to large (Fig. 2A and B and Table 3). Even though the surface area of the lipid droplets exposed to the digestive enzymes decreased with the increase of emulsions droplet size in the beginning, the released short or medium-chain FFAs were readily dispersible in aqueous phase and therefore there was always enough surface in contact with enzymes.

However, the amount of FFAs released from the premixes was significant (p < 0.05) higher than that in large emulsions. This phenomenon may be attributed to the fact that some oil remained in the set-up during the membrane emulsification process leading to the actual oil concentration in emulsions lower than 10% w/w, and therefore the total weight of oil initially present in the simulated intestine phase was lower in small, medium and large emulsions than that in premix emulsions. Nevertheless, both the initial rate and final extent of lipid digestion in emulsions decreased with the increase of droplet size for the emulsions containing LCT (Fig. 2C). This effect can be attributed to the changes in the surface area of lipid droplets exposed to the enzymes, and the released long-chain FFAs tend to accumulate at droplet surfaces leading to a slow-down or inhibition of the lipid digestion. This result is in agreement with the results of previous studies in which LCT based emulsions digestion was investigated [START_REF] Salvia-Trujillo | Influence of particle size on lipid digestion and -carotene bioaccessibility in emulsions and nanoemulsions[END_REF][START_REF] Zhang | Enhancement of carotenoid bioaccessibility from carrots using excipient emulsions: influence of particle size of digestible lipid droplets[END_REF][START_REF] Li | Enhancement of carotenoid bioaccessibility from tomatoes using excipient emulsions: Influence of particle size[END_REF].

The carrier oil type clearly had a major impact on the lipid digestion (Fig. 2 and Table 3). Both the initial rate and final extent of lipid digestion were lower for LCT emulsions than those SCT and MCT emulsions. There are a number of physiochemical explanations that would explain this phenomenon. The water solubility of oil may affect the digestion [START_REF] Ahmed | Nanoemulsion-and emulsion-based delivery systems for curcumin: Encapsulation and release properties[END_REF]. LCT has a relatively low water solubility and therefore the digestion occurred in the aqueous phase less than for MCT or SCT emulsions. Moreover, long-chain FFAs have a lower water dispersibility than short and medium-chain FFAs [START_REF] Yang | Vitamin E bioaccessibility: Influence of carrier oil type on digestion and release of emulsified -tocopherol acetate[END_REF]. Consequently, the long-chain FFAs produced during LCT digestion tend to accumulate at the oil-water interface, thereby inhibiting further pancreatin action. Normally, there is a physicochemical mechanism to remove the long-chain 

Influence of digestion on emulsions droplet size and microstructure

The mean droplet size of curcumin emulsions was determined after stomach digestion. For MCT and LCT emulsions with small, medium and large droplet size, the mean droplet size remained relatively constant after exposure to the stomach phases (Table 2). The same result was observed for SCT emulsions with small and medium droplet size. However, for SCT large emulsions, the mean droplet size significantly (p<0.05) increased after exposure to the stomach phases (Table 2). This may due to the Ostwald ripening effect that happens in relatively large droplet size emulsions at a relatively high temperature (37°C) [START_REF] Hategekimana | Vitamin E nanoemulsions by emulsion phase inversion: Effect of environmental stress and longterm storage on stability and degradation in different carrier oil types[END_REF] and the complex environment of stomach. Ostwald ripening is the phenomena in which smaller particles in solution dissolve and deposit on larger particles in order to reach a more thermodynamically stable state. On the other hand, the mean droplet size decreased after exposure to the stomach phases for SCT, MCT and LCT premix emulsions. This effect is due to the instability of premix having too large droplet size, and the large droplet size was reduced by the 2 h continuous agitation during stomach digestion. Ostwald ripening did not have a great effect on droplet size changes of SCT premix emulsions.

In order to get further understanding in microstructure change of emulsions, CSLM images of the curcumin emulsions with different droplet size and oil at each stage of simulated digestion were taken Fig. 3). For small and medium emulsions, it was difficult to distinguish the individual droplets due to the narrow resolution limit of the microscope. In confocal observation, the droplet size increased after exposure to the stomach phase for large size SCT emulsions (Fig. 3A), which proved Ostwald ripening happened. For large size MCT and LCT emulsions, no change was observed after they passed through stomach stage (Fig. 3B and3C), which indicated that the droplets were relatively stable to coalescence under these conditions. This effect can be attributed to the fact that the droplets were coated by non-ionic surfactants Tween 80 and Span 80 providing sufficient steric repulsion between oil droplets. Consequently, changes in pH, ionic strength, and pepsin activity did not have a strong influence on their coalescence stability. For all premix emulsions, a reduced droplet size was observed, which corresponds to the results of droplet size change.

There was an appreciable change in the confocal microscopy images of all emulsions after they moved from the stomach to the small intestine, which depended on carrier oil type Fig. 3).

These changes can be explained by a number of physicochemical events occurring in the small intestine phase: ( ) digestion of lipid droplets; (ii) aggregation of lipid droplets; (iii) formation of mixed micelles, vesicles, and other colloidal structures; (iv) formation of insoluble sediments [START_REF] Zou | Enhancing nutraceutical bioavailability using excipient emulsions: Influence of lipid droplet size on solubility and bioaccessibility of powdered curcumin[END_REF][START_REF] Ozturk | Nanoemulsion delivery systems for oil-soluble vitamins: Influence of carrier oil type on lipid digestion and vitamin D3 bioaccessibility[END_REF]; ( ) the solubilization of undigested lipids within the digested micellar phase. For emulsions containing SCT and MCT (Fig. 3A and3B), no oil droplet was found after intestine digestion, suggesting almost all oil droplets were digested by pancreatin. However, we observed some oil droplets remaining in all LCT based emulsions (Fig. 3C), corresponding to the results of lipid digestion. The droplet size of each sample after intestine digestion was not measured, because of the presence of insoluble sediments, nondigested fat droplets as well as a complex mixture of different types of colloidal particles, such as micelles, vesicles, bilayers, and liquid crystals. 

Influence of oil type and emulsion droplet size on in vitro bioaccessibility

The influence of carrier oil type and initial droplet size of the emulsions on the curcumin bioaccessibility was studied after full digestion in the simulated GIT system. After the digesta was subjected to centrifugation, two or three distinct layers: a sediment phase at the bottom and a micelle phase above it, and sometimes an oily phase at the top (LCT), were observed. Visually, the micelle phases were optically transparent with yellow color (Fig. 4), in which accessible curcumin was solubilized. The curcumin bioaccessibility was 2.6 0.8% for free curcumin solution, which shows the poor bioavailability of curcumin. As expected, all emulsions greatly increased the bioavailability of curcumin compared to curcumin dispersed within solution. For the emulsions containing MCT, there was no significant (p > 0.05) difference among small, medium and large emulsions, while curcumin bioaccessibility in premix was significantly (p < 0.05) lower than that in small, medium and large emulsions. The decrease of curcumin bioaccessibility in premix may attributed to the fact that curcumin had a low encapsulation efficiency, therefore there were no enough mixed micelles present to solubilize free curcumin in the beginning of digestion leading to free curcumin precipitated from solution. For MCT-based emulsions, encapsulation efficiency had a great impact on curcumin bioaccessibility. Moreover, we found that curcumin bioaccessibility in each sample was lower than the corresponding total amount of FFAs produced at the end of the lipid digestion process, suggesting that some curcumin molecules released from lipid were precipitated. The optical microscopy images confirmed that there were orange colored curcumin crystals within digesta (Fig. 3D). This has also been observed by other authors [START_REF] Salvia-Trujillo | Influence of particle size on lipid digestion and -carotene bioaccessibility in emulsions and nanoemulsions[END_REF][START_REF] Silva | Evaluating the effect of chitosan layer on bioaccessibility and cellular uptake of curcumin nanoemulsions[END_REF][START_REF] Li | Polysaccharide conjugates from Chin brick tea (Camellia sinensis) improve the physicochemical stability and bioaccessibility of -carotene in oil-in-water nanoemulsions[END_REF]. For the emulsions containing LCT, curcumin bioaccessibility was found to decrease with increasing initial droplet size, falling from 57.5 0.3% for the small emulsions to 42.4 0.6% for the premix emulsions. In addition, we found that the curcumin bioaccessibility increased as the total amount of FFAs increased from the comparison of curcumin bioaccessibility with the total amount of FFAs released at the end of the lipid digestion process. Moreover, the curcumin bioaccessibility in medium, large and premix emulsions was higher the total amount of FFAs produced. This result can be attributed to the fact that long chain FFAs form mixed micelles more easily than medium chain FFAs resulting in larger curcumin solubilization capacity [START_REF] Shah | Bioaccessibility and antioxidant activity of curcumin after encapsulated by nano and Pickering emulsion based on chitosan-tripolyphosphate nanoparticles[END_REF], therefore some of free curcumin was also solubilized in micelles phase. The optical microscopy images show that there was undigested oil present after intestinal digestion (Fig. 3D), which corresponds to confocal microscopy results. For the emulsions containing SCT, curcumin bioaccessibility in premix was significantly (p < 0.05) lower than that in small, medium and large emulsions. On the one hand, curcumin encapsulation efficiency in SCT premix was significantly (p < 0.05) lower than that in small, medium and large emulsions (Table 2), which led to a relatively low curcumin bioaccessibility. On the other hand, the lipid digestion rate in SCT premix emulsions was higher than that in MCT and LCT premix emulsions, and almost the same with that in SCT small, medium and large emulsions.

Free curcumin can solubilize in mixed micelles in the beginning of digestion, thereby increasing the amount of curcumin incorporated into the micelle phase. Even though SCT emulsions had a faster digestion rate compared to MCT and LCT emulsions, there were orange colored curcumin crystals within digesta due to the limited solubilization capacity of micelles formed by short chain FFAs (Fig. 3D). However, our results disagree with the results reported by Ahmed [START_REF] Ahmed | Nanoemulsion-and emulsion-based delivery systems for curcumin: Encapsulation and release properties[END_REF], who found that curcumin had a very low bioaccessibility ( 1%) when it was encapsulated in an SCT emulsion. The reason for this difference is that the different surfactants were used, which affects the formation of mixed micelles or/and the solubility and transport of curcumin. The same set of data with different superscript letters are significantly different (p < 0.05).

Values with the same superscript letter are not significantly different (p > 0.05).

The bioaccessibility was dependent on the carrier oil type. For small, medium and large emulsions, curcumin bioaccessibility was higher in MCT emulsions than that in the SCT and LCT emulsions (Table 3). There are a number of possible explanations for this phenomenon.

Firstly, some of curcumin remained inside the undigested LCT oil droplets because LCT-based emulsions were not completely digested within the small intestine (Fig. 2C and Fig. 3C), and therefore some of curcumin may not have been released into the mixed micelle phase. Secondly, the non-polar regimes in the mixed micelles formed by medium chain FFAs may have been larger than that in short chain FFAs, and thus medium chain FFAs formed mixed micelles that have larger solubilization capacity for curcumin. For premix emulsions, the curcumin low encapsulation efficiency had a significant impact on the curcumin bioaccessibility. Additionally, lipid digestion rate and the difficulty of mixed micelle formation affected curcumin solubilization, which is related to curcumin bioaccessibility.

In summary, our results suggest that MCT is the most effective lipid for obtaining a relatively high bioaccessibility of curcumin, and there were no significant (p > 0.05) differences in bioaccessibility for small, medium and large droplet size emulsions.

Conclusion

The purpose of this study was to determine the influence of carrier oil type and initial emulsions droplet size on the curcumin bioaccessibility within a simulated GIT. We have shown that curcumin can be encapsulated effectively within O/W emulsions by PME using different carrier lipids coated by non-ionic surfactants. The curcumin encapsulation efficiency decreased with the increased of emulsions droplet size for the three oil based emulsions: small medium > large > premix. In addition, we found that the lipid digestion depended on carrier oil type. Both the rate and extent of lipid digestion were higher for SCT and MCT emulsions than LCT emulsions. The rate and extent of LCT digestion decreased as the emulsions droplet size increased, whereas there were no significant (p > 0.05) differences in lipid digestion in small, medium and large emulsions for SCT and MCT. Curcumin bioaccessibility depended on the carrier oil type, which determined the properties of FFAs released and the mixed micelle formed, and then the solubilization capacity of curcumin. The bioaccessibility of curcumin was higher in MCT emulsions than that in LCT and SCT emulsions, due to the completely digestion of MCT within the small intestine and the higher solubilization capacity for curcumin of mixed micelles formed by medium chain FFAs compared to short chain FFAs. The curcumin bioaccessibility in LCT based emulsions decreased as the emulsion droplet size increased because of the different extent of lipid digestion in different droplet size emulsions, whereas there were no significant (p > 0.05) differences in bioaccessibility for emulsions with small, medium and large droplet size for SCT and MCT. On the other hand, we found that curcumin encapsulation efficiency played an important role in determining the bioaccessibility because the free curcumin could precipitate from the solution due to the lack of mixed micelles in the beginning of digestion. In SCT and MCT premix emulsions, curcumin bioaccessibility was significantly (p < 0.05) lower than that in small, medium and large emulsions.

