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Abstract

:

This study aimed to explore the efficiency of hydrophobic deep eutectic solvents (HDESs) composed of menthol and fatty acids for extracting carotenoids from tomato by-products. A selection of nine different HDESs and fatty acid mixtures were prepared and evaluated for their carotenoid extraction potential. The highest extraction yield was obtained with menthol/hexanoic acid 2:1 (94.5 ± 3.3 μg CtE/g dm), demonstrating the influence of the specific composition of DES components on extraction efficiency. An optimization process employing a Box–Behnken design was conducted to identify the optimal extraction conditions. The solvent-to-solid ratio, extraction time, and temperature were studied, resulting in an extraction yield increase of up to 48.5% under optimized conditions (solvent-to-solid ratio of 25:1, extraction time of 90 min, and temperature of 50 °C). Furthermore, potent antioxidant properties, including antiradical activity (63.7 ± 4 μmol AAE/g dm) and reducing power (26.7 ± 1.8 μmol AAE/g dm), were recorded. Comparative analyses with conventional organic solvents (hexane, ethyl acetate, and acetone) highlighted the superiority of HDES in both carotenoid extraction and antioxidant capacity. A color analysis of the extracts showed distinctive color profiles, with the HDES extract displaying higher redness and reduced yellowness compared to organic solvent extracts. Principal component analysis (PCA) and multivariate correlation analysis (MCA) revealed strong correlations between total carotenoid content and antioxidant parameters, underscoring the relationship between carotenoid extraction and antioxidant potential. In conclusion, this study highlights the potential of HDESs, particularly Men/Hex 2:1, as efficient and sustainable solvents for carotenoid extraction. These findings offer valuable insights for the development of innovative and environmentally friendly methods for extracting carotenoids with potential applications in various industries.
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1. Introduction


The agri-food industry plays a pivotal role in the sustenance of the food supply to address the needs of the growing global population [1]. However, aside from edible products, substantial amounts of waste are also generated. One such example is the tomato processing industry, which produces a significant amount of discarded material during the production of tomato-based products such as sauces, pastes, and juices [2,3,4]. This waste comprises tomato skins, seeds, and pulp, and is often treated as low-value or even disposed of, leading to environmental concerns and missed opportunities for resource utilization [5]. Tomato waste, although considered a by-product, contains valuable bioactive compounds, including carotenoids [3,6,7]. Carotenoids are lipid-soluble pigments that contribute not only to the color of fruits and vegetables but also confer health benefits [8,9]. Among the numerous carotenoids found in tomatoes, lycopene stands out due to its well-documented antioxidant and anti-carcinogenic properties [10,11]. As such, the extraction of carotenoids from tomato waste can be advantageous in a dual way. At first, it reduces the environmental impact of waste disposal while, simultaneously, it contributes to the supply of health-promoting ingredients, which can be further used in various industries [6,12].



To date, various approaches have been employed to extract carotenoids from plant sources [13,14]. Traditional extraction methods for carotenoids, such as Soxhlet extraction and solvent reflux, are often accompanied by drawbacks such as high solvent consumption, long extraction times, and potential degradation due to elevated temperatures. Furthermore, the usage of organic solvents raises concerns about safety, environmental pollution, and the increased cost of the overall procedure. In this context, there is a growing need to develop extraction methods that are both effective and sustainable [15,16]. To this end, there are various techniques for extracting carotenoids from natural sources, each possessing distinct advantages in terms of cost-effectiveness, environmental sustainability, and efficiency. Ultrasonic-assisted extraction (UAE) is one such method that merits attention. The application of ultrasonic waves enhances the penetration of solvents into plant matrices, promoting efficient carotenoid extraction. This technique not only reduces extraction times but also minimizes solvent consumption, addressing concerns raised by traditional methods [17]. Pulsed electric field (PEF) extraction represents another noteworthy approach. By subjecting plant materials to short bursts of electric pulses, PEF facilitates the disruption of cell membranes, aiding in the release of carotenoids. This method not only accelerates the extraction process but also contributes to maintaining the quality of extracted compounds [18]. Microwave-assisted extraction (MAE) stands out for its ability to harness microwave energy for targeted and rapid extraction. This method offers advantages such as reduced extraction times and lower energy consumption, aligning with the principles of sustainability and efficiency in extraction processes. Supercritical fluid extraction (SFE), utilizing supercritical carbon dioxide (SC-CO2), represents a cutting-edge and environmentally friendly technique [16]. The unique properties of SC-CO2 allow for the selective extraction of carotenoids while avoiding the use of organic solvents. This not only addresses safety and environmental concerns but also contributes to the overall economic viability of the extraction process. Enzyme-assisted extraction (EAE) emerges as a biotechnological alternative, harnessing the catalytic power of enzymes to break down cell walls and facilitate carotenoid release. This approach is characterized by its specificity, reducing the need for harsh conditions and ensuring the preservation of target compounds [19,20,21,22,23].



