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Abstract

:

Zeaxanthin and lutein have a wide range of pharmacological applications. In this study, we conducted systematic experimental research to optimize antioxidant extraction based on detection, extraction, process amplification, and purification. An ultrasonic-assisted method was used to extract zeaxanthin and lutein with high efficiency from corn gluten meal. Firstly, the effects of solid-liquid ratio, extraction temperature, and ultrasonic extraction time on the extraction of zeaxanthin were investigated in single-factor experiments. The optimization extraction parameters of zeaxanthin and lutein with ethanol solvent were obtained using the response surface methodology (RSM) as follows: liquid–solid ratio of 7.9:1, extraction temperature of 56 °C, and extraction time of 45 min. The total content of zeaxanthin and lutein was 0.501%. The optimum extraction experimental parameters were verified by process amplification, and we confirmed that the parameters of the extraction process optimized using the RSM design are reliable and precise. Zeaxanthin and lutein from crude extract of corn gluten were separated and purified using silica gel column chromatography with the purity of zeaxanthin increasing from 0.28% to 31.5% (about 110 times) and lutein from 0.25% to 16.3% (about 65 times), which could be used for large-scale industrial production of carotenoids.
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1. Introduction


Natural bioactive substances in animals and plants are important sources of clinical and health foods [1,2,3,4]. Zeaxanthin and lutein, with strong antioxidant activity, can significantly alleviate visual fatigue and reduce the risk of macular degeneration and cataracts [5,6,7,8,9]. They also function in regulating the animal immune response, enhancing macrophage activity, inhibiting the proliferation of tumor cells, and modifying cell surface markers and signal molecules [10,11]. Therefore, zeaxanthin and lutein are excellent food nutritional additives, and have been widely used in several fields, such as food, medicine, and cosmetics. Many countries have approved zeaxanthin and lutein from naturally-derived sources as food colorants and dietary supplements [12].



Corn is one of the most widely grown cereal crops and an important source of food for humans and livestock. Corn gluten meal, a by-product after processing into starch, contains many important carotenoids, such as zeaxanthin (1) and lutein (2), as shown in Scheme 1, respectively [13]. To ensure the full use of biological activated substances, many extraction techniques have been used for extracting carotenoids, including organic solvents, microwave-assisted methods, ultrasonic-wave-assisted methods, and supercritical fluid [14,15,16]. Among them, ultrasonic-wave-assisted extraction requires less time and is highly efficient, which may be due to the high cavitation effect of ultrasonic waves, and, more importantly, provides a high extraction rate under low temperature conditions, which is a new technology that has attracted widespread attention in the extraction of natural products [17,18,19]. Low temperature extraction conditions prevent the instability of zeaxanthin and lutein that occurs at high temperatures, thus improving the extraction rate. Therefore, ultrasound-assisted methods are a suitable choice for the extraction zeaxanthin and lutein from corn gluten meal.



The response surface method (RSM) is a combination of statistical and mathematical methods, and is an effective tool for solving the relationship between random variables and system responses of complex systems using statistical comprehensive experimental techniques. RSM has been widely used in the development, improvement, and optimization of natural product extraction conditions [20,21,22,23]. Zeaxanthin and lutein are isomers of each other and have almost the same chemical structure, only different in the position of one C=C bond (Scheme 1). Therefore, separating and detecting zeaxanthin and lutein by HPLC is difficult because of their similar polarities. Many researchers have attempted to separate and analyze zeaxanthin and lutein. Although good separation has been obtained on C30 and chiral columns, the results of the separation analysis were not satisfactory on the C18 column [24,25,26,27]. So, establishing a simultaneous detection method of zeaxanthin and lutein on the C18 column is important.



At present, the feasibility of using multi-response optimization of the extraction procedure via the RSM method has not yet been explored, and no systematic study has been conducted on the extraction and purification of zeaxanthin and lutein from corn processing by-products. Hence, we aimed to apply the RSM method to find the optimal extraction process parameters of zeaxanthin and lutein in corn gluten meal, and then the crude extract product was further purified to obtain high purity zeaxanthin and lutein. A rapid and simple HPLC method was established for the identification and quantification of zeaxanthin and lutein using the C18 column. These findings lay the foundation for the development of highly biologically active products from corn by-products.