In summary, MCT emulsions were found to be the most suitable for increasing the bioaccessibility of curcumin. These results have important implications for the design and fabrication of emulsions-based delivery systems for curcumin and other lipophilic functional ingredients. Nevertheless, it will be important to carry out in vivo models (animals or humans)

to explore the effect of carrier oil type and droplet size of emulsions on bioaccessibility within the complex environment of real GIT. 

CHAPTER

Introduction

Curcumin is a hydrophobic polyphenol derived from the plant Curcuma longa (turmeric). In food, curcumin is widely used as a natural colorant due to its desirable yellow-orange color.

Moreover, curcumin is a food additive (E100) approved by the European Union and is well known for its wide range of beneficial activities, including antioxidant, anti-inflamatory, antimicrobial, anticancer, antiviral and wound healing [START_REF] Maheshwari | Multiple biological activities of curcumin: A short review[END_REF][START_REF] Moghadamtousi | A Review on Antibacterial, Antiviral, and Antifungal Activity of Curcumin[END_REF][START_REF] Akbik | Curcumin as a wound healing agent[END_REF][START_REF] Jiang | Recent advances in encapsulation of curcumin in nanoemulsions: A review of encapsulation technologies, bioaccessibility and applications[END_REF]. In recent years, there has been a strong interest in the food industries into the potential utilization of curcumin as a nutraceutical in functional foods and supplements products because of its potential health benefits. However, curcumin is insoluble in water and highly sensitive to environmental stresses during food processing and storage, such as heat, light, and oxygen, which limited its application as a nutraceutical. To overcome these limitations, many colloidal delivery systems has been explored for improving the water solubility, stability and bioavailability of curcumin, including emulsions [START_REF] Kharat | Stability of curcumin in oil-in-water emulsions: Impact of emulsifier type and concentration on chemical degradation[END_REF][START_REF] Jiang | Encapsulation of curcumin within oil-in-water emulsions prepared by premix membrane emulsification: Impact of droplet size and carrier oil type on physicochemical stability and in vitro bioaccessibility[END_REF], liposomes [START_REF] Peng | Hybrid liposomes composed of amphiphilic chitosan and phospholipid: Preparation, stability and bioavailability as a carrier for curcumin[END_REF][START_REF] Wu | Curcuminloaded liposomes prepared from bovine milk and krill phospholipids: Effects of chemical composition on storage stability, in-vitro digestibility and anti-hyperglycemic properties[END_REF] and nanoparticles [START_REF] Zhang | Preparation of pectin-tannic acid coated core-shell nanoparticle for enhanced bioavailability and antihyperlipidemic activity of curcumin[END_REF][START_REF] Chen | Study on the stability and oral bioavailability of curcumin loaded (-)epigallocatechin-3-gallate/poly(N-vinylpyrrolidone) nanoparticles based on hydrogen bonding-driven self-assembly[END_REF].

O/W emulsions consisting of an aqueous phase, surfactants, and carrier oil have been widely used to encapsulate and protect curcumin [START_REF] Kharat | Stability of curcumin in oil-in-water emulsions: Impact of emulsifier type and concentration on chemical degradation[END_REF][START_REF] Kharat | Comparison of Emulsion and Nanoemulsion Delivery Systems: The Chemical Stability of Curcumin Decreases as Oil Droplet Size Decreases[END_REF][START_REF] Jiang | Encapsulation of curcumin within oil-in-water emulsions prepared by premix membrane emulsification: Impact of droplet size and carrier oil type on physicochemical stability and in vitro bioaccessibility[END_REF]. In these systems, curcumin is solubilized inside the oil droplets and/or the surface layer of the oil droplets [START_REF] Cheng | Impact of oil type on the location, partition and chemical stability of resveratrol in oil-in-water emulsions stabilized by whey protein isolate plus gum Arabic[END_REF], which protects curcumin from chemical degradation by avoiding the reaction with the active substances within the aqueous phase. Nevertheless, the composition and structure of emulsions, such as surfactant type, carrier oil type, droplet size and pH, significantly influence the chemical stability of encapsulated curcumin. Kharat et al. [START_REF] Kharat | Stability of curcumin in oil-in-water emulsions: Impact of emulsifier type and concentration on chemical degradation[END_REF] investigated the impact of surfactant type (sodium caseinate, Tween 80, quillaja saponin, gum arabic) and concentration (critical and excess) on the chemical stability of curcumin in emulsions. They observed that emulsions prepared using saponin had relatively poor stability to curcumin degradation due to the fact that saponins containing conjugated double bonds generate free radicals that promote peroxidation reactions, while the other three emulsifiers behave fairly similarly. Moreover, they found that the stability of curcumin in emulsions was not significantly influenced by the concentration of surfactant. Recently, Kharat et al. [START_REF] Kharat | Comparison of Emulsion and Nanoemulsion Delivery Systems: The Chemical Stability of Curcumin Decreases as Oil Droplet Size Decreases[END_REF] fabricated curcumin-loaded emulsions with different droplet sizes and found that the stability increased with increasing emulsion droplet sizes because large droplets have smaller surface area that led to a slower exchange of curcumin molecules between the oil and water phase. Carrier oil type may play an important role in determining chemical stability of curcumin. However, the effect of carrier oil type and the underlying mechanisms are not well studied. Normally, curcumin is primarily located within the oil phase of emulsions. Nevertheless, some curcumin molecules are also present in the surface layer of oil droplets and/or in the aqueous phase depending on the solubility of curcumin in oils, which may have an influence on the chemical stability of curcumin. Moreover, unsaturated oils are more susceptible to oxidation, which may affect the stability of curcumin.

The generation of emulsions can be achieved through different processes such as phase inversion temperature, phase inversion composition, ultrasonication, high pressure homogenization and microfluidization [START_REF] Jiang | Recent advances in encapsulation of curcumin in nanoemulsions: A review of encapsulation technologies, bioaccessibility and applications[END_REF]. PME is a more recent process to produce emulsions using mild mechanical forces but with lower energy input compared to other emulsification methods [START_REF] Vladisavljevic | Preparation of monodisperse multiple emulsions at high production rates by multi-stage premix membrane emulsification[END_REF][START_REF] Nazir | Premix emulsification: A review[END_REF]. In PME, large droplets of coarse premix are disrupted into fine droplets by internal shear in the pores caused by flow through a microporous membrane as a special kind of low-pressure homogenizing valve [START_REF] Vladisavljevic | Preparation of monodisperse multiple emulsions at high production rates by multi-stage premix membrane emulsification[END_REF]. Mono-dispersed O/W emulsions with controlled droplet sizes and narrow droplet size distributions can be prepared by PME with hydrophilic SPG membranes with different pore size [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] Jiang | Premix membrane emulsification for the preparation of curcumin-loaded nanoemulsions[END_REF].

In the present work, three carrier oils were selected that have different molecular characteristics and curcumin solubility: tributyrin, MCT and corn oil. Tributyrin was used as an example of SCT, and corn oil is an example of unsaturated LCT. We aim to obtain O/W emulsions with different droplet sizes for SCT, MCT and LCT, respectively, by PME, and to study the influence of emulsion droplet size and carrier oil on the physical stability, chemical stability of curcumin and lipid oxidation stability of emulsions.

Materials and methods

Materials

Tween 80, Span values representing volume mean diameters and surface area mean diameters, respectively, were obtained. In addition, droplet size of small and medium emulsions and the electrical characteristics of the oil droplets (zeta potential) 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. Zeta potential was measured by the principle of electrophoresis using Doppler Effect and calculated based on Smoluchowski model [START_REF] Sze | Zeta-potential measurement using the Smoluchowski equation and the slope of the current-time relationship in electroosmotic flow[END_REF]. All samples were diluted with 5 mM phosphate buffer (pH 7.0) (the dilution factor was adjusted to obtain an attenuation factor between 5 and 7) before analysis to avoid multiple scattering effects. All droplet size measurements were performed after emulsions were redispersed using a magnetic stirrer at 300 rpm for 1 min at room temperature.

The specific surface area (AS) of the oil droplets in the emulsions, which is the oil-water interfacial area per unit mass of oil (m 2 kg -1 ), was calculated using the following expression [START_REF] Kharat | Comparison of Emulsion and Nanoemulsion Delivery Systems: The Chemical Stability of Curcumin Decreases as Oil Droplet Size Decreases[END_REF] (1):

AS = 6 / ( 0 D[3,2]) (1) 
where 0 is the density of the oil phase (1032 kg m -3 , 940 kg m -3 and 920 kg m -3 for SCT, MCT and LCT, respectively) and D [3,2] is the surface-weighted mean droplet diameter (m).

Viscosity

Shear viscosity measurements were performed using a controlled stress rheometer (MCR 302

Rheometer, Anton Paar Gmbh, Graz, Austria), equipped with a cone-and-plate geometry (12.490 mm cone diameter, 0.978 cone angle, 49 m gap). All measurements were carried out at shear rate ranging from 0.01 to 100 s -1 , with temperature controlled at 25.0 0.1 °C.

Turbiscan analysis

The creaming and sedimentation stability of emulsions was monitored by a Turbiscan TM Classic MA 2000 (Formulaction Inc., Toulouse, France). Undiluted emulsions (approximately 6 mL)

were placed in a Turbiscan special cylindrical glass tube at 25 . Small emulsions were scanned every 6 h for 72 h, medium emulsions every 4 h for 48 h, large emulsions every 1 h for 12 h, and premix emulsions every 2 min for 24 min. The data of back scattering (%) from emulsions as a function of their height over the measurement time were acquired.

Stability study

To evaluate the impact of droplet size and carrier oil type on emulsions storage stability, samples were stored in glass bottles at 25°C for 60 days and 55 °C for 12 days in the dark. At selected times, samples were taken to measure the chemical stability of curcumin. The appearance of emulsions was also visually observed.

Chemical stability of curcumin

Curcumin-loaded emulsions were subjected to different heat and storage conditions, which resulted in mass loss of curcumin. Chemical stability of curcumin was assessed by measuring the change of curcumin retention rate. At scheduled time, 0.5 mL of sample was collected, diluted with ethanol (1:5 (v%)) and centrifuged at 5 000 g for 15 min at 25°C. The supernatant was then analyzed for curcumin concentration using 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 m) and Agilent ChemStation software. 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 L.

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 ( g/mL) (x), which is y = 69.443 x -59.782 (R 2 = 0.9998). Quantification of curcumin was performed using the calibration curve. Chemical stability of curcumin (retention rate) was calculated by the following equation ( 2):

(

) 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.

Lipid oxidation 2.5.2.1. Primary oxidation compounds

Lipid hydroperoxides were determined by the international dairy federation (IDF) method as descried by Shanta and Decker [START_REF] Shantha | Rapid, Sensitive, Iron-Based Spectrophotometric Methods for Determination of Peroxide Values of Food Lipids[END_REF], with some modification. Briefly, lipid extraction was performed by adding 0.3 mL of emulsions to a mixture of 1.5 mL isooctane/2-propanol (3:2 v/v) and then vortexing the sample for 30 s, followed by centrifugation at 1 000 g for 2 min. Next, 0.1 mL of the upper organic phase (0.9 mL total volume) was diluted 10 times and then 0.1 mL of diluted solution mixed with 1.4 mL of pre-mixed methanol/1-butanol (2:1 v/v), followed by the addition of 50 L of 3.94 M ammonium thiocyanate and 50 L of 0.132 M ferrous iron solution. The absorbance was measured at 500 nm after 20 min using an UV5 visible spectrophotometer (Mettler Toledo, Columbus Ohio, USA). Lipid hydroperoxides concentrations were determined using a Fe 3+ standard curve (0-100 g/mL). The peroxide value expressed as millequivalents (meq) of peroxide per kilogram of sample using the following equation ( 3):

Peroxide value = (AS -AB) / (m × 55.84 × m0 × 2) × 90 ( 3 
)
where AS is the absorbance of the sample, AB is the absorbance of the blank, m is the slope obtained from the calibration curve, m0 is the mass of the sample (g), 55.84 is the atomic weight of iron (g/mol), 2 is a division factor necessary to express the peroxide value as milliequivalents of peroxide instead of milliequivalents of oxygen, 90 corresponds to the inverse of the dilution factor related to the isooctane organic phase (0.9/0.1*10).

