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Extraction, purification and applications of curcumin from plant materials-A comprehensive review
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Background: Curcumin is a safe substance that is used as food cosmetic additive and pharmaceutical product. Obtaining pure curcumin from plant sources is very important for fundamental research as well as for the above applications. Efficient extraction and purification methods, which meet green chemistry criteria including safety, environment-friendliness, economic requirements, and process efficiency are needed.

Scope and approach: This review provides an up-to-date and comprehensive summary of the various methods used for extraction and purification of curcumin from plant materials, and its various applications in food, cosmetics and pharmaceutical fields. Key findings and conclusions: Many different extraction methods ranging from conventional techniques (e.g. soxhlet extraction, maceration and solvent extraction) to advanced extraction technologies (e.g. ultrasound-assisted extraction, microwave-assisted extraction, enzymeassisted extraction, supercritical liquid extraction, etc.) have been exploited to obtain curcumin from plant materials. Various other substances co-exist with curcumin in crude extracts. Many different purification techniques, alone or in combination, have been investigated for isolation and purification of curcumin from curcumin extracts or commercially available crude curcumin. These include conventional techniques (e.g. column chromatography, semi-preparative high performance liquid chromatography) and supplementary modern techniques (e.g. high-speed counter-current chromatography, supercritical fluid chromatography). To recover curcumin from plant materials, selection of apposite routes based on novel technologies (both in extraction and purification) is important to maximize efficiency, to decrease use of toxic solvent, as well as to reduce the processing time and energy consumption. Additionally, various potential or commercial uses of curcumin are reviewed.

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][START_REF] Wakte | Optimization of microwave, ultra-sonic and supercritical carbon dioxide assisted extraction techniques for curcumin from Curcuma longa[END_REF].

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 [START_REF] Meghana | Curcumin prevents streptozotocin-induced islet damage by scavenging free radicals: A prophylactic and protective role[END_REF], 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 κB 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 curcuminloaded 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] Paulucci | Optimization of the extraction of curcumin from Curcuma longa rhizomes[END_REF][START_REF] Shirsath | Intensification of extraction of curcumin from Curcuma amada using ultrasound assisted approach: Effect of different operating parameters[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] 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][START_REF] Shirsath | Intensification of extraction of curcumin from Curcuma amada using ultrasound assisted approach: Effect of different operating parameters[END_REF][START_REF] Wakte | Optimization of microwave, ultra-sonic and supercritical carbon dioxide assisted extraction techniques for curcumin from Curcuma longa[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, semipreparative high performance liquid chromatography) as well as supplementary modern techniques (e.g. high-speed 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] 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][START_REF] Rafiee | Application of curcuminloaded nanocarriers for food, drug and cosmetic purposes[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] 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]. [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] Paulucci | Optimization of the extraction of curcumin from Curcuma longa rhizomes[END_REF][START_REF] Shirsath | Intensification of extraction of curcumin from Curcuma amada using ultrasound assisted approach: Effect of different operating parameters[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, [START_REF] Shirsath | Intensification of extraction of curcumin from Curcuma amada using ultrasound assisted approach: Effect of different operating parameters[END_REF] 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 [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. [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. This 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 (M. [START_REF] Li | Optimisation of pulsed ultrasonic and microwaveassisted 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, [START_REF] Li | Optimisation of pulsed ultrasonic and microwaveassisted 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 [START_REF] Mandal | Microwave assisted extraction of curcumin by sample-solvent dual heating mechanism using Taguchi L9 orthogonal design[END_REF][START_REF] Wakte | Optimization of microwave, ultra-sonic and supercritical carbon dioxide assisted extraction techniques for curcumin from Curcuma longa[END_REF]. For example, [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 [START_REF] Wakte | Optimization of microwave, ultra-sonic and supercritical carbon dioxide assisted extraction techniques for curcumin from Curcuma longa[END_REF][START_REF] Li | Optimisation of pulsed ultrasonic and microwaveassisted 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 α-amylase, glucoamylase, and amyloglocosidase are used for the extraction of curcumin [START_REF] Kurmudle | Enzymeassisted three phase partitioning: A novel approach for extraction of turmeric oleoresin[END_REF][START_REF] Kurmudle | Enzyme-assisted extraction for enhanced yields of turmeric oleoresin and its constituents[END_REF][START_REF] Sahne | Extraction of bioactive compound curcumin from turmeric (Curcuma longa L.) via different routes: A comparative study[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. [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% α-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. [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 α-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. [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 (α-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 Table 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 [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 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. [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. 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).