2. Results and Discussion


2.1. Zeaxanthin and Lutein Method Development


Zeaxanthin and lutein are carotenoids, which are the isomeric compounds. The C18 chromatographic column has a weak ability to separate them, so it has a strict requirement for the selection and proportion of the mobile phase. In this study, a variety of solvents (methanol, acetonitrile, water, dichloromethane, and ethyl acetate) were used to screen mobile phase systems. The experimental results when using different solvents as the mobile phase showed that the methanol/water and acetonitrile/water systems are accompanied by a slight tailing of the zeaxanthin and lutein peaks during the separation process. After replacing the water with methylene chloride or ethyl acetate, we found that the peak shapes of zeaxanthin and lutein significantly improved, and the improvement effect of acetonitrile/methylene chloride was better due to the strong elution ability of acetonitrile and the better solubility of zeaxanthin and lutein by methylene chloride. Therefore, acetonitrile and dichloromethane were selected as the mobile phase system, and the chromatographic conditions were: acetonitrile/dichloromethane = 95:5 (v/v), detection wavelength 450 nm, flow rate 1 mL/min, and temperature 25 °C. Zeaxanthin and lutein were separated at baseline, the retention time was moderate, and the peak shape was sharp and symmetrical. Zeaxanthin and lutein almost reached the separation effect on the C30 column using acetone/water as the mobile phase [24,27], but they were not separated on the C18 column [27]. The extraction program, linearity range, precision, stability, reproducibility, and recovery rate were confirmed by the experiment. The peaks of zeaxanthin and lutein appeared at 11.4 min and 12.4 min with a separation factor of 1.07 and resolution of 1.27. The zeaxanthin and lutein retention factors are 5.73 and 6.16, respectively. The standard chromatogram is shown in Figure 1A, and the theoretical plate of the chromatographic column was not less than 3000.



2.1.1. Precision and Stability Experiments


The precision of the method was determined by measuring zeaxanthin and lutein standard solutions in parallel five times. The results of the precision and stability experiments are shown in Table 1. The coefficient of variation (%RSD) values of the precision experiments were 1.44% and 1.77%, indicating that the test method had satisfactory precision and is suitable for actual sample determination and analysis of zeaxanthin and lutein content. The zeaxanthin and lutein sample solutions were placed at 25 °C for 12 h and analyzed every two hours. The %RSD values of the stability experiments were 1.93% and 1.73%, indicating that the sample has good stability over 12 h.




2.1.2. Reproducibility and Recovery of Zeaxanthin and Lutein


The reproducibility of the zeaxanthin and lutein separation method was determined. The process was repeated five times and the 0.91% and 0.75% RSD values show that the determination method has good repeatability (Table 1).



Zeaxanthin and lutein recovery content was obtained from the determination of five samples (repeated five times). The recovery of zeaxanthin was 0.228 mg after adding zeaxanthin (0.121 mg). The recovery of lutein was 0.166 mg after adding zeaxanthin (0.101 mg). The recovery rate was calculated as follows:


Recovery rate (%)=(detected value−original value)added value×100



(1)







The recovery rate of zeaxanthin was 100.16% and the RSD was 2.40%; the recovery rate of the lutein was 98.81% and the RSD was 2.59%, which indicate that the determination method had sufficiently satisfactory accuracy to be used for actual sample analysis of zeaxanthin and lutein.



The methodological verification proved that the analysis method is accurate and reliable. In the determination of the sample, zeaxanthin, lutein, and impurity peaks had a high degree of separation, indicating the method can be used for the rapid qualitative and quantitative analysis of zeaxanthin and lutein in the product.




2.1.3. Determination of Sample Content


The sample solution was prepared according to the “Sample preparation” Section 3.2, and the zeaxanthin and lutein contents were determined according to the optimized chromatographic conditions. The chromatograms of zeaxanthin and lutein determination are shown in Figure 1B. According to the peak area and the standard working curve of zeaxanthin and lutein, the zeaxanthin and lutein contents in corn gluten meal were 229 μg/g and 166 μg/g, respectively.





2.2. Analysis of Single Factor Test Results


Given the consistency in the variation trend in the extraction rate of zeaxanthin and lutein, the content of zeaxanthin could be used as a reference index in single factor and RSM tests. Choosing the right solvent is crucial to improving extraction efficiency. Ethanol has the strongest cell-penetrating ability, so zeaxanthin and lutein can be rapidly extracted from corn gluten meal. Ethanol is also the least toxic to the human body. An ultrasound power of 250 W with 40 kHz, as the most conventional ultrasonic apparatus in the laboratory, was applied for the extraction optimization. Therefore, the effects of solid–liquid ratio, temperature, and ultrasonic extraction time on the content of zeaxanthin and lutein were investigated in detail, and the parameters of extraction process were optimized with corn gluten meal as the raw material and ethanol as the extraction solvent.