Secondary oxidation compounds

Thiobarbituric acid-reactive substances (TBARS), an index of lipid peroxidation, were measured according the method reported by Mcdonald and Hultin [START_REF] Mcdonald | Some Characteristics of the Enzymic Lipid Peroxidation System in the Microsomal Fraction of Flounder Skeletal Muscle[END_REF]. Firstly, thiobarbituric acid solution (TBA) was prepared by dissolving 0.09375 g of thiobarbituric acid, 3.75 g of trichloroacetic acid in 25 ml of 0.25 M HCl. Then, 0.5 mL of emulsions was mixed with 1 mL of TBA reagent in test tubes and placed in a boiling water bath for 15 min. After that, the tubes were cooled to room temperature for 10 min and then treated with 0.3 mL chloroform and centrifuged at 3 000 g for 15 min. The absorbance of the supernatant was measured at 532 nm (Mettler Toledo, Columbus Ohio, USA). TBARS concentrations were calculated using a standard curve prepared using 1,1,3,3-tetramethoxypropane (0-30 M).

Statistical analysis

The stability experiments were performed in duplicate, and all measurements were performed in duplicate. The results were expressed as the means ± standard deviation (SD), and statistical analyses were performed with SPSS17.0. The statistical comparisons were conducted using one-way analysis of variance (ANOVA) followed by least significant difference (LSD) and Duncan test. In all cases, p < 0.05 was regarded statistically significant.

Results and discussion

Characterization of curcumin-loaded emulsions

For each carrier oil, curcumin-loaded emulsions with three different droplet sizes were produced by PME using 0.4 m, 0.8 m and 3.1 m pore size membranes. The coarse emulsions were prepared by magnetic stirrer and were not further processed by PME. They were used as premix. The resulting pressure in the preparation process, emulsions droplet sizes, specific surface area and emulsion viscosity of four different droplet size emulsions for each oil are summarized in Table 1. The resulting pressure is an important factor in PME that has to be lower than 60-80 bar to avoid membrane rupture. As explained in our previous article [START_REF] Jiang | Premix membrane emulsification for the preparation of curcumin-loaded nanoemulsions[END_REF],

the resulting pressure in the preparation process 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). In our experiments, the flow rate was set at 200 mL/min to prepare emulsions when using the 0.8 m and 3.1 m pore size membranes. The flow rate had to be reduced to 50 mL/min for the 0.4 m pore size membrane as a lower flow rate resulted in a lower pressure protecting membrane from rupture. We found that the resulting pressure with the 0.8 m pore size membrane was higher than that with the 3.1 m pore size membrane when the flow rate was set at 200 mL/min for three different carrier oil-based emulsions. Moreover, the resulting pressure observed with the 0.4 m pore size membrane using a flow rate of 50 mL/min was higher than that with the 0.8 m and 3.1 m pore size membranes at a flow rate of 200 mL/min. This can be explained by the fact that small pore size membranes require higher disruption pressure for extrusion to produce smaller droplets [START_REF] Jiang | Premix membrane emulsification for the preparation of curcumin-loaded nanoemulsions[END_REF]. In addition, it was found that the carrier oils had a great impact on the resulting pressure. The resulting pressure increased in the order of SCT < MCT < LCT when the same pore size membrane was applied to prepare emulsions. This may be caused by the different viscosity of carrier oils resulting in different viscosity of the premix (3.25 0.30, 4.27 0.55 and 6.12 0.26 mPa•s for SCT, MCT and LCT premix, respectively), which affects the flow pressure then the resulting pressure.

For all three carrier oil-based emulsions, the viscosity of premix was significantly (p < 0.05) higher than that for small, medium and large emulsions, while there was no significant (p > 0.05) difference among the viscosity of small, medium and large emulsions. The surface area decreased with the increase of emulsion droplet sizes, which means that premix emulsions needed less surfactants molecules compare to small, medium and large emulsions while all emulsions had the same concentration of surfactant. This made more surfactants molecules dissolved in aqueous phase leading to a higher viscosity.

The droplet sizes of small and medium emulsions obtained from DLS were close to the membrane pore size, which is in agreement with our 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] Jiang | Premix membrane emulsification for the preparation of curcumin-loaded nanoemulsions[END_REF]. In LD particle size analysis, obtained D [START_REF] Kang | Curcumin Suppresses Lipopolysaccharide-Induced Cyclooxygenase-2 Expression by Inhibiting Activator Protein 1 and Nuclear Factor B Bindings in BV2 Microglial Cells[END_REF]3] and D [3,2] values for small, medium and large MCT and LCT emulsions were slightly higher than the pore size of membrane (Table 1), which can be explained by the fact that volume distribution used in LD analysis leads to higher droplet sizes than in DLS analysis. However, for small, medium and large SCT emulsions, both D [START_REF] Kang | Curcumin Suppresses Lipopolysaccharide-Induced Cyclooxygenase-2 Expression by Inhibiting Activator Protein 1 and Nuclear Factor B Bindings in BV2 Microglial Cells[END_REF]3] and D [3,2] values were lower than the membrane pore size (Table 1). For SCT emulsions, the difference in droplet size values in DLS and LD analysis were rather large. This may be attributed to the fact that intensity distribution and volume distribution were used in DLS and LD analysis, respectively, which may have an impact on the droplet size results. Droplet size distribution of emulsion with different droplet sizes and different carrier oils by intensity and volume were shown in Fig. 1. The size distribution by intensity for three carrier oils emulsions were similar in small and medium emulsions, while size distribution by volume for SCT emulsions moved to left compared to MCT and LCT emulsions for all small, medium and large emulsions. The differences in size distribution and droplet size values in LD analysis is probably due to the fact that SCT has a relatively higher water solubility compared to MCT and LCT, which may influence the dissolution of SCT droplets leading to smaller droplet size. D [START_REF] Kang | Curcumin Suppresses Lipopolysaccharide-Induced Cyclooxygenase-2 Expression by Inhibiting Activator Protein 1 and Nuclear Factor B Bindings in BV2 Microglial Cells[END_REF]3] values of droplets in SCT, MCT and LCT premixes were 59. 

Physical stability analysis

The Turbiscan technology, which is commonly used to evaluate the stability of colloidal dispersions, was used in the present study to investigate the physical stability of different droplet sizes (small, medium, large, and premix) SCT, MCT and LCT emulsions. The processes of destabilizing emulsions can be detected by a non-homogeneous variation of back scattering.

The back scattering spectra of emulsions with different droplet sizes for each oil at room temperature are shown in Fig. 2. For SCT-based emulsions, the back scattering values of emulsions with small and medium droplet sizes were almost constant within 72 h and 48 h respectively (Fig. 2A and Fig. 2D), which means that samples were homogeneous with good physical stability. The back scattering values of emulsions with large droplets showed little changes in the middle of the sample, while the values increased with time at the bottom and decreased with time at the top of the sample (Fig. 2G). The increase of back scattering intensity at the bottom of the samples and the reduction of back scattering intensity at the top indicated droplets sedimentation. However, the back scattering values of premix SCT emulsions were sharply increased at the bottom and decreased at the top of the sample (Fig. 2J), reflecting the increased turbidity at the bottom, that is to say, sedimentation. The occurrence of sedimentation is due to the fact that density of oil phase (1.032 g/m³) is higher than that of water phase (0.997 g/m³). Therefore, we can conclude that the physical stability of emulsions decreased with the increase of emulsions droplet sizes. On the other hand, it was observed that the back scattering values of different size emulsions obtained in the beginning (at time zero) decreased with the increase of droplet sizes. This is due to the fact that droplet population density decreased with the increase in emulsion droplet sizes resulting in lower back scattering of light [START_REF] Shirasangi | Separation of Methylparaben by emulsion liquid membrane: Optimization, characterization, stability and multiple cycles studies[END_REF].

For MCT-based emulsions, the back scattering values of emulsions with small droplet size were almost constant within observation time (Fig. 2B), while varying degrees of changes of the back scattering values in medium, large and premix emulsions were observed (Fig. 2E, Fig. 2H and Fig. 2K). In medium, large and premix emulsions, the back scattering values decreased at the bottom of the samples and increased at the top, which suggests destabilization by cream formation. The occurrence of creaming was caused by movement of droplets in emulsions because of the density difference between oil phase (0.93-0.96 g/m³) and water phase (0.997 g/m³).

For LCT-based emulsions, the back scattering values changes in the four different droplet sizes emulsions had similar trend with that in different size MCT-based emulsions, which suggested that creaming occurred in LCT-based emulsions. However, the change of back scattering values in 72 h in small droplet size LCT-based emulsions was bigger than that in small droplet size MCT-based emulsions, and larger changes were observed as well in medium and large droplet size LCT-based emulsions compared to that in medium and large droplet size MCT-based emulsions, respectively. This can be explained by the density difference between MCT (0.93-0.96 g/m³) and LCT (0.91-0.93 g/m³). The density difference between LCT and water is higher than that between SCT and water, which led to a lower physical stability in LCT-based emulsions at the same conditions. Coalescence and Ostwald ripening are characterized by a decrease in the back scattering values over the entire length of the sample [START_REF] Zheng | Preparation and characterization of water-in-oil emulsions of isoprothiolane[END_REF], which did not occur for all the emulsions studied, indicating that all droplet sizes emulsions were stable during storage.

The above results showed that the physical stability of emulsions was affected by the droplet size and oil type. The destabilization rate was slower in the emulsions containing small droplets, which is caused by droplet interaction and crowding effect [START_REF] Chanamai | Dependence of creaming and rheology of monodisperse oil-in-water emulsions on droplet size and concentration[END_REF]. Normally, the number density of droplets increased with a decrease in droplet size of emulsion. The density difference between dispersed and continuous phases has a great impact on emulsions physical stability because of gravity effect. A relatively small density difference between oil and water can help to form emulsions with a better physical stability. 

Influence of oil type and emulsions droplet size on emulsions appearance

At the beginning of storage, all curcumin-loaded emulsions had a milky yellow appearance, and the three premix emulsions showed deeper yellow color because of their lower encapsulation efficiency as explained in our previous article [START_REF] Jiang | Encapsulation of curcumin within oil-in-water emulsions prepared by premix membrane emulsification: Impact of droplet size and carrier oil type on physicochemical stability and in vitro bioaccessibility[END_REF] (Fig. 3). Moreover, the premix emulsions were less turbid than others, corresponding to the results of Turbiscan analysis, which is attributed to the reduced light scattering associated with larger droplets. After 8 weeks of storage at room temperature, the oil droplets in medium, large and premix SCT-based emulsions had moved to the bottom of the tube, forming a yellow sediment layer under a transparent layer (Fig. 3A). On the contrary, for MCT and LCT emulsions, medium, large and premix emulsions separated into a yellow creamy layer on the top of a clear layer (Fig. 3A). Sedimentation and creaming occurred because of the density difference between the dispersed and continuous phases and the gravitational separation. In order to observe the color change of emulsions, photographs of redispersed emulsions are also shown. As we can see from Fig. 3A, the change in color for all emulsions compared to the emulsions at the beginning of storage was rather low.

After 12 days of storage at 55°C, creaming occurred in MCT and LCT emulsions, similarly to the emulsions stored at room temperature for 8 weeks, while sedimentation phenomenon had not occurred in small, medium and large SCT emulsions probably due to the fact that the rate of Brownian motion increased at 55°C led to a better physical stability (Fig. 3B). However, we observed that the intensity of the yellow color decreased between the initial emulsions before storage and redispersed emulsions after storage for all emulsions, which indicates chemical degradation of curcumin. Moreover, we found that oil type had an impact on the intensity of the yellow color of emulsions after 12 days storage at 55°C. As seen in Fig. 3B, the intensity of the yellow color of emulsions decreased in the order of SCT > MCT > LCT. However, little changes in color intensity were observed for the different size emulsions. Therefore, curcumin retention rates were calculated in next section to study the influence of emulsions droplet sizes on curcumin chemical stability. 