One innovative approach that has gained prominence in recent years is the use of deep-eutectic solvents (DESs) in various extraction procedures [24]. These solvents are formed through the combination of two or more components, typically a hydrogen bond donor and an acceptor, resulting in a mixture with a lower melting point than each component [25]. DESs offer unique properties such as tunable physicochemical characteristics, low volatility, and the ability to solubilize a wide range of compounds. However, they exhibit low efficiency in extracting lipophilic compounds, due to their polar nature [26]. As such, hydrophobic DESs (HDESs) have been developed [27]. HDESs are a novel class of environmentally benign solvents with remarkable potential for diverse applications, particularly in the extraction of lipophilic compounds. HDESs are synthesized by combining hydrophobic constituents, in specific ratios, to create a eutectic mixture with a considerably lower melting point than the individual components [28]. This unique attribute grants HDESs a liquid form at ambient temperatures, facilitating their use as extraction media [29]. Their hydrophobic nature bestows them with good extraction properties for lipophilic molecules, such as essential oils, fats, and bioactive compounds, from various matrices [30]. This versatility, combined with their reduced environmental impact, low volatility, and biodegradability, renders HDESs promising alternatives to conventional organic solvents in extraction processes, contributing to sustainable and greener approaches to chemical and material processing [30].



To the best of our knowledge, there are limited data available regarding the usage of HDESs for the extraction of carotenoids from tomatoes and tomato by-products. More specifically, a green extraction method is suggested by Kyriakoudi et al. [31] in their work on the recovery of lycopene from tomato fruits. At various molar ratios, several HDESs based on terpenes (menthol and thymol) and fatty acids (decanoic acid and dodecanoic acid) were produced. In another study, Lazzarini et al. [32] used HDES mixtures (ethyl acetate/ethyl lactate and menthol/lactic acid) to extract carotenoids, particularly lycopene and β-carotene, from tomato pomace, a by-product made of skin and seeds. Also, Diacon et al. [33] extracted carotenoids (i.e., lycopene and β-carotene) from tomato waste products using fatty-acid ethyl esters, a novel green solvent.



This study aimed to investigate the feasibility and effectiveness of HDES synthesized from menthol and fatty acids (i.e., hexanoic acid and octanoic acid) for the extraction of carotenoids from tomato waste. The utilization of HDESs for the extraction of carotenoids from tomato waste is a promising way to address both the challenges of waste management in the tomato processing industry and the demand for the sustainable isolation of bioactive compounds. To this end, various HDESs were synthesized and compared, so as to conclude the most efficient one. Next, the overall extraction process was further optimized using a response surface methodology (RSM) in an effort to further enhance the extraction yield. As such, we aimed to contribute to the development of environmentally friendly and economically viable extraction methodologies. The novelty of this study lies predominantly in the use of DES for the extraction, as well as in the nature of the synthesized DES (vide infra). The use of HDESs, specifically composed of menthol and fatty acids, represents a unique approach to enhance the solubilization of lipophilic compounds like carotenoids. While DESs have been explored in various extraction studies, the emphasis on hydrophobic variants, particularly utilizing menthol (a naturally derived compound with unique properties), introduces a novel dimension to the extraction process while being an environmentally friendly approach.




2. Materials and Methods


2.1. Chemicals and Reagents


Menthol, iron (III) chloride, and lycopene (analytical standard, ≥85%) were obtained from Sigma-Aldrich (Steinheim, Germany). Hexanoic and octanoic acid were from Fluorochem (Hadfield, UK). Hexane, ethyl acetate, acetone, sodium carbonate anhydrous (99%), sodium carbonate, 2,2-diphenyl-1-picrylhydrazyl (DPPH), and 2,4,6-tris (2-pyridyl)-s-triazine (TPTZ) (99%) were from Penta (Prague, Czech Republic). Absolute ethanol and Folin–Ciocalteu regent were from Panreac (Barcelona, Spain). All solvents used were at least of HPLC grade.




