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Abstract

:

The extraction of lutein from marigold petals using a surfactant-based aqueous two-phase system is reported. In this work, the effectiveness of the hydrophilic-lipophilic balance of surfactants on extraction performance for the extraction of lutein from marigold petal powder was demonstrated using aqueous solutions of a wide range of non-ionic surfactants. The response surface methodology was applied to obtain optimised conditions for maximum extraction of lutein. At the optimised conditions (Temperature = 37.5 °C, S/L = 0.00375, and surfactant amount = 1.5% (v/v)), 12.12 ± 0.16 mg/g of lutein was obtained. Furthermore, the surface morphology of marigold petal powder (MPP) was analysed using SEM micrographs. Significant changes in surface morphology were observed which suggested better access of surfactant solution to the targeted biomolecule implanted in the matrix. Finally, the antioxidant activity of the obtained lutein extract was analysed using 2,2-diphenyl-1-picrylhydrazyl (DPPH). Results suggest that the antioxidant activity of the lutein extract obtained by the surfactant-based system is more than that of the lutein extract obtained by organic solvents. The aforementioned results suggest that the lutein can be extracted using a surfactant-based aqueous two-phase system (ATPS).
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1. Introduction


Lutein is a naturally occurring yellow compound found in a variety of foods [1,2,3]. Lutein is a member of the xanthophyll family of carotenoids [4]. The marigold flower is one of the commercial sources for the extraction of lutein [5,6]. The major xanthophyll constituent of the marigold flower is lutein accounting for nearly 90% of the total [7]. The structure of lutein comprises a long conjugated double-bond carbon chain with aromatic rings at either end [8]. Due to its unique structure, it has the ability to neutralise free radicals and singlet oxygen and works as an antioxidant [9]. Lutein is known as a macular pigment. It is one of the dominant carotenoids present in the human retina. Carotenoids help in preventing cataracts [10]. Lutein accounts for 66–77% of the total carotenoids in the eye, making lutein a key player in maintaining eye and brain health [11]. Lutein helps in preventing atherosclerosis and other cardiovascular illnesses and it also helps in boosting the human immune system [12]. There has been a growing interest in natural products for the treatment of cardiovascular disease. Experimental evidence suggests that lutein-rich foods or lutein supplementation have an anti-atherosclerotic effect [13,14]. Lutein also helps in the treatment of neurodegenerative diseases like Alzheimer, which afflicts more than 26 million people globally [15]. Lutein also protects photosystems from oxidative damage when exposed to high light intensities, particularly blue light [16].



Considering the aforementioned benefits of lutein, various researchers have demonstrated different methods for the extraction and isolation of lutein from marigold flowers. These include soxhlet extraction [17], the supercritical carbon dioxide extraction method [18,19], enzyme-assisted aqueous two-phase extraction [20], extraction of lutein using vegetable oil as solvent [5], and the microemulsion technique [21]. The most commonly used method for the extraction of lutein is solvent extraction. Some of the examples of solvents used by previous researchers for the extraction of lutein are liquefied dimethyl ether [22], hexane [23], petroleum ether-acetone [24], solution of ethanol, and water [25]. The organic solvents described above for lutein extraction are mostly of a petrochemical origin. They can pose a health concern and can pollute the environment [25,26]. These organic solvents also have low selectivity [27]. Furthermore, these solvents may lead to the irreversible degradation of the product [28]. To address the aforementioned issues, there is a need to develop environmentally friendly methods of extraction and purification of lutein. Therefore, extraction using an aqueous two-phase system (ATPS) has gained importance amongst researchers working in the areas of food technology, biomedical research, and wastewater treatment due to better selectivity and higher separation efficiency. In addition, the use of ATPS causes relatively less damage to the target molecule [29].



The present work deals with the extraction of lutein from marigold petals using surfactant-based ATPS. The primary aim of this study is to develop a low-cost, long-term, and environmentally friendly process for the extraction of lutein. This process began with a preliminary screening of several non-ionic surfactants, followed by the application of response surface methodology to obtain the optimised parameters for maximum extraction of lutein. For this, the studied parameters were S/L ratio, surfactant concentration, extraction time, and temperature. Furthermore, cloud point extraction was performed to get a more concentrated form of lutein in the coacervate phase. Finally, the scavenging activity of lutein extract obtained by surfactant-based ATPS was studied to appraise the direct use of the obtained lutein extract in the cosmetics and pharmaceutical sectors.