Influence of oil type and emulsions droplet size on the chemical stability of curcumin

The influence of the oil type and emulsions droplet size on the chemical stability of curcumin was investigated at 25°C and 55°C. The change of curcumin retention rate over time during storage was used to assess chemical stability of curcumin.

At 25°C, curcumin retention rate for all emulsions decreased slowly during storage periods (Fig. 4A, 4B and4C). Curcumin retention rates changed very slowly due to the slow oxidation and hydrolysis reaction at room temperature. After 8 weeks, curcumin retention rates were in the range of 83% to 95% (Table 1), corresponding to the high intensity of yellow color at the end of storage which was observed in Fig. 3A. Except curcumin retention rates in small MCT-based emulsions significant lower (p < 0.05) than that in other size emulsions, there was no significant difference (p > 0.05) in curcumin retention rates for all droplet size emulsions for the same carrier oil (Table 1). It seems that all emulsions showed similar curcumin stability at room temperature.

There was a relatively rapid decrease in curcumin retention rates during storage at 55°C for all emulsions (Fig. 4D, 4E and4F). For SCT and MCT-based emulsions, curcumin retention rates increased as the droplet size increased at all measurement times (Fig. 4D and4E). At the end of storage, there was a significant difference (p < 0.05) in curcumin retention rates among small, medium and premix emulsions (or small, large and premix emulsions), while no significant difference (p > 0.05) was observed for medium and large emulsions (Table 1). Overall, curcumin stability in SCT and MCT-based emulsions decreased with the decreased emulsion droplet sizes because of the increased surface area, which is consistent with an earlier study [START_REF] Kharat | Comparison of Emulsion and Nanoemulsion Delivery Systems: The Chemical Stability of Curcumin Decreases as Oil Droplet Size Decreases[END_REF]. For LCT-based emulsions, curcumin retention rates in the premix emulsion decreased gradually during storage, while that in small, medium and large emulsions decreased gradually during 9 days but then kept almost constant (Fig. 4F). This relatively constant value can be explained by the fact that the HPLC peak areas were about 0 at 9 days which means that almost all curcumin was degraded, and then the calculated retention rate at 12 days was almost the same with that at 9 days. At the end of storage, curcumin retention rate in the premix emulsions were significantly (p < 0.05) higher than that in the small, medium and large emulsions. One the other hand, it is important to note that the creaming and sedimentation phenomenon in medium, large and premix emulsions may have reduced the exposure of the oil phase to the surrounding water phase, thereby reducing the exchange rate of curcumin molecules between the oil and the aqueous phases, which may have an impact on the curcumin stability. In contrast, small emulsions were relatively more stable, which means that oil droplets remained dispersed in the aqueous phase during storage.

Moreover, it was found that the carrier oil type had a great impact on curcumin stability. For each droplet size emulsions, the curcumin retention rate decreased in the order of SCT > MCT > LCT (Table 1), corresponding to the observation in Fig. 3B. The lowest curcumin retention rate in LCT-based emulsions is due to the fact that LCT is an unsaturated oil [START_REF] Zhou | Stability and in vitro digestibility of beta-carotene in nanoemulsions fabricated with different carrier oils[END_REF], which is particularly susceptible to lipid oxidation resulting in the fastest degradation of curcumin. Both SCT and MCT are saturated oils, but curcumin retention rate in SCT was higher than that in MCT. This may suggest that curcumin stability is related to the partition of curcumin in the inner oil phase and the surface layer. Cheng et al. [START_REF] Cheng | Impact of oil type on the location, partition and chemical stability of resveratrol in oil-in-water emulsions stabilized by whey protein isolate plus gum Arabic[END_REF] reported that the partition of bioactive compounds in the whole emulsion was dependent on their solubility in the oil phase and surfactant layer. In our previous study [START_REF] Jiang | Encapsulation of curcumin within oil-in-water emulsions prepared by premix membrane emulsification: Impact of droplet size and carrier oil type on physicochemical stability and in vitro bioaccessibility[END_REF], the solubility of curcumin in three different oils and two surfactants were investigated. It was found that solubility in SCT was nearly three times as much as that in MCT and five times as much as in LCT. The highest solubility in SCT suggested highest percentage of curcumin in the inner oil phase and lowest percentage of curcumin in the surface layer of oil droplets. Therefore, the higher retention rate of curcumin in SCT-based emulsions can probably be explained by the fact that a higher percentage of curcumin was encapsulated in the inner oil phase, which protected curcumin from sensitive environment as explained by Cheng et al. [START_REF] Cheng | Impact of oil type on the location, partition and chemical stability of resveratrol in oil-in-water emulsions stabilized by whey protein isolate plus gum Arabic[END_REF], who studied the stability of resveratrol in different oil emulsions. and LCT (F) emulsions at 55°C during storage.

Influence of emulsions droplet size and curcumin on zeta potential

Both the emulsions droplet size and zeta potential were measured before and after storage at 25°C and 55°C. It was found that there was no significant change in the droplet sizes of all emulsions during storage at 25°C and 55°C (data not shown), indicating that all emulsions were resistant to these two temperatures. Initially, the zeta potential for all emulsions was negatively charged (-18 to -21 mV) (Fig. 5), and did not change significantly (p > 0.05) regardless of the droplet size and oil type. Even though it was not expected to have any charge in emulsions because Tween 80 and Span 80 are nonionic surfactants, it is possible to have negative charges due to the presence of ionizable surface active impurities and phosphate buffer [START_REF] Mcclements | Food Emulsions: Principles, Practices, and Techniques[END_REF]. No significant (p > 0.05) decrease in zeta potential was observed for emulsions with decreasing droplet size, which was in disagreement with the results of Kharat et al. [START_REF] Kharat | Comparison of Emulsion and Nanoemulsion Delivery Systems: The Chemical Stability of Curcumin Decreases as Oil Droplet Size Decreases[END_REF], who found that the magnitude of the zeta potential decreased with decreasing droplet size in saponins-stabilized emulsions. This effect was attributed to the different surfactants. Saponins have a strong negative charge at pH 7.0 (the studied pH), which changed droplet surface chemistry, while Tween 80 and Span 80 do not have any charges. After storage at 25°C for 8 weeks, no significant change (p > 0.05) was observed in the zeta potential of all emulsions (data not shown). At 55°C, the zeta potential did not significant change (p > 0.05) for SCT and MCT emulsions after 12 days (Fig. 5A and5B). However, the zeta potential of all LCT emulsions at 12 days slightly decreased compared to the values obtained at the beginning of storage (Fig. 5C). The decrease of zeta potential could be due to changes in the surface chemistry of the lipid droplets, that may result from the generation of charged reaction species caused by curcumin chemical degradation or lipid oxidation. In order to identify the physicochemical origin of the interfacial changes, LCT-based emulsions in the absence of curcumin (blank emulsions) were prepared, and their zeta potential were studied before and after storage. It has been found that the absence of curcumin led to a lower zeta potential compared to the zeta potential of curcumin-loaded emulsions at 12 days (Fig. 5C and5D), indicating that the products of lipid oxidation changed the surface chemistry of the lipid droplets. Therefore, the presence of curcumin had a great impact on lipid oxidation, which is discussed in next section. 

Influence of emulsion droplet size and curcumin on LCT oxidation

Lipid oxidation occurs during storage, and the formation of oxidation products affects product quality as it leads to changes in flavor and nutrient value [START_REF] Ahmed | Oxidation of lipids in foods[END_REF]. To evaluate the effect of emulsions droplet size and curcumin on emulsions oxidative stability, both primary and secondary oxidation products were measured periodically when emulsions were stored at 55°C for 12 days. The oxidation reactions first lead to the formation of hydroperoxide, which further forms secondary oxidation products, such as ketones and aldehydes. The peroxide value determines the amount of hydroperoxides, and TBARS detects the level of malondialdehyde, the major lipid oxidation product.

For SCT and MCT emulsions, there were no changes in the peroxide values and TBARS during storage at 55°C for all droplet size emulsions (peroxide and TBARS values were about 10 meq/kg sample and 1 M, respectively). This can be explained by the fact that both SCT and MCT are saturated oils, which are very stable and not easily oxidized. However, LCT contains 59% polyunsaturated fatty acid and 24% monounsaturated fatty acid [START_REF] Dupont | Food uses and health effects of corn oil[END_REF] that are much readily oxidized. Oxidation stability of LCT emulsions with and without curcumin during storage at 55°C are illustrated in Fig. 6. The initial peroxide value for all droplet size emulsions with or without curcumin were at a relatively low level (Fig. 6A and6B). The peroxide value of all droplet size emulsions increased gradually, except for large and premix emulsions without curcumin stored at 55°C for 12 days, indicating that lipid oxidation occurred during storage.

Interestingly, the peroxide value of the large and premix emulsions without curcumin increased until 6 days and then decreased slightly. A similar phenomenon was reported by Liu et al. [START_REF] Liu | Effect of storage temperature on lipid oxidation and changes in nutrient contents in peanuts[END_REF],

who observed the decline of peroxide value of peanuts when stored at 35°C for 320 days. This phenomenon may be attributed to the fact that the initial steps of lipid oxidation involve chain reactions that form unstable hydroperoxides, which decompose into secondary oxidation products [START_REF] Liu | Effect of storage temperature on lipid oxidation and changes in nutrient contents in peanuts[END_REF][START_REF] Andersen | Detection of early events in lipid oxidation by electron spin resonance spectroscopy[END_REF]. Additionally, it has been found that in 12 days of storage at 55°C, the peroxide value had an irregular behavior with the change of emulsion droplet size, indicating that this parameter was independent of emulsion droplet size (Fig. 6A and6B). This can be explained by the limited oxygen present in the sample, the amounts of primary oxidation products were similar whatever the droplet size of emulsions [START_REF] Lethuaut | Effect of droplet size on lipid oxidation rates of oilin-water emulsions stabilized by protein[END_REF]. This result is in agreement with previous studies that investigated the effect of emulsion droplet size on lipid oxidation [START_REF] Osborn | Effect of emulsifier type, droplet size, and oil concentration on lipid oxidation in structured lipid-based oil-in-water emulsions[END_REF][START_REF] Walker | Physical and oxidative stability of fish oil nanoemulsions produced by spontaneous emulsification: Effect of surfactant concentration and particle size[END_REF][START_REF] Roppongi | Effect of oil-droplet diameter on lipid oxidation in O/W emulsions[END_REF]. However, some studies reported that increasing the emulsion droplet size led to a better oxidative stability of emulsions due to the decrease in surface area of droplets, which is exposed to the aqueous phase [START_REF] Azuma | Effect of droplet size on the oxidative stability of soybean oil TAG and fish oil TAG in oil-in-water emulsion[END_REF][START_REF] Yalçinöz | Effect of surfactant type and droplet size on lipid oxidation in oil-in-water nano-emulsions[END_REF]. Moreover, some papers report a better oxidative stability of O/W emulsions with smaller droplets than with larger ones [START_REF] Nakaya | Effects of droplet size on the oxidative stability of oil-in-water emulsions[END_REF][START_REF] Kikuchi | Effect of reducing oil droplet size on lipid oxidation in an oil-in-water wmulsion[END_REF]. These studies are not consistent with our results. Further investigations are needed to better understand the effect of emulsion droplet size on lipid oxidation. Moreover, it has been found that curcumin in emulsions has an effect on the peroxide value of emulsions (0.1% w/w curcumin in LCT) (Fig. 6A and6B). Although the general trends were fairly similar, the peroxide value in the emulsions without curcumin were appreciably higher than those in the emulsions with curcumin at the same storage time. For example, by the end of storage, the peroxide values were lower than 250 meq/kg sample in all curcumin-loaded emulsions, while the peroxide values almost reached 400 meq/kg sample in small, medium and large emulsions in absence of curcumin. Therefore, the emulsions without curcumin were less oxidatively stable than curcumin-loaded emulsions, which suggests that curcumin has antioxidant activity protecting the oil from oxidation.