2.2. Tomato Waste Sample Preparation


Fresh tomato waste samples were obtained from a tomato processing facility (Damavand S.A., Filia, Karditsa, Greece). The samples were placed in a Biobase BK-FD10P freeze-dryer (Jinan, China) in order to remove water. The moisture was calculated to be 84.5%. The freeze-dried waste was pulverized and placed in sieves in order to be separated according to size. For the preparation of the extracts, the powdered wastes with an average particle diameter of 250 μm were used.




2.3. Preparation of Deep Eutectic Solvents


A set of 9 HDESs were synthesized using menthol (Men) as the hydrogen bond acceptor (HBA), whereas hexanoic acid (Hex) and octanoic acid (Oct) served as hydrophobic hydrogen bond donors (HBDs). Also, the two fatty acids were combined, so as to develop HDESs. The individual components were combined in different molar ratios, as shown in Table 1. To synthesize the HDESs, appropriate amounts of HBA and HBD were mixed in 25 mL glass bottles and heated at 70 °C under stirring at 350 rpm, until a clear homogeneous liquid was formed. The HDESs were then allowed to cool to room temperature and inspected for the formation of crystals after 24 h. The density of all HDESs was measured using pre-weighed density vials.




2.4. Extraction Procedure


Initially, the as-synthesized HDESs were evaluated for their efficiency to extract carotenoids. To this end, the dried tomato waste was mixed with each HDESs at a solvent-to-solid ratio of 10:1, and the mixture was stirred at 500 rpm for 60 min, and at room temperature. For means of comparison, extracts were also prepared using three conventional organic solvents (i.e., hexane, ethyl acetate, and acetone). After extraction was completed, the mixtures were centrifuged at 10,000× g for 10 min. The supernatants were retracted and used for further analyses.




2.5. Design of the Experiment and the Response Surface Methodology (RSM) Optimization


An RSM approach was employed so as to optimize the extraction procedure. The response was the extraction yield in total carotenoids (YTCn), which was based on an experiment utilizing a Box–Behnken design with 15 design points, 3 of which were central. Three levels of process variables were defined (Table 2). To achieve optimum extraction, the ratio of liquid-to-solid (X1; RL/S, mL/g), the extraction time (X2; t, min), and the extraction temperature (X3; T, °C) were investigated. The overall model significance (R2, p) was evaluated at a minimum level of 95% using the analysis of variance (ANOVA) and summary-of-fit tests.



Additionally, the response variable was predicted using a second-order polynomial model presented in the following Equation (1), as a function of the investigated independent factors:


    Y   k    =    β   0   +   ∑  i  = 1    2      β   i     X   i     +   ∑  i  = 1    2      β   ii     X   i   2     +   ∑  i  = 1    2      ∑  j = i  + 1    3      β   ij     X   i     X   j        



(1)




where Yk is the predicted response variable; Xi and Xj are the independent variables; β0, βi, βii, and βij are the intercept, regression coefficients of the linear, quadratic, and interaction terms of the model, respectively.



The RSM was also used to calculate the greatest peak area and to examine the impact of a significant independent variable on the response. To display the model equation visually, the 3D surface response graphs were built.




2.6. Total Carotenoid Content (TCC)


The TCC of the extracts was evaluated using a previously described method, with minor modifications [34]. More specifically, 200 μL of the extract was combined with 800 μL of ethanol, and the mixture was vortexed for 30 s. Using a Shimadzu spectrophotometer (UV-1700, Shimadzu Europa GmbH, Duisburg, Germany), the absorbance was measured at 471 nm. Using lycopene as a reference substance (since it is the main carotenoid of tomatoes), a calibration curve was created and used for the quantification of TCC.




2.7. DPPH Radical Scavenging Activity


A DPPH assay was carried out, as previously described [35]. To assess the DPPH radical scavenging activity, 25 µL of the prepared extract was added to 975 µL of DPPH solution (100 µM). Following thorough mixing, the absorbance of the solution was measured at 515 nm (A515(i)), as well as after 30 min of incubation, in the absence of light (A515(f)). The capacity to scavenge the DPPH radical is expressed as


  Inhibition   %    =        A    515 ( i )    −    A     515 ( f )        A    515 ( i )         × 100   



(2)







Using an ascorbic acid calibration curve (for comparison with other published articles) and the following equation, antiradical activity (AAR) was calculated as μmol of ascorbic acid equivalents (AAEs) per g of dry weight:


    A   AR      ( μ mol   AAE / g   dw ) =      C   AA    ×  V   w    



(3)




where V is the volume of the extraction medium (in L) and w is the dry weight of the sample (in g).