2.2.1. Effect of Liquid-to-Solid Ratio on Extraction


A high extraction rate can be obtained by selecting an appropriate liquid-to-solid ratio during solvent extraction. Extraction solvent deficiency may result in low extraction rates (incomplete extraction), and the solvent volume must ensure complete immersion of the plant matrix material, but excessive solvent may result in lower extraction rates and solvent waste. The zeaxanthin contents with different liquid–solid ratios were evaluated using single factor analysis. The effect of liquid–solid ratio on zeaxanthin and lutein content is shown in Figure 2A. The liquid-to-solid ratio was set to 3:1, 5:1, 7:1, 9:1, and 11:1 at a temperature at 60 °C and ultrasonic extraction time of 10 min. When the liquid-solid ratio was 7:1, the zeaxanthin and lutein contents were nearly maximized compared with the liquid-solid ratios of 9:1. Therefore, the optimum range of the liquid-solid ratio in extraction was determined to range from 7:1 to 9:1.




2.2.2. Effect of Temperature on Extraction


Temperature is an important factor affecting extraction. Generally, the diffusion and mass transfer can be accelerated at higher temperatures, which is advantageous for improving the extraction efficiency. However, excessively high temperatures destabilize the highly active compound. Therefore, choosing the right temperature is key to achieving a high extraction rate. The effect of temperature on the contents of zeaxanthin and lutein was further studied as depicted in Figure 2B. The extraction temperatures were set at 30, 40, 50, 60, and 70 °C. The contents of zeaxanthin and lutein increased and nearly reached a maximum at 60 °C under the optimal liquid–solid ratio of 7:1 and an ultrasonic extraction time of 10 min. The contents of zeaxanthin and lutein slightly reduced when the temperature was 70 °C. Based on this result, best temperature range of the RSM test was found to range from 50 to 70 °C.




2.2.3. Effect of Time on Extraction


Extraction time is another important parameter in solvent extraction. At its core is the process through which the active components in the plant substrate are transferred to the extraction solvent via diffusion and permeation. The effect of extraction time on the extraction content is displayed in Figure 2C. Ultrasonic extraction time was set to 20, 30 40, 50, and 60 min at the optimal liquid–solid ratio of 7:1 and temperature of 60 °C, and the extraction yields of zeaxanthin and lutein were found to have no significant change after 40 min and tended to stabilize, which indicates that the appropriate extraction time is probably between 30 and 50 min, and the extraction time of the RSM test was selected to range from 30 min to 50 min.





2.3. Optimization of Extraction by RSM


Single factor test could not investigate the interaction between the factors, whereas RSM test has many advantages such as faster testing times and obtaining reliable data. The effects of liquid–solid ratio, extraction temperature, and extraction time on the content of zeaxanthin were further studied using RSM based on the box-Behnken design (BBD) to optimize the extraction conditions. Three factors (liquid–solid ratio, extraction temperature, and ultrasound time) and three levels (5:1, 7:1, and 9:1 solid-liquid ratio; 40, 50, and 60 °C extraction temperature; and 30, 40, and 50 min ultrasound time) were adopted to design the RSM experiments. All tests were conducted in random order, and the list of experimental groups and the obtained results are provided in Table 2.



Multivariate regression fitting of data was performed using Design Expert software (Version 8.0.6; Stat-Ease Inc., Minneapolis, MN, USA) to obtain a function of the zeaxanthin extraction rate: Y = −1.27 × 103 + 106A + 22.1B + 18.7C − 6.98A2 − 0.131B2 − 0.0790C2 + 0.149AB − 0.224AC − 0.164BC, where Y is the extraction yield of zeaxanthin (µg/g), A is the liquid−solid ratio (mL/g), B is the extraction temperature (°C), and C is ultrasonic extraction time (min).



The ANOVA in Table 3 shows the p–value was <0.0001 and the model F-value was 1673, which implies the regression model and model are highly statistically significant, respectively. A p-value < 0.01 of the model terms indicates that the regression model is extremely significant. The lack of fit item of a p-value of 0.1712 and an associated F-value of 2.82 implies that lack of fit is not significant relative to the pure error. The adjusted correlation coefficient (Adj-R2) and predicted correlation coefficient (Pred-R2) were 0.9989 and 0.9947, respectively, indicating that the model fits well with high correlation between the measured and predicted data from the regression model. Therefore, this model can be used to analyze and predict the extraction process conditions of zeaxanthin.