Supercritical fluid extraction (SFE)

SFE is the most common non-conventional technique used industrially on a large scale which utilizes supercritical fluids as extraction solvents. Supercritical carbon dioxide (CO2) is one of the most commonly used extraction solvents, which is known as a green solvent without any toxicity and side effects [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, [START_REF] Wakte | Optimization of microwave, ultra-sonic and supercritical carbon dioxide assisted extraction techniques for curcumin from Curcuma longa[END_REF] 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 | Extraction of curcuminoids from deflavored turmeric (Curcuma longa L.) using pressurized liquids: Process integration and economic evaluation[END_REF], 2016). Immediately after the SFE process, PLE can be performed using ethanol as the solvent to extract curcumin. In the study conducted by [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, [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. [Omim]Br, 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 [START_REF] Sahne | Enzyme-assisted ionic liquid extraction of bioactive compound from turmeric (Curcuma longa L.): Isolation, purification and analysis of curcumin[END_REF], carbamate ionic liquid-based EAE was used for extraction of curcumin from αamylase and amyloglucosidase enzymes pretreated turmeric resulting in extraction yield of 5.73%, while the extraction rate was only 3.11% 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 liquid-based microwave-assisted extraction technique for curcuminoids from Curcuma longa L[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.

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] Cvetković | 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] 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] Sahne | Enzyme-assisted ionic liquid extraction of bioactive compound from turmeric (Curcuma longa L.): Isolation, purification and analysis of curcumin[END_REF][START_REF] Yang | Enhanced separation and purification of curcuminoids on polyamide column via noncovalent interactions[END_REF]. For instance, [START_REF] Revathy | Isolation, purification and identification of curcuminoids from Turmeric (Curcuma longa L.) by Column Chromatography[END_REF] reported silica gel-based 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 80.6%, respectively. In the study conducted by [START_REF] Yang | Enhanced separation and purification of curcuminoids on polyamide column via noncovalent interactions[END_REF], curcumin, DMC, and BDMC were obtained at high purity of 93.2%, 92.8%, and 88.2% with recoveries of 76.2%, 73.1%, and 68.0%, respectively, using resin (a blend of polyamide-6 and poly (styrene-divinyl benzene) (PA-PS-DVB)) as stationary phase. However, column chromatographic techniques are tedious, require large quantity of solvents and are not reproducible. To overcome such challenges, hyphenated techniques (combination of two or more techniques into one integrated technique) were developed for the rapid separation and partial identification of natural products.

Moreover, hyphenated techniques could improve the resolution and separation time, and represents a practical approach to resolve problems caused by peak overlap. For instance, [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 countercurrent 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 samples 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, [START_REF] Mollayi | Recycling preparative high performance liquid chromatography for the separation of curcumin from curcuminoids in curcuma longa L[END_REF] 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] Abu-Lafi | Curcumin, a natural isolate from Curcuma longa (turmeric) with high β-hematin inhibitory potential[END_REF][START_REF] Mollayi | Recycling preparative high performance liquid chromatography for the separation of curcumin from curcuminoids in curcuma longa L[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. ( 2019) 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. [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, [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. [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 µm).

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 liquidliquid 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 [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 Ⅱ 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.

(2020) 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.

(2017) 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., antiinflammatory, anti-oxidant, 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] Noorafshan | A Review of Therapeutic Effects of Curcumin[END_REF][START_REF] Rafiee | Application of curcuminloaded nanocarriers for food, drug and cosmetic purposes[END_REF]. The anticancer mechanisms involve modulation of numerous molecular targets and signaling pathways, such as NF-κB, 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 anti-inflammatory 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, antiinflammatory and anti-protein 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[END_REF]. In addition, curcumin has been proven to be a hypoglycemic, antipathogenic, anti-viral, hepato-, nephron-protective molecule [START_REF] Mahmood | Recent developments in curcumin and curcumin based polymeric materials for biomedical applications: A review[END_REF][START_REF] Rafiee | Application of curcuminloaded nanocarriers for food, drug and cosmetic purposes[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 pHsensitive 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 [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] Coradini | Co-encapsulation of resveratrol and curcumin in lipid-core nanocapsules improves their in vitro antioxidant effects[END_REF][START_REF] Friedrich | Skin penetration behavior of lipid-core nanocapsules for simultaneous delivery of resveratrol and curcumin[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. During last decades, many studies related to extraction and purification of curcumin from plant materials has been reported. The main purpose of this review is to comprehensively summarize the 

  . To surmount such obstacles, novel extraction methods such as, ultrasound-assisted 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 (summarized in Table

  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 microwave-assisted Soxhlet extraction have been developed (see (Luque de Castro & Priego-Capote, 2010) and references therein), which have decreased or minimized the negative aspects of the conventional Soxhlet extractor.