2. Materials and Methods


2.1. Material


Fresh marigold flowers (Tagetes erecta) were purchased from a local market (Nagpur, India). The flowers were dark orange in colour. Solvents required for experimental and quantification purposes were acquired from Merck, India. Non-ionic surfactants: pluronic L101 (hydrophilic-lipophilic balance (HLB) 1), pluronic L121 (HLB 1), pluronic L81 (HLB 2), pluronic L62 (HLB 7), lutensol XL 50 (HLB 11.5), lutensol TO 7 (HLB 12), pluronic L64 (HLB 15), lutensol TO 89 (HLB 13), lutensol ON 60 (HLB 12), lutensol XL 80 (HLB 13), and plurafac LF 120 (HLB 10) were provided by BASF, India and used without further purifications. The HLB values of the above-mentioned surfactants were taken from the literature or the manufacturer’s data.




2.2. Marigold Petal Powder (MPP) Preparation


The marigold flowers were washed and the petals were manually removed from the flower. The petals were washed with distilled water and then air dried (Hot Air Oven, model BT1-29, 24 h at 35 °C) away from light. The dried petals were ground into small particles ranging in size from 212 μm to 220 µm. The marigold petal powder obtained was stored at 4 °C and in a dark place for further use.




2.3. Experimental Section


The water employed in all assessments was uncontaminated, double-distilled water, passed through ion exchange resin for deionization and treated with a Merck Millipore direct Q3 water purification device. The samples were always covered with aluminum foil to avoid contact with direct light to avoid degradation and photooxidation of the samples.



2.3.1. Extraction of Lutein Using Surfactant-Based ATPS


Lutein extraction was carried out using surfactant-based ATPS. The material was extracted with different surfactants under the same conditions—e.g., temperature, extraction time, surfactant concentration, and S/L ratio—to achieve the highest amount of lutein. In brief, 0.5 g of petal powder was added to 20 mL of a solution containing double distilled water (DDW) and non-ionic surfactant in a 19:1 ratio and mixed for 2 h using an orbital incubator shaker (Model No. CIS-18 Plus, Remi, India). The sample was maintained at 30 ± 01 °C. All solutions containing a known amount of surfactant and S/L ratio were prepared gravimetrically. In all the experiments, the stirring speed was kept constant at 110 rpm. For each process condition, experiments were conducted in triplicate. After the extraction step, the samples obtained were filtered using dustless lab filter paper to obtain the supernatant for further use. The mixtures of different surfactants with a required HLB value were also evaluated, and calculated using Equation (1):


HLB = HLBS1WS1 + HLBS2WS2



(1)




where HLBS1 and HLBS2 are the HLB values for the pluronic L101 and pluronic L64, respectively, and WS1 and WS2 are the weight fraction of pluronic L101 and pluronic L64, respectively.




2.3.2. Cloud Point Extraction


After the extraction step, the obtained lutein extract was concentrated by raising the temperature of the lutein extract above the surfactant cloud point temperature. This resulted in preferential partitioning of the sample between the two phases (coacervate phase—surfactant-rich—and non-coacervate phase—water-rich). The two phases obtained were then separated carefully. The separation efficiency of lutein was determined by the ratio of lutein present in the coacervate phase to the content of lutein in the extract before cloud point extraction. For both phases, the volumes were recorded. Acetone was used to dilute the concentrated phase prior to the quantification of lutein.





2.4. Spectrophotometric Analysis of Lutein


Lutein assay was carried out as per the literature [21]. The total amount of lutein in the sample was quantified using lutein’s molar extinction coefficient in acetone. The analysis of the extracts was performed by a spectrophotometer (Agilent Spectrophotometer, Cary60, path length = 1 cm). The maximum peak was obtained at a wavelength of 446 nm using a UV–VIS Spectrophotometer. All extracts were collected and their absorbance readings were recorded at 446 nm, the wavelength with the minimum interference from other carotenoids [30]. A blank, without lutein, was prepared for each extraction condition and used as an analytical blank for the corresponding phases.