Response surface analysis was used to determine the effect of independent variables on the average extraction rate of zeaxanthin. The ordinate and the abscissa represent the extraction yields and any two variables, respectively. The three-dimensional profiles indicate how any two variables affect the extraction yield. The effects of temperature, liquid-solid ratio, and time of extraction on the extraction yield are shown in Figure 3. Extraction yield gradually increased with temperature, liquid–solid ratio, and time at approximately 40 to 60 °C, 3:1 to 7:1, and 30 to 45 min, respectively. Further increases in these parameters led to a decrease in the extraction rate of zeaxanthin. The surfaces have obvious upper convex in Figure 3a,b and slight upper convex in Figure 3c with a maximum value at the center of the response surface, which confirm the rationality of the experimental models. Based on the multivariate regression fitting equation, the optimized extraction conditions were obtained: 7.89:1 liquid–solid ratio, 56.4 °C extraction temperature, and 45.16 min ultrasonic extraction time, resulting in a predicted extraction yield of 214 µg/g.



After the optimum scheme was determined, the verification tests were performed at the optimum conditions of 7.9:1 liquid–solid ratio, 56 °C extraction temperature, and 45 min ultrasonic extraction time. Three parallel experiments were performed using screening scheme to obtain an average zeaxanthin yield of 212 µg/g, which was close to the predicted value 214 µg/g. These results demonstrate that the model is adequate for predicting the optimization. Therefore, the optimized extraction scheme obtained by the RSM test can be used to determine the optimal extraction conditions for zeaxanthin and lutein. Under this condition, the average weight of the crude extract was 0.396 g from 5 g corn gluten meal (yield = 7.92%), the zeaxanthin and lutein contents in crude extract were 0.28% and 0.23% by HPLC, the total yield was 397 μg/g, and the total content of zeaxanthin and lutein was 0.51%.




2.4. Verification of Process Amplification


To verify the feasibility of the optimized extraction experimental parameters in the production process. We performed a sample extraction 100× magnification experiment three times using the optimum conditions (liquid–solid ratio, 7.9:1; temperature, 56 °C, and extraction time, 45 min), and the yields of zeaxanthin and lutein and crude extract were calculated. The average total content of zeaxanthin and lutein was 0.745%, and the average yield of crude product was 6.28%. The experimental results confirmed that the parameters of extraction process optimized using RSM design are reliable and precise.




2.5. Purification of Zeaxanthin and Lutein


Silica gel is a commonly used purification medium with abundant adsorption groups on its surface. It has excellent adsorption capacity and separation degree for zeaxanthin, lutein, and other pigments. The irreversible adsorption rate of zeaxanthin and lutein on silica gel is only 7.6%, which is a good material for the purification of zeaxanthin and lutein. Silica gel was used as a separation medium for the purification of the crude product, which was wet-packed into a chromatography column with petroleum ether. The crude product was dissolved in petroleum ether and loaded; the mobile phase was petroleum ether:ethyl acetate = 7:3 (v/v), The pigment belt solution was collected in stages, the composition of the eluent was examined by TLC, and the eluate of the zeaxanthin and lutein fractions were evaporated solvent in a vacuum and freeze-dried. The samples before and after purification were qualitatively and quantitatively analyzed. The content of zeaxanthin increased from 0.28% to 31.5% (about 110 times) and lutein increased from 0.25% to 16.3% (about 65 times) after a single purification by silica gel column chromatography. The purity of silica-gel-purified zeaxanthin was higher than that of macroporous adsorption resin for lycopene (30-fold increase) [28,29]. The HPLC chromatograms and ultraviolet visible scanning spectrum (200–800 nm) of the purified sample and standard sample are shown in Figure 4A,B; the absorption curves of purified sample and standard sample are basically the same. No impurity absorption peaks were observed in the ultraviolet region. High-resolution mass spectrometry characterization showed that the molecular weight of zeaxanthin and lutein obtained by separation and purification was 568.4289 (theoretical value 568.4280). These results show that silica gel column chromatography has a good effect on the purification of zeaxanthin and lutein crude products.