Fig. 6C and 6D show TBARS of emulsions in presence or in absence of curcumin, respectively, during storage at 55°C. The level of TBARS formed in all emulsions increased gradually, except for premix emulsions without curcumin stored at 55°C for 12 days, which is similar to the hydroperoxide results. The decrease in TBARS values in premix emulsions without curcumin after 9 days of storage may be due to the formation of other secondary products of lipid oxidation which do not react with the TBA reagent [START_REF] Ulbin-Figlewicz | Effect of low-pressure plasma treatment on the color and oxidative stability of raw pork during refrigerated storage[END_REF]. Emulsion droplet size did not affect the TBARS levels, which agrees with the hydroperoxide results discussed previously. Moreover, we found that the presence of curcumin inhibited the formation of TBARS, which is probably due to the antioxidant activity of curcumin. Overall, our study indicates that lipid oxidation was independent of initial emulsion droplet size.

However, there is still some controversy regarding the effect of emulsion droplet size on lipid oxidation. These conflicting results obtained with different dispersed systems, and various interpretations by authors, underline the fact that droplet size and interfacial area probably affect lipid oxidation in emulsions through several mechanisms depending on various structural and compositional parameters of these colloidal systems. The underlying mechanisms are not well understood. In addition, the results suggest that the presence of curcumin improved the oxidative stability of all emulsions, as demonstrated by its ability to inhibit the formation of hydroperoxides and TBARS. The inhibitory effect of curcumin on lipid oxidation can be attributed to its chemical reactivity. The phenolic hydroxyl groups or the methylene group of the -diketone moiety in curcumin can undergo a redox transition, involving a transfer of one electron or hydrogen atom to a free radical, to scavenge radicals and consequently produce a phenoxyl radicals or the carbon-centered radical (Fig. 7A). Furthermore, the phenolic hydroxyl groups in curcumin are first converted to a phenolic radical, which then migrates to the conjugated heptadienedione chain and initiates a chain reaction of curcumin degradation to generate various autoxidation compounds (Fig. 7B).

(A) (B) 

Conclusion

This study has extensively investigated the impact of carrier oil type and initial emulsions droplet size on the colloidal physical stability, curcumin chemical stability and lipid oxidation stability in O/W emulsions. The carrier oil type had a significant effect on the premix viscosity, leading to an impact on the resulting pressure in the preparation process of PME. The droplet size of MCT and LCT emulsions are close to the membrane pore size in both DLS and LD analysis. The droplet sizes of SCT emulsions are close to the membrane pore size in DLS analysis, while the droplet sizes are much lower than the pore size of membrane in LD analysis.

Turbiscan results showed that carrier oil type and initial emulsions droplet size affected the physical stability of emulsions. The stability of emulsions increased with the decrease of emulsions droplet sizes for the three carrier oils, since the droplet interaction and crowding effect increase with the number density of droplets. In addition, this study has shown that the chemical stability of curcumin was independent of emulsion droplets size and carrier oil during storage at room temperature, while emulsion droplets size and carrier oil played a critical role in determining the chemical stability of curcumin during storage at 55 . At 55 , the chemical stability of curcumin decreased with the decrease of emulsion droplet sizes, which is attributed to the increase in surface area of oil exposed to the surrounding aqueous phase. For each droplet size emulsions, the stability of curcumin decreased in the order of SCT > MCT > LCT. The highest stability of curcumin in SCT-based emulsions is due to the fact that SCT has the highest curcumin solubility, so curcumin was encapsulated in the inner oil phase, protecting curcumin from sensitive environment. The lowest curcumin stability in LCT-based emulsions is due to the fact that LCT is an unsaturated oil, which is particularly sensitive to lipid oxidation resulting in the fastest degradation of curcumin. Moreover, it was found that lipid oxidation in LCT-based emulsions was independent of initial emulsion droplet sizes, which can be explained by the limited oxygen present in the samples during storage. The presence of curcumin improved the oxidative stability of all droplet size emulsions, which confirmed the antioxidant activity of curcumin. These results have important implications for the food and pharmaceutical industries to design and fabrication of emulsions-based delivery systems for curcumin and other lipophilic functional ingredients, to choose better processing and storage conditions.

CONCLUSION AND PERSPECTIVES

Conclusion

Curcumin is widely acknowledged for its beneficial activities. However, its application has remained challenging due to its low aqueous solubility, biochemical/structural degradation and poor bioavailability. For these reasons, our work is aimed at overcoming these limitations using nanoemulsions to encapsulate curcumin. were prepared through PME using different carrier oils: SCT, MCT and LCT. An in vitro gastrointestinal model was used to evaluate the impact of carrier oil and droplet size on lipid digestion and curcumin bioaccessibility. The result showed that curcumin was encapsulated effectively within O/W emulsions by PME using different carrier lipids coated by non-ionic surfactants. The curcumin encapsulation efficiency decreased with the increased of emulsions droplet size for the three oil based emulsions: small medium > large > premix. In addition, it was found that the lipid digestion depended on carrier oil type. Both the rate and extent of lipid digestion were higher for SCT and MCT emulsions than LCT emulsions. The rate and extent of LCT digestion decreased as the emulsions droplet size increased, whereas there were no significant (p > 0.05) differences in lipid digestion in small, medium and large emulsions for SCT and MCT. Curcumin bioaccessibility depended on the carrier oil type, which determined the properties of FFAs released and the mixed micelle formed, and then the solubilization capacity of curcumin. The bioaccessibility of curcumin was higher in MCT emulsions than that in LCT and SCT emulsions, due to the completely digestion of MCT within the small intestine and the higher solubilization capacity for curcumin of mixed micelles formed by medium chain FFAs compared to short chain FFAs. The curcumin bioaccessibility in LCT based emulsions decreased as the emulsion droplet size increased because of the different extent of lipid digestion in different droplet size emulsions, whereas there were no significant (p > 0.05) differences in bioaccessibility for emulsions with small, medium and large droplet size for SCT and MCT. Moreover, it was found that curcumin encapsulation efficiency played an important role in determining the bioaccessibility because the free curcumin could precipitate from the solution due to the lack of mixed micelles at the beginning of digestion. In SCT and MCT premix emulsions, curcumin bioaccessibility was significantly (p < 0.05) lower than that in small, medium and large emulsions. The highest stability of curcumin in SCT-based emulsions is due to the fact that SCT has the highest curcumin solubility, so curcumin was encapsulated in the inner oil phase, protecting curcumin from sensitive environment. The lowest curcumin stability in LCT-based emulsions is due to the fact that LCT is an unsaturated oil, which is particularly sensitive to lipid oxidation resulting in the fastest degradation of curcumin. Moreover, it was found that lipid oxidation in LCT-based emulsions was independent of initial emulsion droplet size, which can be explained by the limited oxygen present in the samples during storage. The presence of curcumin improved the oxidative stability of all droplet size emulsions, which confirmed the antioxidant activity of curcumin.

The results obtained indicated that PME can be successfully used for the preparation of foodgrade nanoemulsions with controlled droplet size and narrow droplet size distributions.

Moreover, these results have important implications for food and pharmaceutical industries to design and fabrication of emulsions-based delivery systems for curcumin and other lipophilic functional ingredients, and to choose better processing and storage conditions.

Perspectives

In the future, more studies are needed to fully understand the developed experimental set-up to prepare emulsions or other formulations and to know better the properties of curcumin or other lipophilic functional ingredients in emulsions. Perspectives of future studies and applications include the following:

1) Further investigation of the developed experimental set-up to form smaller droplet size emulsions (< 200 nm) or other formulations, such as solid lipid nanoparticles (with addition of a heating system).

2) It will be important to carry out in vivo models (animals or humans) to explore the effect of carrier oil type and droplet size of emulsions on bioaccessibility within the complex environment of real GIT.

3) It is necessary to explore drying technologies, such as spray drying and freeze drying, to obtain dried forms of emulsions containing curcumin or other lipophilic functional ingredients for increasing the stability of these active compounds.
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 1 Different extraction methods ranging from conventional techniques to advanced extraction technologies 2) Different purification techniques, including conventional techniques and supplementary modern techniques

  To surmount such obstacles, novel extraction methods such as, ultrasoundassisted extraction, microwave-assisted extraction, enzyme-assisted extraction, and supercritical liquid extraction have been developed as more efficient alternatives to conventional extraction. These advanced techniques, which are regarded as eco-friendly green technologies exhibit potential for extraction of curcumin from plant materials. Some recent examples of techniques used for the extraction of curcumin are described in following sections
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 1 Fig. 1. Schematic diagram of (A) conventional and (B) novel extraction systems.

  [START_REF] Shirsath | Intensification of extraction of curcumin from Curcuma amada using ultrasound assisted approach: Effect of different operating parameters[END_REF] compared extraction yield of curcumin resulting from Soxhlet extraction, maceration extraction and UAE and found that Soxhlet extraction produced a higher curcumin extraction rate than UAE and maceration extraction. However, Soxhlet extraction was carried out at much higher temperature and for very long duration as compared to UAE. In order to improve the performance of Soxhlet extraction, high-pressure Soxhlet extraction, automated Soxhlet extraction, ultrasound-assisted Soxhlet extraction and
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 2 Fig. 2. Schematic diagram of purification systems.
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 3 Fig. 3. Application of curcumin in different industries.
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 1 Fig. 1. Structural representation of keto (top) and enol form (bottom) of curcumin.

Fig. 2 .

 2 Fig. 2. Schematic illustration of PIT (A) and PIC (B).
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  premix) through a porous membrane. A schematic representation of DME and PME to form O/W nanoemulsions is shown in Fig. 3E and Fig. 3F. PME has several advantages compared to DME [162,163]: (i) the mean droplet size is smaller than in DME; (ii) the dispersed phase flux is higher than in DME; (iii) the process parameters are easier to control than in DME.
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 1653 Fig. 3. Schematic illustration of ultrasonication (A), HPH (B), two-step single-channel

)

  ethanol, then oil, evaporation of ethanol/10 c High-speed mixer (6,500 rpm, 4 min), Ultrasonication (130 w and 750 w, 30 min) Magnetic stirring (100 °C, 7 min) /1~15 c High-speed mixer (14000 rpm, 2 min), Highintensity sonication (120-1200 w, 1-13 min) acetone/4, 8 a Magnetic stirring (7,000 rpm, 2 min), HPH (15,000 psi, 10 cycles) homogenizer (7,000 rev/min, 1h), Microfluidizer (350-450 bar, 1-12 cycles) ethanol, then oil, evaporation of ethanol/10 c High-speed mixer (6500 rpm, 4 min), Microfluidizer (70 or 140 MPa, 1-10 cycles)

  Magnetic stirrer (1500 rpm, 2 min), Sonication (20 kHz, 4 min) for W/O nanoemulsions, and then added to the secondary water phase using the same process

  For example, Wang et al. (Wang et al., 2008) assessed the anti-inflammation activity comparing the inhibition effect on the edema of mouse ear (12-O-tetradecanoylphorbol-13-acetate (TPA)-induced edema of mouse ears) between curcumin encapsulated in Tween 20-stabilized MCT-carried nanoemulsions and curcumin solution (10% Tween 20 water solution). The oral administration of 1% curcumin solution showed little inhibition effect on TPA-induced edema of mouse ear as Tween 20 could
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 12 Fig. 1. Emulsion types that can be produced using DME (A) and PME (B) and the required
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 2 Fig. 2. Schematic representation of PME systems: (A) Emulsification without phase inversion;
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 3 Fig. 3. Scanning electron micrograph of membranes: (A) SPG membrane with a mean pore size

Fig. 4 .

 4 Fig. 4. Schematic diagram of SPG micro kit for DME and PME: (A) External pressure micro

Fig. 5 .

 5 Fig. 5. Schematic diagram of Micropore dispersion cells for DME (A) and PME (B).

Fig. 6 .

 6 Fig. 6. Schematic diagram of membrane extruders for PME: (A) Small volume extruder; (B)

Fig. 7 .

 7 Fig. 7. Schematic diagram of cross-flow systems for DME (A) and PME (B).

Fig. 8 .