The amount of lutein extracted from marigold petal powder was calculated using Equation (2).


  C =  A    14.45 × 10000   ×  b    × 568.88 ×  V M  ×     1   L   103   m L     ×       10   3     m g   g m        



(2)




where C is the amount of lutein obtained (mg/g MPP), A is maximum absorbance wavelength (λmax, nm), b is path length (cm), 568.88 is the molar mass of lutein (g mol−1), V is the volume of extracted sample (mL), M is the weight of the consumed MPP (g), and 14.45 × 104 is the molar extinction coefficient (L mol−1 cm−1) of lutein in acetone [30].




2.5. Optimisation of Parameters by Response Surface Methodology


RSM (Minitab version 17) was used to examine various experimental conditions and to find the effect of independent parameters on the extraction of lutein. This model provides response surface curves and also provides the extraction conditions to get the highest amount of lutein. In accordance with the results obtained from preliminary experiments (Figure 1) with various non-ionic surfactants, plurafac LF 120 was selected to perform a Box–Behnken Design (BBD) optimisation with the aim of optimising the amount of lutein extracted. The empirical ranges of the selected independent parameters, including temperature (30 °C–45 °C), surfactant concentration (0.5–2.5% (v/v)) and biomass weight—solvent ratio (S/L: 0.0025–0.005). S/L ratio and temperature were selected according to the reported literature [22,31,32] and also selected on the basis of preliminary experiments. The surfactant concentration range was selected on the basis of the critical micelle concentration of the surfactant and also on the trial experiments based on the temperature-concentration relation. For this study, a three-level BBD was applied to explore the effects of various combinations of the selected process parameters. For the optimisation of operating conditions, 15 randomised experimental runs were performed (Table 1) and the lutein content was quantitatively studied by UV-VIS spectrophotometer.



The relation of the independent and dependent variables is given by a quadratic regression model as follows:


   Y =  β 0  +   ∑   i = 0  4   β   i       X i  +   ∑   i = 0  4   β  ii        X   i    2    +   ∑   i = 0  4    ∑   i = 0  4   β  ij      X i   X j    



(3)




where Y is the predicted response (separation efficiency (%) of lutein); β0 is the constant coefficient; βi is the linear coefficient; βii is the quadratic coefficients; βij is the two-factor interaction coefficient, and Xi and Xj the independent variables [33].



The goodness of the model obtained was evaluated by estimating the value of regression coefficient (R2), adjusted regression coefficient, p-value, and F-value obtained by ANOVA. Minitab version 17.0 was used for all data interpretation and contour plots.




2.6. Antioxidant Activity Test


The scavenging tendency of different extracts containing lutein was assessed by the 2,2-diphenyl-1-picrylhydrazyl free radical. In this study, 3 mL of DPPH solution (0.2 mM) was dissolved in methanol and mixed with 1 mL of lutein extract and the sample was kept for 30 min at 30 °C in the dark. After 30 min, the absorbance value was measured at 517 nm [34]. A blank used was prepared by the use of methanol and DPPH. The DPPH free radical reaction with a lutein extract was determined as described previously [35]. The positive control was ascorbic acid purchased from Sisco Research Laboratories, Nagpur, India. The antioxidant activity was expressed in terms of IC50 values. The inhibition (%) was determined using Equation (4).


Inhibition (%) = [(Ac − As)/(Ac)] × 100



(4)




where Ac represents the absorbance value of the control and As represents the absorbance value of the tested sample.




2.7. Data Analysis


All experimental studies were performed in triplicate on newly prepared samples. The results were reported as mean ± standard deviations of the experimental data. One-way ANOVA was carried out using Tukey’s test to calculate the significance of variation between the mean values. The variations were considered significant only at p < 0.05.