3. Materials and Methods


3.1. Samples and Chemicals Reagents


Zeaxanthin standard (batch number: KJ0618SA14, purity ≥ 85%) and lutein standard (batch number: F04N6M5261, purity ≥ 90%) were purchased from Yuanye Biotechnology Company Ltd. (Shanghai, China). Corn gluten meal was obtained from Geely Fish Bait Factory (Henan, China). Silica gel (200–300 mesh) was obtained from Qingdao Jiyida Silica Reagent Company Ltd. (Qingdao, China). Dichloromethane (HPLC grade), 95% ethanol, and ethyl acetate (analytical grade) were obtained from Kemiou Chemical Reagent Company Ltd. (Tianjin, China). Acetonitrile (HPLC grade) was purchased from Yuwang Industrial Company Ltd. (Shandong, China). Petroleum ether (analytical grade) was purchased from Sinopharm Chemical Reagent Company Ltd. (Shanghai, China). Methylene chloride (analytical grade) was obtained from Fuyu Fine Chemical Company Ltd. (Tianjin, China).




3.2. Sample Preparation


We accurately weighed 2.5 mg lutein and 1.0 mg zeaxanthin, which were placed in a 25 mL brown volumetric flask. After dissolving in a mobile phase, the volume was adjusted and shaken to produce a mixed reference solution, which was stored in the dark and protected from light.



We used a proper amount of dried corn gluten meal, ground it into a powder, passed it through a 30-mesh sieve as an extraction material, and stored it in the dark at room temperature.




3.3. Zeaxanthin and Lutein Extraction Protocol


The ultrasound apparatus with a power of 250 W and 40 kHz was purchased from Kunshan Ultrasonic Instruments Co., Ltd. (Kunshan, China). We added 1 g corn gluten meal and 7 mL 95% ethanol into a round-bottom flask, which was blended and placed in water for ultrasonic extraction for 40 min at 60 °C. The extraction was repeated twice, and we collected the filtrate. The precipitated protein was filtered, then transferred into a volumetric flask, and stored in low temperature without light. All samples were filtrated using a 0.45 μm filter membrane, and then determined by HPLC.




3.4. HPLC Identification and Quantification


The LC-10A HPLC (Shimadzu, Kyoto, Japan) was equipped with LC-10ATvp binary pump (Shimadzu, Kyoto, Japan), SIL-10A autosampler (Shimadzu, Kyoto, Japan), and SPD-M10Avp detector (Shimadzu, Kyoto, Japan). The instrument was controlled by a computer and the Lab Solutions (Shimadzu, Kyoto, Japan) chromatography workstation was used to analyze the data. To obtain better chromatographic peaks of zeaxanthin and lutein, various mobile phase systems were optimized, and the optimal chromatographic separation conditions were determined. The Shimadzu® C18 column (4.6 mm × 250 mm, 5 μm; Kyoto, Japan) was used for the analysis of the zeaxanthin and lutein contents. The optimum chromatographic conditions for the flow rate, detection wavelength, column temperature, and the injection volume were selected as 1.0 mL/min, 450 nm, 25 °C, and 20 μL, respectively. The mobile phase consisted of acetonitrile/dichloromethane (95:5, v/v).




3.5. Linear Range and Standard Curve Determination


Zeaxanthin standard substance was precisely weighed (20.0 mg) and dissolved in a 100 mL brown volumetric flask with the mobile phase as the stock solution (contain zeaxanthin 170 μg/mL), and stored at −18 °C in a refrigerator in nitrogen away from light. The concentrations (35, 70, 105, 140, and 175 μg/mL) were produced from a stock solution using the mobile phase, and the standard curve was established from the content measurement by linear regression. The fitting equation is y = 42155x + 291397. The coefficient of determination (R2) value (0.999) revealed a good linearity for the selected range of zeaxanthin (35–175 μg/mL).



Lutein standard substance with a lutein content of 90% was precisely weighed (27.8 mg) and dissolved in 100 mL mobile phase in a brown volumetric flask as the stock solution (containing 250 μg/mL lutein), which was stored in a −18 °C refrigerator and sealed with nitrogen. The stock solution was then diluted to the experimental design concentrations (50, 100, 150, 200, and 250 μg/mL) using the mobile phase (95:5, v/v) to produce five experimental working points by the relationship between peak area and concentration. The standard working curve was determined by linear regression fitting, and the fitting equation is y = 34632x + 317906. The R2 value (0.998) showed a good linearity for the selected range of lutein (50–250 μg/mL).