 8 Fig. 8. Schematic diagram of dynamic membrane systems for PME: (A) Rotating membrane

  The droplet size of emulsions decreases with the increase of rotational speed, and increases with the increase of transmembrane pressure.[254] Nickel membrane (10 m) (DME) DP: W/O (Sunflower oil + Water (30% v/v)); CP: Water + Tween 20 (2% w/w); =5% v/v W/O/W 50 ~ 210 m The droplet size of emulsions decreases with increasing the peak shear stress at the membrane surface, independent of the individual values of frequency or amplitude. Under identical conditions of shear stress, a higher frequency is compensated by using a lower amplitude of oscillation. [256] DP: dispersed phase; CP: continuous phase; PC: polycarbonate ; PE: polyester; PES: polyethersulfone; PS: polysulfone; PVDF: polyvinylidene fluoride ; CA: cellulose acetate; CE: cellulose ester ; SDS: sodium dodecyl sulfate; Pol: poloxamer 188; SL: sucrose laurate

  PME and droplet formation during DME increases drastically the specific surface area of the droplets. Therefore, an emulsifier is needed to cover the new interface and to prevent coalescence with other droplets.The type of emulsifier affects the rate of emulsifier adsorption at the interface, the interfacial tension between the dispersed phase and continuous phase as well as the electrostatic repulsions between charged droplets and the membrane, thus affects the speed of droplet detachment from the membrane pore which determine the droplet size of obtained emulsions in membrane emulsification. Emulsifiers used to stabilize emulsions should diffuse fast to the formed interface between water and oil phases, but should not stick to the membrane surface to alter the contact angle or block the membrane pores. Low molecular weight surfactants (e.g. Tween 80/20, Span 80/20, sodium dodecyl sulfate (SDS)) and high molecular weight surfactants (e.g.

(

  mean droplet/pore diameter ratio of 3.38), which can be explained by the electrostatic repulsions between the SDS-stabilized droplets (negatively charged) and the hydrophilic SPG membrane surfaces (negatively charged within the pH range of 2 ~ 8 due to the dissociation of silanol groups on the membrane surface). In the case of SDS, the droplets detach from the membrane pores as soon as they are formed. By contrast, the droplets grow at the membrane pores until they are pushed away by the next droplet formed at the same pore in the case of Tween 20 due to the absence of electrostatic repulsions. It should be noted that lecithin or food grade proteins such as bovine serum albumin (BSA) and WPI used in PME can foul the membrane by blocking the membrane pores, which reduces the transmembrane flux, but does not affect the droplet size of formed emulsions[START_REF] Surh | On the preparation of lecithin-stabilized oilin-water emulsions by multi-stage premix membrane emulsification[END_REF][START_REF] Trentin | Microfiltration membranes to produce BSA-stabilized O/W emulsions by premix membrane emulsification[END_REF][START_REF] Trentin | Protein-stabilized emulsions containing beta-carotene produced by premix membrane emulsification[END_REF]. Trentin et al.[START_REF] Trentin | Protein-stabilized emulsions containing beta-carotene produced by premix membrane emulsification[END_REF] prepared protein-stabilized O/W emulsions by PME using polymeric microfiltration membranes and found that the use of protein (both BSA and WPI) combined with Tween 20 reduced membrane fouling and, simultaneously, decreased the final droplet size of emulsions.

  energy requirement and mild operative conditions during droplet generation. Two main processes, i.e. DME and PME, were developed to produce emulsions. DME involves the injection of a liquid (the dispersed phase) through a porous membrane into another immiscible liquid (the continuous phase). In PME, droplets are formed by introducing a prepared coarse emulsion (premix) through a porous membrane. Both processes have been widely used for encapsulation of active compounds in the food, cosmetic and pharmaceutics industries. The main purpose of this Chapter is to comprehensively summarize the various membranes/devices used for membrane emulsification, the effects of process parameter for each device on the droplet size of produced emulsions as well as the influences of formulation parameter. Various membranes, including SPG membrane, ceramic membranes, polymeric membranes, metallic membranes, are used to prepare emulsions. Over five equipment are used to prepare emulsions, including SPG micro kits, Micropore dispersion cells, membrane extruders, cross-flow modules and dynamic membrane systems. With the exception of membrane extruders only used for PME, all equipment can be used for both DME and PME. SPG micro kits and Micropore dispersion cells are used at lab-scale, which is useful for expensive compounds as well as for preliminary tests for formulation optimization, while membrane extruders, cross-flow modules and dynamic membrane systems can be used for large-scale production of emulsions. For both DME and PME, the main parameters for controlling the droplet size of formed emulsions are the membrane materials and pore size, the process parameters, such as transmembrane pressure, flux and shear stress, and formulation parameters, such as, emulsifier type and concentration, dispersed phase type and concentration and viscosity of the continuous phase. PART EXPERIMENTS INTRODUCTION Part of the present PhD thesis is organized in four Chapters and presents the experimental work.
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 51 Fig. 1. Schematic representation of the experimental set-up.
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 2 Fig. 2. The high pressure pump (A), and examples of graphical interfaces on the touch panel
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 4 Fig. 4. Chemical structure of Tween 80 (A) and Span 80 (B).
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 5 Fig. 5. Flow diagram of the emulsion preparation.
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 6 Fig. 6. The effect of particle size on the angle of scattered light. (A): large particle size; (B):
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 8 Fig. 8. Digestion process in human GIT.

  Inc.) was used to monitor the pH and maintain it at pH 7.00 by titrating 0.5 M NaOH solution into the reaction vessel for 2 h at 37 °C. The volume of NaOH solution required to neutralize the free fatty acids (FFA) released was recorded and used to calculate the amount of FFA produced by lipolysis (assuming 2 FFA produced per 1 triacylglycerol molecule) by the equation (2):

  The influence of pH (Part 2_Chapter 2), oil type and emulsions droplet size (Part 2_Chapter 4) on curcumin chemical stability was investigated at different storage conditions. Curcuminloaded emulsions were subjected to different heat and storage conditions, which resulted in different mass loss of curcumin. Curcumin chemical stability was assessed by measuring the change of curcumin retention rate. At scheduled time, 0.5 mL (Part 2_Chapter 2) or 1 mL (Part 2_Chapter 4) of sample was collected, diluted with ethanol (1:5 (v%)) and centrifuged at 5000 g for 15 min at 25°C. The supernatant was then analyzed for curcumin concentration using 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 m) and Agilent ChemStation software. The detail method of HPLC is described in section 3.3 of this chapter. The calibration curve was established based on the relationship between the HPLC peak area (y) and curcumin concentration ( g/mL) (x), which is y = 84.622 x -203.9 (R 2 = 0.9979) (Part 2_Chapter 2) or y = 69.443 x -59.782 (R 2 = 0.9998) (Part 2_Chapter 4). Quantification of curcumin was performed using the calibration curve. Curcumin chemical stability (retention rate) was calculated by the following equation (4):

  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.

Fig. 1 .

 1 Fig. 1. Schematic representation of the PME set-up.

3. Results and discussions 3 . 1 . 3 )

 313 Influence of composition parameters on mean droplet size 3.1.1. 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 [311]. In our study, Tween 80 with a 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 m membrane using 10% MCT. The HLB values of Tween 80/Span 80 mixtures were calculated using the following formula (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 46513 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 m membrane.
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 2 Fig. 2. The effect of mass ratio of Tween 80 to Span 80 on (A) mean droplet size, PDI value
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 3 Fig. 3. The effect of MCT concentration on (A) mean droplet size and (B) PDI value of 5%,
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 4 Fig. 4. The effect of premix quality and on (A) mean droplet size and (B) PDI value of 10%
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 5 Fig. 5. The effect of flow rate on (A) mean droplet size and (B) resulting pressure of 10% MCT
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 6 Fig. 6. The effect of membrane pore size on (A) mean droplet size, PDI value and (B) resulting
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 7 Fig. 7. The effect of curcumin concentration on (A) mean droplet size, PDI value and (B)
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 8 Fig. 8. Changes in retention rate of curcumin in nanoemulsions with different droplet size

  ENCAPSULATION OF CURCUMIN WITHIN OIL-IN-WATER EMULSIONS PREPARED BY PREMIX MEMBRANE EMULSIFICATION: IMPACT OF DROPLET SIZE AND CARRIER OIL TYPE ON PHYSICOCHEMICAL STABILITY AND IN VITRO BIOACCESSIBILITY Synopsis The objective of the work developed in this Chapter is to study the effect of encapsulation on curcumin bioaccessibility. O/W emulsions containing curcumin with different droplet sizes (small 0.5 m, medium 0.8 m, large 3.7 m and premix 60 m) were prepared by PME using three different carrier oils: tributyrin (SCT), MCT and corn oil (LCT). The influence of emulsion droplet size for the three different carrier oils on the lipid digestion, micelle formation and associated curcumin bioaccessibility under in vitro gastrointestinal conditions were investigated. This chapter resulted in the following paper: Tian Jiang, Catherine Charcosset (2022), "Encapsulation of curcumin within oil-in-water emulsions prepared by premix membrane emulsification: Impact of droplet size and carrier oil type on physicochemical stability and in vitro bioaccessibility", Food Chemistry, 2022, 375, 131825.

(FFA

  24 mg/mL) dissolved in phosphate buffer was added, and an automatic titration unit (877 Titrino plus Metrohm, USA, Inc.) was used to monitor the pH and maintain it at pH 7.00 by titrating 0.5 M NaOH solution into the reaction vessel for 2 h at 37 °C. The volume of NaOH solution required to neutralize the free fatty acids (FFA) released was recorded and used to calculate the amount of FFA produced by lipolysis (assuming 2 FFA produced per 1 triacylglycerol molecule) by the equation (2):
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 1 Fig. 1. Photographs of curcumin-loaded SCT, MCT and LCT emulsions with different droplet
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 2 Fig. 2. Influence of emulsion droplet size (Small, Medium, Large, and Premix) on the FFAs
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 3 Fig. 3. Confocal fluorescence images of different droplet size (Small, Medium, Large, and

Fig. 4 .
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 1 Fig. 1. Droplet size distribution of emulsion with different droplet sizes and different carrier
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 3 Fig. 3. Photographs of curcumin-loaded SCT, MCT and LCT emulsions with different droplet
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 4 Fig. 4. Influence of emulsion droplet size (Small, Medium, Large, and Premix) on curcumin
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 5 Fig. 5. Zeta potential change of curcumin-loaded SCT (A), MCT (B) and LCT (C) emulsions
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 6 Fig. 6. Oxidation stability of LCT emulsions with and without curcumin during storage at 55°C.
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 7 Fig. 7. Antioxidant mechanism of curcumin. (A): The mechanism of curcumin scavenging free

Firstly, in order

  to overcome limitations of conventional methods, PME using SPG membranes was investigated for the preparation of O/W curcumin-loaded nanoemulsions. An experimental set-up including a high-pressure pump and a membrane module with SPG membrane was used. The effect of various parameters, including composition parameters (mass ratio of Tween 80 to Span 80, surfactant and MCT concentrations), process parameters (premix quality, flow rate and cycle number), and membrane pore size on the mean droplet diameter and PDI were systematically investigated. It was found that surfactant type and concentration, and 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. There was a linear relationship between the membrane pore size and mean droplets size of nanoemulsions. Nanoemulsions containing different concentration of curcumin had similar droplet size and PDI values compared to those without curcumin. Moreover, curcumin-loaded nanoemulsions prepared by PME had high encapsulation efficiency (94.5-96.5%) which was independent upon curcumin concentration. Then, in vitro experiments have been performed to study the specific factors that affect bioaccessibility of the encapsulated curcumin. O/W emulsions containing curcumin with different droplet size (small 0.5 m, medium 0.8 m, large 3.7 m and premix 60 m)