2.8. Ferric Reducing Antioxidant Power (FRAP) Assay


The FRAP assay was carried out according to a previous report [36]. For the evaluation of the FRAP, an Eppendorf tube was filled with 50 μL of FeCl3 solution (4 mM in 0.05 M HCl) and was mixed with the sample extracts (50 μL). The solutions were incubated for 30 min at 37 °C. Afterward, 900 μL of TPTZ solution (1 mM in 0.05 M HCl) was added, and, after 5 min, the absorbance at 620 nm was measured. A calibration curve was prepared using ascorbic acid as a standard compound. Ascorbic acid was used for means of comparison with other studies. Reducing power (PR) was determined as µmol ascorbic acid equivalents (AAEs) per g of dw, using the following Equation (4):


    P   R      ( μ mol   AAE / g   dw ) =      C   A A    ×  V   w    



(4)




where V is the volume of the extraction medium (in L) and w is the dry weight of the sample (in g).




2.9. Color Analysis


The color of the extracts was analyzed using two different approaches. The first approach was with a colorimeter and the second approach was based on a spectrophotometric method.



2.9.1. Colorimeter Method


The extracts were colored using a Lovibond CAM-System 500 Imaging Colorimeter (CIE L*, a*, b*). The parameters L*, a*, and b* represent lightness, redness, and yellowness, respectively [37]. Equations (5) and (6) were used to determine the parameters’ values to calculate chroma (    C   a b   *    ) and hue-angle (    h   a b   o    ):


    C   ab   *   =        a   *       2   +       b   *       2     



(5)






    h   a b   o   =     tan   − 1    ⁡      b   *   /   a   *        



(6)








2.9.2. Absorbance Method


An aliquot of 200 μL of the material was combined with 800 μL of ethanol, and the mixture was agitated ferociously for 30 s. At 420, 520, and 620 nm, the absorbance of the solution was measured. The color intensity (CI) is calculated by adding the absorbance at the aforementioned wavelengths, and the hue is calculated by dividing the absorbance at 420 nm by that at 520 nm (Equations (7) and (8)) [38]. Additionally, the following Equations (9)–(11) were used to determine the color composition, or the proportion contribution of the three components (yellow, red, and blue):


   CI   =    A   420    +    A   520    +    A   620    



(7)






   H   =      A   420       A   520      



(8)






   Yellow      %    =      A   420     CI    × 100   



(9)






   Red      %    =      A   520     CI    × 100   



(10)






   Blue      %    =      A   620     CI    × 100   



(11)









2.10. Statistical Analysis


The JMP® Pro 16 (SAS, Cary, NC, USA) program was used to create the experimental design, statistical analysis linked to the response surface methodology, and distribution analysis. The results were presented as mean values alongside the standard deviation.