3.6. Data Analysis


The experimental results were repeated at least three times unless otherwise noted. Design Expert 8.0 (DE, Stat-Ease, Inc., Minneapolis, MN, USA) was used for analysis of experimental data and obtaining the response models. All analyses were performed in triplicate (unless specified), and we report the mean to eradicate any discrepancies as the final test result.





4. Conclusions


In this study, a HPLC method with high sensitivity and good repeatability was established for the simultaneous separation and detection of zeaxanthin and lutein using a C18 column. This method can be used as a quality control method for the determination of zeaxanthin and lutein in feed, food additives, health care products, and other products. Through the RSM test, we determined the optimum extraction parameters as follows: extraction solvent 95% ethanol, ratio of liquid to material 7.89:1, extraction temperature 56.4 °C, and extraction time 45.16 min. Under these conditions, the total yield of zeaxanthin and lutein was 397 μg/g. The purities of zeaxanthin and lutein were 31.5% and 16.3%, respectively, after purification by silica gel column. This work lays a foundation for the comprehensive use of corn gluten meal resources and the development of zeaxanthin- and lutein-related products.







Author Contributions


Conceptualization, M.L and Q.W.; formal analysis, L.W.; funding acquisition, L.W. and Q.W.; investigation, L.W.; methodology, L.W., J.H., W.L., R.D. and J.L.; supervision, M.L. and Q.W.; writing—original draft L.W.; writing—review and editing, L.W., W.L., J.H., J.L. and Q.W.




Funding


This study was funded by the National Natural Science Foundation of China (NSFC) (21405162), the Natural Science Foundation of Shandong Province (ZR2017MEEO59, ZR2019MB035), the Project of Shandong Province Higher Educational Science and Technology Program (J18KA293), the cultivation project of NSFC in Jining Medical University (JYP201727, JYP201728), Teacher Research Support Foundation in Jining medical university (JY2017KJ049), and the Student Innovation Training Program in Jining Medical University (cx2015053, 201610443065).




Acknowledgments


The authors would like to acknowledge all the financial support and all the participating experts. The authors also acknowledge the School of Pharmacy, Jining Medical University.




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations




	HPLC
	high performance liquid chromatography



	TLC
	thin-layer chromatography



	RSD
	relative standard deviation







References


	



Yu, Y.; Shen, M.; Song, Q.; Xie, J. Biological activities and pharmaceutical applications of polysaccharide from natural resources: A review. Carbohyd. Polym. 2018, 183, 91–101. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Zhang, Q.; Xu, Y.; Xu, Y.; Li, H.; Zhao, F.; Wang, C.; Liu, Z.; Liu, P.; Liu, Y.; et al. Synthesis and in vitro anti-inflammatory activity of C20 epimeric ocotillol-type triterpenes and protopanaxadiol. Planta Med. 2019, 85, 292–301. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.; Xu, Y.; Yang, J.; Wang, W.; Zhang, J.; Zhang, R.; Meng, Q. Discovery, semisynthesis, biological activities, and metabolism of ocotillol-type saponins. J. Ginseng Res. 2017, 41, 373–378. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; Chen, M.; Guo, Q.; Li, Y.; Jiang, J.; Shi, J. Aromatic compounds from an aqueous extract of “ban lan gen” and their antiviral activities. Acta Pharm. Sin. B 2017, 7, 179–184. [Google Scholar] [CrossRef] [PubMed]

	



Li, B.X.; Rognon, G.T.; Mattinson, T.; Vachali, P.P.; Gorusupudi, A.; Chang, F.Y.; Ranganathan, A.; Nelson, K.; George, E.W.; Frederick, J.M.; et al. Supplementation with macular carotenoids improves visual performance of transgenic mice. Arch. Biochem. Biophys. 2018, 649, 22–28. [Google Scholar] [CrossRef]

	



Mewborn, C.M.; Terry, D.P.; Renzi-Hammond, L.M.; Hammond, B.R.; Miller, L.S. Relation of retinal and serum lutein and zeaxanthin to white matter integrity in older adults: A diffusion tensor imaging study. Arch. Clin. Neuropsychol. 2018, 33, 861–874. [Google Scholar] [CrossRef]

	



Panova, I.G.; Yakovleva, M.A.; Tatikolov, A.S.; Kononikhin, A.S.; Feldman, T.B.; Poltavtseva, R.A.; Nikolaev, E.N.; Sukhikh, G.T.; Ostrovsky, M.A. Lutein and its oxidized forms in eye structures throughout prenatal human development. Exp. Eye Res. 2017, 160, 31–37. [Google Scholar] [CrossRef]