3. Results and Discussions


3.1. Effect of the Surfactant Type Used for Extraction of Lutein


Preliminary screening of several surfactants for the extraction of Lutein was performed at concentrations above their critical micelle concentration. This was done to obtain the most effective surfactant for lutein extraction. The surfactants utilised for this study are given in the experimental section. The experimental conditions were the same for all experiments (DDW: Surfactant = 19:1 (v/v), mixing time = 2 h, temperature = 30 °C). The effect of different surfactants on the extracted amount of lutein is shown in Figure 1. The amount of lutein extracted by the surfactant solutions was also compared with the amount of lutein obtained by double-distilled water under the same conditions. The outcome of the experiments shows that the amount of lutein obtained using aqueous solutions of surfactants (at a lower amount) is notably higher than that achieved with DDW. The above results reveal the effectiveness of surfactants in interacting with hydrophobic compounds from marigold petals. However, the amount of lutein obtained was highly dependent on the type of surfactant used. Among the used surfactants, plurafac LF 120 (HLB = 10) gave the highest extraction amount (8.2 ± 0.05 mg/g) of lutein, while the use of surfactants like pluronic and lutensol surfactants resulted in a lower extraction amount of lutein in comparison to plurafac LF 120, but extracted a significantly higher amount of lutein than DDW.



The extraction of lutein from marigold petals was also performed using different organic solvents (acetone, methanol, ethanol, tetrahydrofuran (THF), chloroform, xylene, hexane) for comparison purposes under the same experimental conditions (DDW: Surfactant = 19:1, mixing time = 2 h, temperature = 30 °C). From the results, it was observed that THF extracted the highest amount (12.92 ± 0.0813 mg/g) of lutein followed by chloroform (10.18 ± 0.201 mg/g) and acetone (11.01 ± 0.511 mg/g). This may be due to the fact that the solubility of lutein is very high in THF (8000 mg/L) followed by chloroform (6000 mg/L) and acetone (800 mg/L) [30]. Amongst the solvents used for this study, methanol extracted the lowest amount of lutein (2.97 ± 0.15 mg/g) followed by ethanol (3.39 ± 0.30 mg/g) and hexane (4.45 ± 0.22 mg/g). This may be due to the lower solubility of lutein in these solvents [6,30]. The aforementioned results suggest that an aqueous solution of alkoxylate unbranched fatty alcohols surfactant at low concentration extracted the highest amount of lutein (8.2 ± 0.05 mg/g) while synthetic block copolymer surfactants extracted the lowest amount of lutein. These results suggest that alkoxylate unbranched fatty alcohol surfactants can be used for the efficient extraction of lutein.



To better acknowledge the role of different surfactant solutions, the relationship between the amount of lutein extracted and the HLB value of an individual surfactant was evaluated. Surfactants with HLB values between 7 and 10 were found to be most effective for the extraction of lutein. It was also observed that the amount of lutein extracted by surfactants having an HLB range outside of 7 to 10 was significantly low.



To further understand whether the extracted amount of lutein is dependent on the surfactant structure or on the micelle formation property of the surfactant (where HLB plays an important role), the extraction of lutein was performed using aqueous solutions of pluronic L121 (HLB value = 1) and pluronic L64 (HLB value = 15). Surfactant solutions with different HLB values (1,2,7,10,11.5,12,13,15) were prepared using pluronic L121 (HLB = 1) and pluronic L64 (HLB = 15) according to Equation (1). Extractions were performed under the same experimental conditions (DDW: Surfactant = 19:1, mixing time = 2 h, temperature = 30 °C) as mentioned in the experimental section. The results obtained (Figure 2) show that the maximum extraction of lutein was in the HLB value of 7 to 10. Outside this range, a remarkable decrease in the amount of extracted lutein was observed. It was also observed that aqueous solutions of a mixture of surfactants and aqueous solutions of individual surfactants having the same HLB values extracted almost the same amount of lutein. Hence, it can be concluded from these results that no surfactant—lutein interaction is responsible for the extraction of lutein.



Preliminary screenings for extraction of lutein from marigold petals powder. The results attained manifest that the extraction of lutein by non-ionic surfactant solutions, specially plurafac LF 120, gave the most lutein (8.197 ± 0.046 mg/g) among all surfactants studied. Based on these results, plurafac LF 120 was selected for further studies on the optimisation of process parameters for the extraction of lutein.