3. Results and Discussion


3.1. Selection of Solvent


The first part of the study was to determine the most efficient HDESs among those prepared. Nine HDESs composed of menthol and two fatty acids were prepared, as well as HDESs composed of the two fatty acids, since fatty acids can simultaneously act as HBAs and HBDs owing to the presence of ‒OH groups [39]. Menthol is a monoterpenoid used in various industrial processes and commercial products. Because of its very low solubility in water and relatively low price, menthol is a good candidate to prepare sustainable and cheap HDESs [39,40,41]. The total carotenoid extraction yield (mainly lycopene, which is the major carotenoid in tomatoes [42]) of the extracts obtained by the various HDESs, as well as of the extracts obtained with three common organic solvents, can be seen in Table 3. Significant variations in extraction yields among different solvents can be seen, shedding light on their effectiveness for carotenoid extraction. In general, the HDESs based on menthol and the two fatty acids exhibited potential for carotenoid extraction. The extraction yields varied depending on the composition of the DES. The highest extraction yield was achieved with Men/Hex 2:1 (94.5 ± 3.3 μg CtE/g dm), which was significantly higher (p < 0.05) than in all other DES systems. This highlights the importance of the specific composition of DES components, where an excess of menthol relative to hexanoic acid seems to enhance the solubility and extraction efficiency of carotenoids. Interestingly, the extraction yield decreased as the hexanoic acid content in the DES was increased (Men/Hex 1:2, 68.0 ± 2.3 μg CtE/g dm). Comparatively, HDESs formulated with octanoic acid exhibited lower extraction yields than those containing hexanoic acid. Men/Oct 2:1 (74.4 ± 3.7 μg CtE/g dm) displayed nearly a 30% lower extraction yield compared to Men/Hex 2:1, albeit a similar extraction yield to Men/Hex 1:1, indicating the potential of octanoic acid as an alternative component for designing HDESs for carotenoid extraction. When considering the effect of solvent composition within the DES systems, it was observed that the molar ratio of menthol to hexanoic acid or octanoic acid does not profoundly influence the extraction efficiency, since the differences in yields in most cases were not statistically significant (p > 0.05). This suggests that within a certain range, the alteration of molar ratios may not profoundly impact carotenoid solubility and extraction. Similar to the above, the HDESs composed of the two fatty acids exhibited similar extraction properties as the HDES containing menthol. Recent publications also reported the efficiency of fatty acid mixtures as extraction yields in regard to carotenoid extraction from tomatoes [31]. In all cases, no additives or alternative methods were employed, so as to stabilize the obtained extract. Although carotenoids are known to be unstable upon exposure to light, oxygen, and high temperatures, no stability issues were observed during the experiments. However, further experiments are needed to further ensure the stability of the extract and to overcome potential issues.



Comparisons were made between DES systems and conventional organic solvents including hexane, ethyl acetate, and acetone. The HDESs generally exhibited higher extraction yields than hexane (49.9 ± 1.5 μg CtE/g dm). Ethyl acetate (70.7 ± 5.0 μg CtE/g dm) and acetone (58.4 ± 4.1 μg CtE/g dm) showed intermediate extraction yields, with ethyl acetate being more efficient in carotenoid extraction compared to acetone. According to previous studies, ethyl acetate presents higher solubility for polar carotenoids compared to hexane [42]. All the above demonstrate the potential of HDESs as alternative solvents for carotenoid extraction, surpassing the yields of some commonly used organic solvents. Even more importantly, the HDES can be used directly, without any other steps (such as solvent removal). The key feature underscoring the direct usability of the extract lies in the nature of the components comprising the HDES. Menthol, derived from natural sources such as mint, and hexanoic acid, a fatty acid, are well-established as non-toxic, food-grade ingredients and hold a recognized status in the food and pharmaceutical industries. Due to this, the extracts with this HDES are suitable for direct application, aligning with the stringent standards that the food, pharmaceutical, and cosmetic industries demand. As such, the extracts can be used for the production of new products or for the fortification of existing ones.




3.2. Extraction Optimization


A Box–Behnken design was applied to test the effect of solvent-to-solid ratio (X1), extraction time (X2), and temperature (X3) on total carotenoid content (TCC). In all cases, the range of the examined variables was selected based on preliminary experiments. The choice of the liquid-to-solid ratio is pivotal in solvent-based extraction processes as it directly influences the efficiency of compound extraction. In this study, the selected range of 10 to 40 mL/g encompasses the variability commonly encountered in extraction processes. A lower liquid-to-solid ratio may be insufficient for the optimal solubilization of target compounds, while a higher ratio may lead to excess solvent usage without proportional increases in extraction efficiency. By choosing these levels, we aimed to explore a range that balances extraction efficiency with solvent economy, ensuring practical relevance and efficiency in real-world applications. The extraction time is a critical parameter that governs the kinetics of the extraction process. The chosen range of 30 to 90 min was based on a consideration of both practical constraints and optimum recovery. A shorter extraction time might be insufficient for achieving maximum extraction efficiency, while an excessively long duration could lead to lower recovery and the potential degradation of target compounds. The selected range seeks to capture the optimum extraction time that balances efficiency with practical considerations. Finally, the extraction temperature plays a fundamental role in influencing the solubility of target compounds and the kinetics of extraction. The chosen range of 20 to 50 °C is grounded in the practical considerations of energy consumption and the stability of carotenoids. Lower temperatures might result in slower extraction rates, while higher temperatures could risk thermal degradation. The selected range aims to explore a temperature spectrum that optimizes extraction efficiency while considering both the practical aspects of energy consumption and the preservation of target compounds. The agitation speed was not examined, since in the preliminary experiments it was not found to affect the extraction recovery. A total of 15 experiments were conducted, as seen in Table 4, and the results were analyzed via ANOVA (Figure 1) to evaluate the statistical significance of the model. Model fitting was assessed with the square coefficient of correlation (R2) which was over 0.98 and suggests a satisfactory agreement between measured and predicted values. Figure 2 shows the generated response surface plots. The optimum extraction conditions, as calculated by the statistical analysis, were a solvent-to-solid ratio of 25:1, extraction time of 90 min, and temperature of 50 °C. Compared to the least efficient combination of parameters for the extraction (i.e., design point 1) under the optimum conditions, a 48.5% increase in the extraction yield was recorded, highlighting the importance of optimizing the extraction parameters.