	



Sahin, K.; Akdemir, F.; Orhan, C.; Tuzcu, M.; Gencoglu, H.; Sahin, N.; Ozercan, I.H.; Ali, S.; Yilmaz, I.; Juturu, V. (3R, 3′R)-zeaxanthin protects the retina from photo-oxidative damage via modulating the inflammation and visual health molecular markers. Cutan. Ocul. Toxicol. 2019, 38, 161–168. [Google Scholar] [CrossRef]

	



Hu, J.X.; Lu, W.H.; Lv, M.; Wang, Y.L.; Ding, R.F.; Wang, L.T. Extraction and purification of astaxanthin from shrimp shells and the effects of different treatments on its content. Rev. Bras. Farmacogn. Braz. J. Pharmacogn. 2019, 29, 24–29. [Google Scholar] [CrossRef]

	



Chung, R.W.S.; Leanderson, P.; Lundberg, A.K.; Jonasson, L. Lutein exerts anti-inflammatory effects in patients with coronary artery disease. Atherosclerosis 2017, 262, 87–93. [Google Scholar] [CrossRef]

	



Juin, C.; de Oliveira, R.G.; Fleury, A.; Oudinet, C.; Pytowski, L.; Berard, J.B.; Nicolau, E.; Thiery, V.; Lanneluc, I.; Beaugeard, L.; et al. Zeaxanthin from porphyridium purpureum induces apoptosis in human melanoma cells expressing the oncogenic BRAF V600E mutation and sensitizes them to the BRAF inhibitor vemurafenib. Rev. Bras. Farmacogn. Braz. J. Pharmacogn. 2018, 28, 457–467. [Google Scholar] [CrossRef]

	



Aguilar, F.; Dusemund, B.; Galtier, P.; Gilbert, J.; Gott, D.M.; Grilli, S.; Gürtler, R.; König, J.; Lambré, C.; Larsen, J.-C.; et al. Scientific opinion on the re-evaluation of lutein (E 161b) as a food additive. EFSA J. 2010, 8, 1678. [Google Scholar]

	



Cobb, B.F.; Kallenbach, J.; Hall, C.A.; Pryor, S.W. Optimizing the supercritical fluid extraction of lutein from corn gluten meal. Food Bioprocess Technol. 2018, 11, 757–764. [Google Scholar] [CrossRef]

	



Kang, J.H.; Kim, S.; Moon, B. Optimization by response surface methodology of lutein recovery from paprika leaves using accelerated solvent extraction. Food Chem. 2016, 205, 140–145. [Google Scholar] [CrossRef] [PubMed]

	



Liu, H.C.; Zhang, Y.; Zheng, B.; Li, Q.W.; Zou, Y.H. Microwave-assisted hydrolysis of lutein and zeaxanthin esters in marigold (Tagetes erecta L.). Int. J. Food Sci. Nutr. 2011, 62, 851–856. [Google Scholar] [CrossRef] [PubMed]

	



Hsu, Y.W.; Tsai, C.F.; Chen, W.K.; Ho, Y.C.; Lu, F.J. Determination of lutein and zeaxanthin and antioxidant capacity of supercritical carbon dioxide extract from daylily (Hemerocallis disticha). Food Chem. 2011, 129, 1813–1818. [Google Scholar] [CrossRef]

	



Yingngam, B.; Zhao, H.; Baolin, B.; Pongprom, N.; Brantner, A. Optimization of ultrasonic-assisted extraction and purification of rhein from cassia fistula pod pulp. Molecules 2019, 24, 2013. [Google Scholar] [CrossRef] [PubMed]

	



Guo, H.; Zhang, W.; Jiang, Y.; Wang, H.; Chen, G.; Guo, M. Physicochemical, structural, and biological properties of polysaccharides from dandelion. Molecules 2019, 24, 1485. [Google Scholar] [CrossRef]

	



Chu, M.-J.; Du, Y.-M.; Liu, X.-M.; Yan, N.; Wang, F.-Z.; Zhang, Z.-F. Extraction of proanthocyanidins from chinese wild rice (zizania latifolia) and analyses of structural composition and potential bioactivities of different fractions. Molecules 2019, 24, 1681. [Google Scholar] [CrossRef]

	



Tan, Z.; Li, Q.; Wang, C.; Zhou, W.; Yang, Y.; Wang, H.; Yi, Y.; Li, F. Ultrasonic assisted extraction of paclitaxel from taxus x media using ionic liquids as adjuvants: optimization of the process by response surface methodology. Molecules 2017, 22, 1483. [Google Scholar] [CrossRef]