3.2. Optimization of Process Parameters for Extraction of Lutein


Previously, the optimisation of operational parameters was carried out using univariate methods. However, their main drawback is that they do not consider the effect of the interaction of different parameters. Hence, they may not produce the desired optimum results. For this study RSM using BBD was chosen for the optimisation of process conditions for the extraction of lutein. BBD was performed using an aqueous solution of plurafac LF 120 by taking a constant extraction time of 60 min. The extraction time was kept constant based on preliminary experiments in which the extraction time was varied from 30 min to 120 min. After 60 min of extraction, there was not much difference in the amount of extracted lutein. The outcome of BBD was studied in terms of lutein content (mg/g) (Y). Fifteen randomized runs were obtained by BBD as shown in Table 1.



The results obtained by the BBD model gave us the combined effect of S/L ratio—surfactant concentration, S/L ratio, temperature, and temperature-surfactant concentration on the extraction amount of lutein. After applying the multiple regression equations, a quadratic equation was selected to attain maximum lutein content. ANOVA was used to estimate the importance of the coefficients of Equation (2). The importance of the coefficients was determined on the basis of p-value and F-value. When the p-value is smaller and F-value is higher, the coefficient will be more valuable. Analysis of the variance in the regression model showed that the model is significant, as it has a high F-value (23.60) with a very low p-value (0.001), as can be seen in Table 2. Parameters can also be considered as having significance if the p-value is less than 0.05 (p < 0.05) [36]. An R2 near 100% indicates a better response, as it shows that the model fits well. The R2 for the extraction of lutein was 97.70%. This signifies that only a 3% variation in the results could not be explained by the model. In addition, the value of the adjusted R2 (93.56%) was high. This indicates a high significance of the model [37]. Statistically, the significant conditions (p< 0.05) are temperature (X1), S/L ratio (X2) and the interaction between surfactant concentration (X3) and S/L ratio (X2). The contour plots for the independent variables are shown in Figure 3. They express the dependency of lutein content on the interaction of two independent factors at the same time. Each contour plot has a middle parameter kept constant to monitor the effect of other parameters.



The contour plot for lutein content versus surfactant concentration and S/L ratio is shown in Figure 3A. It was observed from Figure 3A that, on increasing the S/L ratio from 0.003 to 0.0045, the extraction amount of lutein increased from 9 mg/g to 11 mg/g. This may be due to the sufficient mass transfer between the biomass and the solvent. Further increases in the S/L ratio caused a decrease in lutein content. This may be due to the hindrance caused by biomass in the driving force for mass transfer [38].



The contour plot for lutein content versus surfactant concentration and temperature is shown in Figure 3B. It was observed that the extraction of lutein markedly increased from 6 mg/g to 11 mg/g (with an increase in the concentration of surfactant). This increase may be attributed to the formation of micelles, which could have helped to capture most of the lutein present in biomass [39]. However, a further increase in surfactant concentration didn’t affect the extraction of lutein [40]. Similar studies were reported by Goswami et al. for cloud point extraction of nitrobenzene using Triton X-100 [41]. This may be due to a reduction in micelle size on increasing surfactant concentration. Also, an excess quantity of surfactant can also cause wastage of surfactant. Similarly, increasing the temperature, increased the extraction of lutein. The highest lutein extracted amount was at approximately 36 °C. A further increase in temperature caused lower extraction. A similar finding was reported by Boonnoun et al. [22] using liquefied dimethyl ether. This may be due to the fact that higher temperatures could have increased the diffusivity of the solvent into MPP, which could have resulted in a higher rate of dissolution of lutein into the solvent [6,42]. At very high temperatures, the decline in the amount of lutein extracted could be explained by the degradation of lutein at high temperatures [22]. Moreover, the stability of lutein decreases with an increase in temperature. Similarly, from the contour plot in Figure 3C, it was observed that with an increase in temperature from 34 °C to 40 °C, the lutein content increased from 9 mg/g to 11 mg/g. A further increase in the temperature caused a decrease in the amount of lutein extracted. The decline in lutein content could be explained by the degradation of lutein at temperatures above 40° C [22].




3.3. Validation of Process Parameters


At the predicted optimum conditions (surfactant concentration 1.53% (v/v), S/L ratio 0.004, and temperature 36.5 °C), the predicted outcome by the selected model for the optimum production of lutein extract was 11.79 mg/g. Experiments were performed at these predicted conditions. This resulted in 12.01 mg/g of lutein extracted. The obtained results showed that the experimental outcome was in good agreement with the predicted outcome. It also confirms that the BBD design approach was successfully used for the optimization of independent parameters for the extraction of lutein by surfactant-based ATPS.