  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. (2015) investigated hydrophilic ionic liquids [Bmim]Br, [Him]Br,

  various methods for the extraction and purification of curcumin from plant materials, thereby giving researchers and industrial practitioners complete information to obtain curcumin of high quality. Efficient curcumin extraction processes and techniques should require less energy, should use safe solvents, and give high yield. Conventional methods like solvent extraction, Soxhlet extraction, hydro/steam distillation are time consuming, not eco-friendly and have low efficiencies. Therefore, apposite routes for extraction based on novel technologies such as UAE, MAE, EAE, PLE, SWE, SFE and ionic liquids-based extraction have been examined to maximize the extraction efficiency, decrease the use of toxic solvent, as well as reduce the processing time and energy consumption. These novel technologies could be regarded as green technologies. Purification is an important step in the production of curcumin. Conventional techniques (i.e., column chromatography, semi-preparative HPLC) and supplementary modern techniques (i.e., high-speed counter-current chromatography, supercritical fluid chromatography, etc.) have been comprehensively reviewed. The supplementary modern techniques show excellent selectivity and give high product recovery at low cost, within a short span of time. Moreover, these nonconventional techniques are environmentally friendly and safe. While many of these extraction and purification methods work efficiently as small-scale, their application for large-scale extraction and purification of curcumin is limited. The development of highly efficient extraction and purification methods, and optimization of their operating conditions at pilot-scale are vital for scaling up industrial production of curcumin. In the future, more emphasis should be given on the development of large-scale extraction and purification methods of curcumin. The potential applications of curcumin in different industries including food, cosmetics and pharmaceuticals have attracted a growing numbers of research activities on curcumin extraction and purification. There is a large amount of literature investigating biological activities of free and encapsulated curcumin, and their potential commercial use. With the development of
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 1 Extraction methods of curcumin from plants. 893 PLE: 333 K, 10 MPa, ethanol-to-feed ratio of 2.4 (w/v), 110 min; SAS: 313 K, 10 MPa, 80 min was a feasible alternative to obtain more economic products.

	Treatment conditions	Extraction yield Major findings

SFE: 333 K, 250 MPa, CO2-to-feed ratio of 2.4 (w/v), 95 min; -The integration of SFE, PLE, and supercritical antisolvent processes (Osorio-

Table 2 .

 2 Purification methods of curcumin. 912

	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%	(Revathy et al.,
			phase	elution with chloroform			2011)
	oleoresin		Silica and diol columns in series, methanol/chloroform	Nonisocratic elution mode with a stepwise increasing	95.23% (Jayaprakasha
			as mobile phase	concentration of methanol			et al., 2013)
	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%	(Z. Yang et al.,
	extracts		mobile phase	DMC, and BDMC, respectively			2015)
	Semi-preparative high performance liquid chromatography (semi-prep HPLC)				
	acetone extracts	Eurospher C18 column (250×16 mm, 15 μm, 100 Å);	Flow rate 10 mL/min, 1 mL injection volume (1 mg/mL)	99.5%	(Mollayi et al.,
			methanol-water (50:50 v/v) as mobile phase					2015)
	ammonium		Kromasil C18 column (250×10mm, 10 μm); CAN-	Flow rate at 3.5 mL/min, 50 μL injection volume (2 mg/mL)	85.58% (Xu et al.,
	sulfate/ethanol	10.5% aqueous acetic acid (45:55 v/v) as mobile phase					2017)
	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%	(Abu-Lafi et
			mobile phase					al., 2019)
	High-speed counter-current chromatography (HSCCC)				
	powder		HSCCC-1A prototype model	Two-phase solvent system: n-hexane/chloroform/	>98%	(Inoue et al.,
				methanol/water (5/10/7.5/2.5, v/v)		2008)
	ethanol extracts	Spectrum HSCCC	Two-phase	solvent	system:	n-hexane/ethyl	98.26 % (Pan et al.,
				acetate/methanol/water (2/3/3/1, v/v)		2020)
	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%	(Song et al.,
			µm)	rate of 80 mL/min				2015)
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techniques to obtain high purity of curcumin and a deeper comprehension of the properties of curcumin, more and more curcumin products will be produced in the future.
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