	



Liu, J.-L.; Zheng, S.-L.; Fan, Q.-J.; Yuan, J.-C.; Yang, S.-M.; Kong, F.-L. Optimization of high-pressure ultrasonic-assisted simultaneous extraction of six major constituents from ligusticum chuanxiong rhizome using response surface methodology. Molecules 2014, 19, 1887–1911. [Google Scholar] [CrossRef]

	



Pu, J.-B.; Xia, B.-H.; Hu, Y.-J.; Zhang, H.-J.; Chen, J.; Zhou, J.; Liang, W.-Q.; Xu, P. Multi-optimization of ultrasonic-assisted enzymatic extraction of atratylodes macrocephala polysaccharides and antioxidants using response surface methodology and desirability function approach. Molecules 2015, 20, 22220–22235. [Google Scholar] [CrossRef]

	



Yang, L.; Yin, P.; Fan, H.; Xue, Q.; Li, K.; Li, X.; Sun, L.; Liu, Y. Response Surface methodology optimization of ultrasonic-assisted extraction of acer truncatum leaves for maximal phenolic yield and antioxidant activity. Molecules 2017, 22, 232. [Google Scholar] [CrossRef]

	



Aman, R.; Biehl, J.; Carle, R.; Conrad, J.; Beifuss, U.; Schieber, A. Application of HPLC coupled with DAD, APcI-MS and NMR to the analysis of lutein and zeaxanthin stereoisomers in thermally processed vegetables. Food Chem. 2005, 92, 753–763. [Google Scholar] [CrossRef]

	



Warfield, J.R.; Lewis, B.J. Validation of an HPLC Method for the simultaneous determination of trans-lutein, (3R,3′R)-trans-zeaxanthin, and (3R,3′S)-trans-zeaxanthin. J. AOAC Int. 2013, 96, 630–634. [Google Scholar] [CrossRef]

	



Prado-Cabrero, A.; Beatty, S.; Stack, J.; Howard, A.; Nolan, J.M. Quantification of zeaxanthin stereoisomers and lutein in trout flesh using chiral high-performance liquid chromatography-diode array detection. J. Food Compos. Anal. 2016, 50, 19–22. [Google Scholar] [CrossRef]

	



Li, N.; Zhang, X.; Cui, Y.; Liu, G.; Li, X.; Chen, S.; Li, Y. Determination of lutein and zeaxanthin in Tagetes erecta L. by HPLC. Chin. J. New Drugs 2006, 15, 1381–1382. [Google Scholar]

	



Liu, Y.; Liu, J.; Chen, X.; Liu, Y.; Di, D. Preparative separation and purification of lycopene from tomato skins extracts by macroporous adsorption resins. Food Chem. 2010, 123, 1027–1034. [Google Scholar] [CrossRef]

	



Pei, D.; Wu, X.; Liu, Y.; Huo, T.; Di, D.; Guo, M.; Zhao, L.; Wang, B. Different ionic liquid modified hypercrosslinked polystyrene resin for purification of catechins from aqueous solution. Colloid. Surf. A 2016, 509, 158–165. [Google Scholar] [CrossRef]












	
	
Sample Availability: Samples of the compounds are available from the authors.












[image: Molecules 24 02994 sch001 550]





Scheme 1. The chemical structure of zeaxanthin (1) and lutein (2). 
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Figure 1. (A) The standard chromatogram and (B) determination chromatogram of zeaxanthin and lutein in corn gluten meal. 
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Figure 2. The effect of (A) solid–liquid ratio, (B) temperature, and (C) extraction time on the content of zeaxanthin and lutein (n = 3). 
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Figure 3. Response surface curves for the effects of (a) liquid–solid ratio and extraction temperature, (b) liquid–solid ratio and ultrasonic extraction time, and (c) extraction temperature and ultrasonic extraction time on the extraction yield of zeaxanthin. 
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Figure 4. The purity testing of zeaxanthin and lutein: (A) HPLC chromatogram and (B) ultraviolet visible spectrum. 
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Table 1. Precision and stability experiments.
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	Sample
	Precision
	Stability
	Reproducibility





	Zeaxanthin RSD (%)
	1.44
	1.93
	0.91



	Lutein RSD (%)
	1.77
	1.73
	0.75







Note: where n = 5.
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