  Y = − 96.52 + 4.531      X   1  + 12643      X   2  + 0.48      X   3  − 0.05979      X   1    2  − 14662933  X 2    2   − 1.516      X   3    2  − 56.3      X   1   X 2  + 0.0417      X   1   X 3  + 672      X   2   X 3     



(5)




where Y is the lutein content (mg/g), X1 is the temperature, X2 is the S/L ratio, and X3 is the surfactant concentration



The results obtained (for the extraction of lutein from MPP using surfactant-based ATPS) in this study have been tabulated in Table 3 along with results reported by other researchers. It was noted that the extraction of lutein using surfactant-based ATPS was higher than the extraction of lutein using enzyme-assisted ATPE [20] and microwave enzyme-assisted ATPE [43] techniques. This may be attributed to the good solubility of lutein in the plurafac LF 120 surfactant used in this study [44]. Boonnoun et al. reported the extraction of 16.65 mg (lutein)/g (dried marigold flower) using DME as solvent. This was attributed to the fact that the DME can dissolve most of the carotenoids below their critical temperature and pressure (126.85 °C, 53.7 bar) [45]. However, the major disadvantage of using DME lies in the solvent recovery step. Solvent recovery may degrade the extracted compound and can also have a negative impact on process economics [46]. In addition, the surfactants used for the current study are biocompatible, and hence, further purification of the extracted compound is not required.




3.4. Phase Behaviour Study of Plurafac LF 120 Surfactant


This part of the study was carried out since the cloud point extraction process is affected by many factors like cloud point temperature, surfactant concentration, and two-phase temperature [47]. The cloud point temperature is the temperature at which clear surfactant solution becomes turbid on heating [47]. The two-phase temperature is the temperature at which two phases can clearly be observed on heating the surfactant solution above the cloud point temperature. The cloud point and two-phase temperatures were determined on the basis of visual observation. From the results of our experiments, it was observed (Figure 4) that on increasing the concentration of surfactant, the cloud point temperature and two-phase temperatures decreased. The decrease in cloud point temperature and two-phase temperature on increasing surfactant concentration may be due to the increase in micelle concentration [39]. Although, a further increase in surfactant concentration beyond 1.2% (v/v) didn’t affect the cloud point temperature (Figure 4). The effect of biomass on the cloud point and two-phase temperatures at different surfactant concentrations was also studied. It was observed (Figure 4) that, on adding biomass, both the cloud point temperature and the two-phase temperature increased compared to the solution without biomass.




3.5. Cloud Point Extraction


After demonstrating that aqueous solutions of non-ionic surfactants can be efficiently used for the extraction of lutein from MPP, we looked into concentrating lutein using cloud point extraction (CPE). Cloud point extraction allows us to concentrate lutein in the coacervate phase. This helps in reducing the water content of the lutein extract. This is one of the advantages of cloud point extraction in comparison to the extraction of biomolecules using volatile organic solvents.



CPE was carried out using plurafac LF 120 as a solvent under the optimised conditions (Temperature = 37.5 °C, S/L ratio = 0.0037, Surfactant Concentration = 1.5% (v/v)) obtained by BBD. The lutein extract obtained was placed at 40 °C for 40 min to achieve two-phase separation. The lower phase consisted of a small volume of surfactant-rich phase enriched with lutein. The upper phase consisted of a large volume of water with a much lower amount of surfactant and lutein. Using the above approach, a concentrated form of lutein could be obtained in the surfactant-rich phase with a separation efficiency of 95.6%.




3.6. SEM Analysis


The morphology of the marigold petal powder before and after extraction was studied using scanning electron microscopy (JEOL 6380 A). This analysis was carried out to check the effects of surfactants and solvents on MPP. From Figure 5A it was observed that the surface before treatment had a well-organised smooth surface, which was found to be distorted after the extraction process. After treatment with solvent and surfactant, many pores on the surface of biomass were observed as can be seen in Figure 5B,C. This may be due to the diffusion of solvent inside the MPP matrix, which might have led to the leaching of biomolecules present inside it [48].