3.3. Total Carotenoids of the Extracts and Antioxidant Activity


After selecting the optimum HDESs and optimizing the extraction conditions, the extraction of total carotenoids using HDESs and organic solvents was examined, as well as the antioxidant properties of the extracts. The results can be seen in Table 5. The HDES exhibited the highest total carotenoid content (127.6 ± 9.4 μg CtE/g dm). This yield was significantly greater (up to 31%) (p < 0.05) than those achieved with hexane, ethyl acetate, and acetone. The higher extraction efficiency of the HDES can be attributed to the tailored solvation environment created by the menthol–hexanoic acid combination, which appears to enhance the solubility of carotenoids and facilitate their extraction from the matrix. This was also the case with previous studies, describing the extraction of carotenoids from tomato [32,33], orange [43], and juice [44] samples using DES.



Aside from the carotenoid content, the antioxidant properties of the extracts were evaluated. The HDES extract exhibited the most potent antiradical activity (63.7 ± 4 μmol AAE/g dm), significantly surpassing (p < 0.05) the values observed for hexane, ethyl acetate, and acetone (up to 164%). The substantial antiradical activity observed in the HDES extract indicates its efficiency in scavenging free radicals, which is important for counteracting oxidative stress. In terms of reducing power, the HDES extract again demonstrated the highest value (26.7 ± 1.8 μmol AAE/g dm), indicating its capacity to donate electrons and potentially mitigate oxidative damage. Ethyl acetate also exhibited notable reducing power, while hexane and acetone displayed comparatively lower values. These findings underscore the superiority of the HDES in terms of both carotenoid extraction yield and antioxidant activity. The performance of the DES, surpassing that of conventional organic solvents, highlights its potential as a more sustainable and efficient alternative for carotenoid extraction.




3.4. Color Analysis of the Extracts


Table 6 displays the values of the color analysis (L*, a*, b*) measured by the Lovibond colorimeter. The color saturation and hue values (represented by the Chroma C* and hue-angle h°, respectively) of the extracts produced using the three organic solvents were quite similar. Their hue angles exceeded 90 degrees (yellow); however, the extract produced by mixing Men/Hex 2:1 was less yellow and redder (90 degrees hue angle equals yellow, and zero degrees equals red), as shown in Figure 3. To this end, it was found that the values of a* increased while the values of h° decreased.



The three organic solvents showed negative values ranging from ‒6.2 in hexane to ‒3 in ethyl acetate and positive values (2.5) for HDES when the coordinates a* (which takes positive values for reddish colors and negative values for greenish ones) and b* (which is positive for yellowish colors and negative values for bluish colors) were taken into consideration. On the other hand, all solvents had recorded positive b* values between 57.9 and 63.1.



The absorbance of the extracts was measured at 420, 520, and 620 nm as an alternative approach for analyzing the color parameters. Table 7 provides the obtained values for color intensity (CI), hue, and each color’s percentage. As can be seen, the extracts obtained using organic solvents have similar color parameters, while the extract obtained using HDESs is different. The values for ethyl acetate, acetone, and hexane are similar, with hexane having a slightly lower proportion. Men/Hex 2:1 extract had a smaller amount of yellow and a higher percentage of red, which validates our previous findings about higher carotenoid contents.