Finally, the impact

  of carrier oil type and initial emulsions droplet size on the colloidal physical stability, curcumin chemical stability and lipid oxidation stability in O/W emulsions were studied. Turbiscan results showed that carrier oil type and initial emulsions droplet size affected the physical stability of emulsions. The stability of emulsions increased with the decrease of emulsions droplet size for the three carrier oils, since the droplet-droplet interactions and crowding effects increase with the number density of droplets. In addition, this study has shown that curcumin chemical stability was independent of emulsion droplets size and carrier oil during storage at room temperature, while emulsion droplets size and carrier oils played a critical role in determining the curcumin chemical stability during storage at 55 . At 55 , curcumin chemical stability decreased with the decrease of emulsion droplet size, which is attributed to the increase in surface area of oil exposed to the surrounding aqueous phase. For each droplet size emulsions, curcumin stability decreased in the order of SCT > MCT > LCT.
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	O/W	Oil-in-water	
	O/W/O	Oil-in-water-in-oil	
	PC	Polycarbonate	LIST OF ABBREVIATIONS
	PDI	Polydispersity	
	3Al2O3•2SiO2 PE	Mullite silicon oxycarbide Polyethylene	
	ADI PEG 400	Admissible daily intake Polyethylene glycol	
	Al2O3 PES	Aluminum oxide Polyethersulfone	
	AP-1 Pgp	Ctivator protein-1 p-glycoprotein	
	BDMC PIC	Bisdemethoxycurcumin Phase inversion composition	
	BS PIT	Back scattering Phase inversion temperature	
	BSA PLE	Bovine serum albumin Pressurized liquid extraction	
	CA PME	Cellulose ester premix membrane emulsification
	CC prep-SFC	Column chromatography Preparative supercritical fluid chromatography
	CE PS	Cellulose acetate Polysulfone	
	CSLM PVDF	Confocal scanning laser microscopy Polyvinylidene fluoride
	CYP3A2 Rh	Cytochrome P450 3A2 Hydraulic membrane resistance
	DLS ROS	Dynamic light scattering Reactive oxygen species	
	DMC SCT	Demethoxycurcumin Short chain triglycerides	
	DME SDS	Direct membrane emulsification Sodium dodecyl sulfate
	DTAB semi-prep HPLC	Dodecyltrimethylammonium bromide Semi-preparative high performance liquid chromatography
	EAE SFE	Enzyme-assisted extraction Supercritical fluid extraction	
	EFTA SGF	European Free Trade Association Simulated gastric fluid
	EU SIF	European Union Simulated intestinal fluid	
	FFA SiOC	Free fatty acids Silicon oxycarbide	
	GIT SPG	Gastrointestinal tract Shirasu porous glass	
	GMO SSF	Glycerol monooleate Simulated saliva fluid	
	GMS SWE	Glycerol monostearate Subcritical water extraction	
	H/E T	Huile dans l'eau Transmission	
	HLB TBA	Hydrophilic-lipophilic balance Thiobarbituric acid solution
	HPH TBARS	High pressure homogenization Thiobarbituric acid-reactive substances
	HSCCC TiO2	High-speed counter-current chromatography Titanium oxide
	IDF TNF-	International dairy federation Tumor necrosis factor-	
	IL-1 TPA	Interleukin-1 12-O-tetradecanoylphorbol-13-acetate
	LCT UAE	Long chain triglycerides Ultrasound-assisted extraction	
	LD W/O	Laser diffraction Water-in-oil	
	MAE W/O/W	Microwave-assisted extraction Water-in-oil-in-water
	MCT WPI Taille des gouttelettes, Bioaccessibilité, Stabilité Whey protein concentrate Medium chain triglyceride NF-B Nuclear factor B ZrO2 Zirconium oxide	

Table 1 .

 1 These studies involved the optimization of the extraction conditions (e.g., temperature,

pressure, extraction time and flow rate). This is important because the polarity of water modulated by the extraction process parameters, then influence extraction efficiency. In a study conducted by Kiamahalleh et al.

[START_REF] Kiamahalleh | High performance curcumin subcritical water extraction from turmeric (Curcuma longa L.)[END_REF]

, the influences of SWE conditions (e.g. particle size: 0.6-2 mm, extraction temperature: 120-160 °C, pressure:10-25 bar and retention time: 6-22 min) on curcumin yield from deflavored turmeric were investigated. The authors obtained 3.8 wt% of curcumin from Curcuma longa L. under optimized conditions (particle size of 0.71 mm, temperature of 140 °C, pressure of 10 bar, and extraction time of 14 min). Moreover, they

Table 1 .

 1 Extraction methods of curcumin from plants.

	Extraction yield Major findings
	Treatment conditions

It was found that pilot-scale extraction (8 L scale) (13.58% in dried extracts) gave recoveries comparable to those obtained in lab-scale extraction (0.1 L scale) (15.80% in dried extracts) under the optimal conditions (extraction temperature of 135 °C, extraction time of 5 min, mixture ratio of 1:20 (w/v) for solid and solvent, and the use of 50% ethanol as solvent).

  11% when acetone was used for extraction of curcumin from pretreated turmeric at the same operation conditions (25 °C and 2 h). In another study[START_REF] Liang | Optimization of ionic liquidbased microwave-assisted extraction technique for curcuminoids from Curcuma longa L., Food Bioprod[END_REF], ionic liquid[OMIM][Br]-based MAE was successfully applied for extracting curcuminoids from Curcuma longa L.. It was found that the effect of [OMIM][Br] on the MAE

	of curcuminoids was similar to that of ethanol (75% and 100%) and methanol (75% and 100%)
	when all extractions were applied under optimum conditions. ionic liquid based extraction is a
	step towards development of an energy-saving extraction process, with rapid dissolution of
	curcumin and least harmful effects on the environment.
	and [Omin][BF4] as the solvents for the UAE of curcuminoids from turmeric and found the
	curcuminoids yield was 6.14%, which was higher than that with 85% ethanol-based UAE
	(4.40%) and 85% ethanol-based heat-reflux extraction (5.12%). In the study of Sahne et al. [31],

Combination of ionic liquids with other extraction methods, such as UAE, MAE and EAE, have been used for curcumin extraction, and promising results indicated that ionic liquids based extraction methods not only can reduce environmental impact, but also can improve extraction efficiency. Xu et al. [37] investigated hydrophilic ionic liquids [Bmim]Br, [Him]Br, [Omim]Br, carbamate ionic liquid-based EAE was used for extraction of curcumin from -amylase and amyloglucosidase enzymes pretreated turmeric resulting in extraction yield of 5.73%, while the extraction rate was only 3.

Table 2 .

 2 Purification methods of curcumin.

	Sources Material conditions Operation conditions Purify References	Column chromatography (CC)	Acetone extracts Silica gel column, chloroform/methanol as the mobile Nonisocratic elution mode with increasing polarity after initial 84% [46]	phase elution with chloroform	Oleoresin Silica and diol columns in series, methanol/chloroform Nonisocratic elution mode with a stepwise increasing 95.23% [48]	as mobile phase concentration of methanol	75% ethanol PA-PS-DVB resin, different concentration of ethanol as pH 6, 20°C, 75%, 85%, and 95% ethanol for eluting curcumin, 93.2% [47]	extracts mobile phase DMC, and BDMC, respectively	Semi-preparative high performance liquid chromatography (semi-prep HPLC)	Acetone extracts Eurospher C18 column (250×16 mm, 15 m, 100 Å); Flow rate 10 mL/min, 1 mL injection volume (1 mg/mL) 99.5% [51]	methanol-water (50:50 v/v) as mobile phase	Ammonium Kromasil C18 column (250×10mm, 10 m); CAN-Flow rate at 3.5 mL/min, 50 L injection volume (2 mg/mL) 85.58% [54]	sulfate/ethanol 10.5% aqueous acetic acid (45:55 v/v) as mobile phase	extracts	Ethanol extracts CAN and water (1-13 min, 45%-70% (v/v) ACN) as the Flow rate 20 mL/min, 1mL injection volume (10 mg/mL) 92% [53]	mobile phase	High-speed counter-current chromatography (HSCCC)	Powder HSCCC-1A prototype model Two-phase solvent system: n-hexane/chloroform/ >98% [58]	methanol/water (5/10/7.5/2.5, v/v)	Ethanol extracts Spectrum HSCCC Two-phase solvent system: n-hexane/ethyl 98.26 % [57]	acetate/methanol/water (2/3/3/1, v/v)	Preparative supercritical fluid chromatography (prep-SFC)	Methanol extracts Virids BEH OBD column (Waters, 250 mm × 19 mm, 5 Supercritical fluid CO2 containing 8-15% methanol at a flow 97.9% [62]

Table 1 .

 1 Summary of the methods of preparation of curcumin-loaded nanoemulsions.

	ZP References (mV)		-6.5~2.6 [140]
	DZ (nm)	PDI		33~78	(PDI 0.1)
	Emulsification process		Magnetic stirring (3 temperature cycles 90-60-	90-60-90-75°C)
	Curcumin dispersion method and	concentration (w/w%)		Magnetic stirring (60 °C, 60 min), then	shaken (30 °C, 24 h)/0.008~0.167 a
				)
	Oil (w/w%)		Coconut oil (8.3 a
	Surfactant(s) (w/w%)	PIT	RH40 (10~20 a )	Tween 80 (5~40 a

Table 2 .

 2 Composition and formation of nanoemulsions for delivery of curcumin.

Table 3 .

 3 Examples of studies considering applications of curcumin nanoformulations.

	Study outcome
	Study design
	Methods of preparation

Table 1 .

 1 Emulsions prepared with different methods and the effects of process parameters in each device on the droplet size of produced emulsions.

	References			[222]			[246]		[247]				[221]				[239]		[238]	[235]	[245]
	Major findings			Membrane pore size and emulsifying pressure are the	primarily parameters determining the droplet size of	emulsions.		The droplet size of emulsions increases as the increase of	agitator speed and feed pressure.	The droplet size of emulsions decreases as the increase of	feed pressure but increases as the increase of agitator speed.		The droplet size decreases with the increase of stirring speed	but increases with increasing transmembrane pressure in	DME. The droplet size can be reduced by increasing number	of passes and transmembrane flux in PME.	The droplet size of emulsions decreases with the increase of	stirring speed but increases with increasing transmembrane	pressure.	Small and large processing scale yield similar droplet size	emulsions.	Increasing flow rate and cycle number causes a decrease in	droplet size. The influence of the membrane material on the	droplet size is more important than flow rate.	Nanoemulsions with droplet size about 50 nm to 90 nm and	PDI smaller than 0.08 are obtained.
	Droplet size			ddroplet : dpore =	2.8~8.2, 0.4~2.1 for	DME and PME		100 ~ 600 nm	~ 600 nm		= ddroplet : dpore	1.5~4.6 in DME	< 6 m in PME		100 ~ 430 m		100 nm ~ 200 nm	A large range	A large range
	Emulsions	type			O/W			O/W	O/W			O/W					W/O/W		O/W	O/W	O/W
	Membrane and Formulation device type	SPG micro kits	DP: MCT/soybean oil; CP: Water	SPG (0.1, 0.2, 0.3, + Tween 20/ Span 80/ Pol / SDS/	0.5, 1.1 m) SL (1~15% w/w, 7.5% w/w for	(DME and PME) DME and PME); =1~5% w/w,	10% w/w for DME and PME	SPG (2.5 m) DP: Methylene chloride; CP: Water + transcutol HP + Span 20 (DME) (5% w/w); =7% w/w	SPG (2.5 m) DP: Methylene chloride; CP: Water + Tween 20 + Tween 80 (DME) (5% w/w); =10% w/w	Micropore dispersion cell	Nickel membrane DP: N,N-dimethyldecanamide	(10 and 20 m) (25% w/w) and d-limonene (75%	(DME and PME) w/w); CP: polyoxyethylene	glycerol fatty acid ester	Nickel membrane DP: W/O (pumpkin seed oil/sunflower oil + water (30% (20 and 40 m) v/v)); CP: Water + Tween 20 (2% (DME) w/w); =5% v/v	Membrane extruders	PC (50, 100, 200 DP: MCT/soybean oil; CP: water + SDS/ Pol/ polyglyceryl-10-nm) (PME) laurate/ SL (15%); =20% w/w	PC, PE, PES, PS, DP: MCT; CP: Water + SDS nylon, PVDF (200 (15%); nm) (PME) =20%	Anodisc TM DP: MCT; CP: Water+SL (1 ~ membranes (20, 10%); 100, 200 nm) =10%

Table 2 .