3.7. DPPH Scavenging Activity


Non-ionic surfactants have been used in this study for the extraction of lutein. These surfactants are biodegradable. Hence, the antioxidant activity of surfactant–lutein extracts was evaluated to assess the feasibility of direct use of these extracts without any further recovery step. The antioxidant activity of lutein extracts was studied using DPPH free-radical scavenging assay by taking ascorbic acid as a positive control. The antioxidant activity of an aqueous solution of plurafac LF 120 surfactant containing lutein extract before and after cloud point extraction was evaluated. Also, the antioxidant activity of lutein extracts obtained by organic solvents had been evaluated for comparison. The antioxidant activity of an aqueous solution of plurafac LF 120 was also evaluated as a control. The lutein extracts obtained with THF and acetone showed comparable IC50 values (38.05 ± 0.95 µg/mL, 39.95 ± 0.855 µg/mL). The lutein extract obtained by plurafac LF 120 showed a lower IC50 value (33.7 ± 0.52 µg/mL) than the lutein extracts obtained with the solvents. The IC50 value of lutein (35 µg/mL) by DPPH scavenging assay was reported by Sindhu et al. [49]. It was also observed that the IC50 value of surfactant–lutein extract was not affected by the presence of surfactant. This was evidenced by the null IC50 value of the aqueous solution of surfactants.



It was observed from Figure 6 that all extracts containing lutein showed lower IC50 than ascorbic acid. Wang et al. suggested that the high antioxidant activity in marigold petal extract is due to the presence of lutein in comparison to other biomolecules present [50]. In conclusion, these findings suggest the direct use of surfactant phase containing lutein in nutraceutical and cosmetics applications may be possible without carrying out an additional purification step.





4. Conclusions


A non-toxic, efficient, and robust extraction method for lutein from marigold flower petals has been developed. Plurafac LF 120 was selected for the extraction of lutein based on preliminary screening of multiple surfactants. Under optimized conditions (Temperature = 37.5 °C, Extraction time = 1 h, S/L = 0.00375, & Surfactant amount = 1.5% (v/v)), 12.12 ± 0.16 mg/g of lutein was obtained. Results obtained from BBD suggested that temperature, S/L ratio, and the interaction between surfactant concentration and S/L ratio played a major role in the extraction of lutein. The concentration of lutein was achieved by cloud point extraction, which led to a separation efficiency of 95.6%. It was also observed that lutein-rich extracts in an aqueous surfactant solution showed higher antioxidant activity than lutein extracts obtained by organic solvents. The results exhibit the potential use of non-ionic surfactants as solvents for the successful extraction of lutein.
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	MPP
	Marigold petal powder



	P
	Pluronic surfactants



	PF 120
	Plurafac LF 120



	L
	Lutensol Surfactants



	ATPS
	Aqueous Two-Phase System



	CMC
	Critical Micelle Concentration



	HLB
	Hydrophilic-lipophilic balance
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Figure 1. Extraction of lutein using different non-ionic surfactants. 
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Figure 2. Effect of HLB value (hydrophile—lipophile balance) on the extraction of lutein by a combination of two surfactants. 
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Figure 3. Contour plots representing the effect of the interaction between two independent parameters on lutein extraction. (A): represents the effect of interaction of surfactant concentration and S/L ratio on lutein content, (B): represents the effect of interaction of surfactant concentration and temperature on lutein content, (C): represents the effect of interaction of S/L ratio and temperature on lutein content). 
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Figure 4. Phase diagram of plurafac LF 120. 
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Figure 5. SEM analysis of MPP: (A–C) represent MPP before treatment, after treatment with solvent, and after treatment with surfactant. (1) and (2) represent images at two different magnifications. 
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Figure 6. IC50 Values of different lutein extracts. 
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Table 1. Box-Behnken Matrix with experimental response.






Table 1. Box-Behnken Matrix with experimental response.





	Run No.
	Temperature

(X1)
	S/L (X2)
	Surfactant Concentration (X3)
	Lutein Content

(Y)





	1
	30
	0.0025
	1.5
	6.01 ± 0.13



	2
	37.5
	0.0025
	0.5
	7.89 ± 0.14



	3
	37.5
	0.0025
	2.5
	6.20 ± 0.14



	4 *
	37.5
	0.00375
	1.5
	12.12 ± 0.16



	5
	37.5
	0.00375
	1.5
	11.98 ± 0.13



	6
	45
	0.0025
	1.5
	4.90 ± 0.07



	7
	30
	0.00375
	0.5
	7.52 ± 0.04



	8
	45
	0.005
	1.5
	5.01 ± 0.03



	9
	37.5
	0.005
	0.5
	7.89 ± 0.07



	10
	37.5
	0.005
	2.5
	9.56 ± 0.07



	11
	30
	0.005
	1.5
	8.23 ± 0.13



	12
	45
	0.00375
	2.5
	6.72 ± 0.08



	13
	30
	0.00375
	2.5
	6.98 ± 0.10



	14
	37.5
	0.00375
	1.5
	10.96 ± 0.08



	15
	45
	0.00375
	0.5
	6.01 ± 0.13







* Optimized operating conditions for the maximum extraction of lutein
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Table 2. Estimated coefficients for Lutein content.
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Source

	
F-Value

	
p-Value






	
Model

	
23.60

	
0.001




	
Linear

	
17.74

	
0.022




	
X1

	
31.76

	
0.015




	
X2

	
20.20

	
0.019




	
X3

	
11.24

	
0.932




	
Square

	
58.44

	
0.000




	
X12

	
118.78

	
0.000




	
X22

	
54.86

	
0.000




	
X32

	
24.13

	
0.058




	
2—way Interaction

	
4.10

	
0.081




	
X1 × X2

	
3.17

	
0.135




	
X1 × X3

	
1.11

	
0.340




	
X2 × X3

	
8.03

	
0.035




	
R2

	
97.70%




	
R2a

	
93.56%
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Table 3. Different extraction methods used by different authors for the extraction of lutein.
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	S. No
	Source
	Methods of Extraction
	Solvents
	Conditions
	Extracted Amount of Lutein Content
	Year
	References





	1.
	Marigold flowers
	Supercritical CO2 Extraction
	Soyabean oil as co-solvent
	58.7 °C, 35.5 MPa, CO2 flow rate of 19.9 L⁄ h with 6.9% of soybean oil
	10.397 mg/g
	2007
	[42]



	2.
	Marigold flowers
	Solvent extraction
	Hexane
	40 °C,

solvent/material 5 L/kg
	2.13 mg/g
	2007
	[6]



	3.
	Marigold flowers
	(SC-CO2) Extraction & ultrasound
	Supercritical Carbon dioxide
	55 °C, extraction pressure of 32.5 MPa, CO2 flow rate of 10 kg/h
	6.90 mg/g
	2009
	[43]



	4.
	Marigold flowers
	Solvent extraction
	(DME)–KOH–EtOH mixture
	35 °C, Solvent: marigold flowers 33:0.5 (w/w), extraction time 1 h
	16.65 mg/g
	2017
	[22]



	5.
	Marigold flowers
	Enzyme assisted ATPE
	Ethanol/ammonium sulphate system
	37 °C enzymolysis temperature 30% (w/w) ethanol/19% (w/w) ammonium sulphate, and Extraction time 117 min
	5.59 mg/g
	2018
	[20]



	6.
	Marigold flowers
	microwave and enzyme co-assisted ATPE
	ethanol/ammonium sulphate
	45 °C enzymolysis temperature 28% ethanol/20% ammonium sulphate, Extraction time of 150 min
	7.32 mg/g
	2018
	[43]



	7.
	Marigold flowers
	Solvent free extraction
	Canola oil
	0.2 g dried flower/mL oil
	6.05 mg/g
	2019
	[5]



	8.
	Marigold flowers
	Microemulsion technique
	Lecithin, sunflower oil
	25 °C, S/L: 20 mg of MPP/10 mL of acetone, mixed for 30 min at 300 rpm
	14.51 mg/g
	2020
	[21]



	9.
	Marigold flowers
	Surfactant-based ATPS
	Various non-ionic surfactant solutions
	37.5 °C, S/L = 0.00375, Surfactant Concentration = 1.5% (v/v)
	12.12 mg/g
	
	This study
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