 2 The influence of formulation parameters on the droplet size of formed emulsions.

	References			[240]		[254]	[258]		[260]						[244]				[262]	[238]	[264]
	Major findings			The rate of emulsifier adsorption at the interface plays a	critical role in determining the droplet size of emulsions.		Smaller droplets are formed at lower equilibrium interfacial	tension between aqueous phase and dispersed phase.	The droplet size of emulsions stabilized with anionic SDS is	smaller than emulsions stabilized with Tween 20.	The use of protein combined with Tween 20 can reduce	membrane fouling and, simultaneously, decrease the final	droplet size of emulsions.		The droplet size of emulsions decreases with increasing the	viscosity of the dispersed phase in the range below a	threshold of 100 mPa•s, while it is independent of the	viscosity in the range above 100 mPa•s.	The droplet size of emulsions is independent of membrane	pore size when Gelucire 44/14 and Compritol 888 are used	as dispersed phase.	The type of oil is of minor importance to the droplet size of	produced emulsions.	The final droplet size of emulsions decreases from 680 nm	to 580 nm when the Marcol 82 content increases from 10%	to 30%.
	Droplet size			A large range		~ 100 m		33.23 m for Tween 80	29.98 m for SDS		A large range						-				50 ~ 130 nm for Gelucire	44/14; 560 ~ 760 nm for	Compritol 888	100 nm ~ 200 nm	586 ~ 687 nm
	Emulsions	type			O/W		O/W	O/W		O/W						O/W				Solid lipid	particles	O/W	O/W
	Membrane and Formulation device type	Emulsifier type and concentration	DP: Sunflower oil; CP: Water +	SPG (1 m) Tween 20/Tween 80/SDS/Soy	(DME) lecithin/WPI/Sodium caseinate (0	~ 1% w/w); =1 % v/v	SPG (2.8 m) DP: Sunflower oil; CP: Water + Tween 20 (0.0005 ~ 1 %) or WPI (DME) (1%); =2% v/v	SPG discs DP: Decane; CP: Water + Tween (9.83 m) 20/SDS (2%); (DME) =2% v/v	MCE discs (0.8 DP: Sunflower oil; CP: Water + Tween 20/BSA/WPC (1 ~ 2% m) (PME) w/w); =10% v/v	Dispersed phase type and concentration	Silicon straight-	through DP: silicone oil/MCT/soybean	microchannel oil/liquid paraffin; CP: Water +	plate (19.6 m) SDS (1% w/w)	(DME)	SPG (0.2, 0.4 DP: when Gelucire 44/14 /	m hydrophilic; Compritol 888; CP: Water +	0.4, 1 m Tween 20 (0.1%/1.2% w/w);	hydrophobic) =20%/5% w/w	(DME)	PC (200 nm) DP: MCT/soybean oil; CP: water	(PME) + SDS (15% w/w); = 20% w/w	SPG (0.5 m) DP: Marcol 82; CP: Water + Tween 20 (2.3 ~ 6.9%) + Span 80 (PME) (2.7 ~ 8.1%); =10 ~ 30% w/w

Gelucire 44/14: Glyceryl behenate; Compritol 888: lauroyl macrogolglycerides; PC: polycarbonate; MCE: nitrocellulose mixed ester.

  premix through the membrane (called PME or membrane homogenization)[START_REF] Charcosset | Preparation of emulsions and particles by membrane emulsification for the food processing industry[END_REF][START_REF] Piacentini | Pulsed back-and-forward cross-flow batch membrane emulsification with high productivity to obtain highly uniform and concentrate emulsions[END_REF]. In direct ME, fine droplets are formed in situ at the membrane/continuous phase interface. In PME, large droplets of coarse premix are disrupted into fine droplets by utilizing a membrane as a special

	kind of low-pressure homogenizing valve [292]. Compared to direct ME, PME has several
	advantages: ( ) the fluxes are much higher than in direct ME; ( ) the mean droplet size is smaller
	than in direct ME; ( ) PME process is easier to control and operate than direct ME; ( ) the
	experimental set-up is simpler than in direct ME
	Another potential
	advantage of ME is that it creates mono-dispersed emulsions with controlled droplet size and
	narrow droplet size distributions in comparison to conventional methods [288]. Moreover, ME
	has excellent reproducibility and good scalability [288,289]. The process can be performed in

two different ways: permeation of the dispersed phase through a porous membrane into stirring or cross-flowing continuous phase (called direct ME or conventional ME) or passage of a

  [START_REF] Liang | Study on antiseptic effects of curcumin[END_REF], 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).

Table 1 .

 1 The solubility study was carried out for identifying suitable curcumin concentration for preparation of emulsions. Glycerol tributyrate, MCT and corn oil have the molecular weight of 302, 503 and 865.4 g/mol (Table1) and used as examples of SCT, MCT, and LCT, respectively. The solubility of curcumin in each oil phase and surfactants (Tween 80 and Span 80) is shown in Solubility in SCT (27.2 5.3 mg/g) was nearly three times as much as that in MCT (10.1 0.7 mg/g) and five times as much as in LCT (5.1 2.4 mg/g). The solubility of curcumin decreased as the molecular weight of the oil molecules increased. This is in agreement with the results reported earlier by Ahmed et al.

Table 1 .

 1 Properties of different oils and surfactants, and solubility of curcumin in these oils and surfactants.

	Oil or Surfactant	Density (g/m³)	Molecular weight (g/mol)	Viscosity (mPa•s)	Curcumin solubility (mg/g)
	Glyceryl tributyrate (SCT)	1.032	302	10.3 0.5	27.2 5.3
	MCT	0.93-0.96	503 a	26.5 0.5	10.1 0.7
	Corn oil (LCT)	0.91-0.93	865.4 b	55.9 0.4	5.1 2.4
	Tween 80	1.06	1310	481.3 3.7	32.9 6.4
	Span 80	1	428.6	1418.7 17.0	4.8 1.3
	a 503: this data is from [274]. b 865.4: this data is from [275].	

Table 2 .

 2 Droplet size stability and encapsulation efficiency of curcumin-loaded emulsions containing different oil phase and obtained using different pore size membrane.

	Carrier oil	Membrane pore size ( m)	0 d	Droplet size ( m) Stomach	30 d	Encapsulation efficiency (%)
		0.4 (Small)	0.46 0.01	0.45 0.01	0.47 0.01	98.5 0.4 a
	SCT	0.8 (Medium)	0.80 0.01	0.82 0.04	0.76 0.02	98.2 0.4 a
		3.1 (Large)	3.58 0.22	5.85 0.39*	3.44 0.05	87.2 2.4 b
		Premix	62.7 2.5	42.4 1.29*	62.5 0.26	41.2 2.2 c
		0.4 (Small)	0.50 0.02	0.49 0.02	0.49 0.02	98.0 0.2 a
	MCT	0.8 (Medium)	0.85 0.01	0.83 0.02	0.78 0.02	97.4 0.4 a
		3.1 (Large)	3.79 0.09	3.71 0.01	3.91 0.14	88.8 1.1 b
		Premix	58.2 1.8	49.4 2.8*	56.7 0.12	53.0 6.0 c
		0.4 (Small)	0.48 0.01	0.47 0.01	0.49 0.01	97.4 0.4 a
	LCT	0.8 (Medium)	0.79 0.04	0.80 0.02	0.82 0.01	96.8 0.3 a
		3.1 (Large)	3.76 0.03	3.83 0.01	3.72 0.01	92.8 1.9 a
		Premix	63.2 1.3	53.4 0.79*	62.1 0.55	70.0 10.2 b

Table 3 .

 3 Influence of carrier oil type and emulsions droplet size on the bioaccessibility of curcumin and the total amount of FFA released after 120 min of digestion.

	Droplet	SCT		MCT		LCT
	size	FFA	Bioaccessibility	FFA	Bioaccessibility	FFA	Bioaccessibility
		(%)	(%)	(%)	(%)	(%)	(%)
	Small	81.9 1.3 b	59.3 1.5 bc	85.9 2.1 ab	69.8 2.4 a	63.0 1.9 a	57.5 0.3 a
	Medium	85.6 4.8 b	61.4 5.1 ab	85.7 2.9 ab	70.2 2.4 a	46.2 2.7 b	50.6 1.2 b
	Large	83.8 4.2 b	63.2 3.1 a	83.4 1.8 b	71.8 1.7 a	39.3 0.6 c	45.6 0.4 c
	Premix	104.4 4.5 a	57.4 4.2 c	89.1 1.5 a	58.1 3.2 b	34.6 3.0 d	42.4 0.6 d

  The objective of the work developed in this Chapter is to study the effect of encapsulation on the chemical stability of curcumin. O/W emulsions containing curcumin with different droplet sizes were produced by PME with different carrier oils: tributyrin (SCT), MCT and corn oil (LCT). The influence of carrier oil type and droplet size on the physical stability of emulsions, chemical stability of curcumin and lipid oxidation stability of emulsions were investigated.
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  Span 80, then magnetically stirring for 20 min at 80°C to ensure curcumin fully dissolution.Then, coarse emulsions were obtained by mixing the two phases, using a magnetic stirrer (RCT Basic, IKA, Germany) at 700 rpm for 10 min at room temperature. For some experiments, these coarse emulsions were used as premix. For other experiments, they were further processed by PME to produce emulsions by passing the premix through a SPG tubular membrane(10 mm 

	diameter, 0.7 mm wall thickness). Emulsions with different droplet sizes were produced using
	80, curcumin ( 99.5%), curcumin analytical standard ( 98.0%), acetic acid of membranes with different pore sizes: 0.4 m (small emulsions), 0.8 m (medium emulsions)
	HPLC grade, tributyrin (SCT oil), corn oil (LCT oil), 2-propanol, ammonium thiocyanate, iron and 3.1 m (large emulsions). All experiments were carried out with 100 mL premix. After
	( ) chloride, iron ( ) chloride, 2-thiobarbituric acid, trichloroacetic acid, hydrochloric acid, preparation, all emulsions were stored at 4 °C.
	chloroform, and 1,1,3,3-tetramethoxypropane were obtained from Sigma-Aldrich (St. Louis,
	2.3. Characterization of curcumin-loaded emulsions
	MO, USA). Acetonitrile and methanol of HPLC grade were purchased from Carlo Erba.
	Labrafac TM lipophilic WL 1349 (MCT oil) was obtained by an esterification reaction between 2.3.1. Droplet size, zeta potential and specific surface area
	glycerol and caprylic/capric acids (C8-C10), and kindly provided by Gattefossé (Saint-Priest, Droplet size of emulsions were determined by LD particle size analysis with a Mastersizer 3000
	France). 1-butanol was purchased from Fisher Chemical. Isooctane was obtained from Alfa
	Aesar.
	2.2. Preparation of curcumin emulsions
	O/W emulsions with different carrier oils and droplet sizes containing curcumin were obtained
	by PME. The experimental set-up consists 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), which was equipped with a SPG tubular membrane
	(SPG Technology Co. Ltd., Miyazaki, Japan). Firstly, the aqueous phase and oil phase were
	prepared separately. The aqueous surfactant solution was prepared by dispersing 2% w/w
	Tween 80 and 0.01% w/w sodium azide (as a preservative) into 85% w/w 5 mM phosphate
	buffer (pH 7.0) and stirred for at least 10 min to ensure complete dissolution. The oil phase was
	prepared by adding 0.1% w/w curcumin into 10% w/w SCT, MCT or LCT containing 3% w/w

(Malvern Instruments, UK). The technique is based on measurement of the angular variation in intensity of light scattered as a laser beam passes through a dispersed particulate sample. The Mie scattering theory was used to analyze angular scattering intensity data for calculating the size of the droplets responsible for creating the scattering pattern. The refractive index used for SCT, MCT and LCT emulsions were 1.435, 1.448 and 1.470, respectively. D

[START_REF] Kang | Curcumin Suppresses Lipopolysaccharide-Induced Cyclooxygenase-2 Expression by Inhibiting Activator Protein 1 and Nuclear Factor B Bindings in BV2 Microglial Cells[END_REF]3] 

and D

[3,2] 

Table 1 )

 1 , respectively. D[3,2] values were 42.9 1.06 m, 26.85 0.90 m and 36.5 0.64 m, respectively. In order to calculate the As of the oil droplets in the emulsions, D[3,2] values of droplets in SCT, MCT and LCT premix were taken even if D[3,2] values did not show the greatest sensitivity in the large particle fraction. For MCT and LCT emulsions, the calculated As values were approximately 14 000, 7 000, 2 000, and 200 m 2 kg -1 for the small, medium, large, and premix emulsions, respectively (Table1). The calculated As values for small, medium and large SCT emulsions were about 31 000, 9 000 and 3 000 m 2 kg -1 , respectively, which were higher than that of MCT and LCT emulsions prepared with the same membrane pore size due to the smaller droplet size values of SCT emulsions obtained from LD analysis.

	7 1.1 m, 56.4 0.60 m and

Table 1 .

 1 The resulting pressure in PME, droplet size, viscosity of different droplet size curcumin-loaded emulsions containing different oil phase, the retention rate of curcumin after 12 days at 55°C and 8 weeks at 25°C.

CHAPTER

MATERIALS AND METHODS

Synopsis

The objective of this chapter is to present the materials and methods used in the following experiments. All techniques are described in detail, including the experimental set-up and membranes for PME, the method to prepare emulsions, characterization of prepared emulsions (droplet size, encapsulation efficiency, viscosity, creaming and sedimentation stability, and microstructure), in vitro digestion, bioaccessibility and chemical stability of curcumin, and lipid oxidation.