3.5. Principal Component Analysis (PCA) and Multivariate Correlation Analysis (MCA)


A principal component analysis (PCA) was also carried out to reduce the dimensionality of the multivariate data and to obtain a better understanding of the results. The extraction of total carotenoids (TCC) using HDESs and conventional organic solvents (hexane, ethyl acetate, and acetone) was investigated, as well as the antioxidant properties (assessed using the DPPH and FRAP assays) of the extracts, after the optimum ratio of HDESs (Men/Hex 2:1) was chosen and the extraction conditions were optimized. The hue and saturation values of the extracts (shown by the hue-angle h° and the chroma C*, respectively), as well as the results of the color analysis (L*, a*, b*), were also investigated. Further analyses were performed on hue and color intensity (CI) values. Figure 4 demonstrates the two main components that were adopted to explain 83.8% of the variation, which was considered to be a statistically significant parameter (p < 0.0001). The total carotenoid content (TCC), DPPH, FRAP, color intensity (CI), and redness (a*) of PC1 were positively correlated, while L*, b*, C*, h°, and hue were negatively correlated. Additionally, PC1 accounted for 63.4% of the variance. PC2 can explain 20.4% of the variance and exhibits a positive correlation with all of the variables examined, with the exception of TCC, DPPH, and a*. The Men/Hex 2:1 sample parameter provides the same loading directions for DPPH, FRAP, and TCC, but different loading directions for L*, as shown by the PCA plots in Figure 4.



From Figure 5, it can be deduced that the TCC has a strong positive correlation (>0.9) with the antioxidant parameters but is negatively correlated (‒0.9) with L*. The closer it is to one, the higher the correlation between the measured variables. Additionally, a statistically significant factor (p < 0.0001) was identified in the strongest correlation between the CI and DPPH assay (0.97). This is consistent with another study [45] that found strong positive correlations between the antioxidants, total phenolics, ascorbic acid, total flavonoids, lycopene, β-carotene, and lutein throughout the tomato ripening process. Conversely, both simple and multiple regressions were studied by Stinco et al. [46] to examine the correlations between lycopene content and color parameters in fresh and processed tomato products.



The study presents valuable insights into carotenoid extraction using HDES. However, it is crucial to acknowledge and elaborate on certain limitations that provide context to the findings and that can guide future research endeavors. Despite the increasing attention on the synthesis of hydrophobic DESs, their availability remains limited. The current lack of commercial availability poses a practical hindrance, restricting the application of HDESs in large-scale usage [28]. The inherent instability of carotenoids, particularly when exposed to light, oxygen, high temperatures, and acidic conditions, constitutes another significant limitation [47]. This instability can lead to the pronounced discoloration of food products, compromising sensory quality, and, in some instances, diminishing biological activity. As such, further studies are needed to examine the stability of carotenoids in HDESs. Moreover, the hydrophobic nature of carotenoids presents challenges in incorporating them into high-water-content food products and functional beverages [48]. This is further strengthened by the hydrophobic nature of HDESs, which makes them less suitable for water-based foods. However, the exploitation of such extracts for use in lipid-based foods and emulsions should be considered.





4. Conclusions


In this study the potential of HDESs for efficient carotenoid extraction from tomato samples was investigated. Our findings provide valuable insights into solvent selection, extraction optimization, carotenoid content, antioxidant activities, and color characteristics. The selection of nine HDESs revealed significant variations in extraction yields, emphasizing the importance of specific solvent compositions for effective carotenoid solubilization. Upon assessing carotenoid content and antioxidant activities, the HDES extract (Men/Hex 2:1) emerged as a standout performer, displaying the highest total carotenoid content and potent antioxidant properties. In summary, this study underscores the potential of HDESs, particularly Men/Hex 2:1, as effective and sustainable solvents for carotenoid extraction. The optimized extraction conditions yielded extracts with enhanced carotenoid content and remarkable antioxidant activities. These findings contribute to the development of innovative and environmentally friendly approaches for carotenoid extraction, with promising applications across various industries. Further investigations could delve into the underlying mechanisms driving the observed enhancements in extraction efficiency and antioxidant potential, paving the way for advanced extraction methodologies and product formulations.
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Figure 1. Plot of predicted vs. actual values of the response (YTCn) (plot (A)), and desirability function (plot (B)), describing the effect of three independent variables considered (solvent-to-solid ratio X1, extraction time X2, temperature X3) on the YTCn upon simultaneous variation. Asterisks and colored values denote statistically significant values, while inset tables include statistics relevant to the evaluation of the resulting model. 
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Figure 2. Response surface plots for the total carotenoid yields (μg CtE/g dm). (A) The interaction between solvent-to-solid ratio (X1) and extraction time (X2), (B) the interaction between solvent-to-solid ratio (X1) and temperature (X3), and (C) the interaction between extraction time (X2) and temperature (X3). 
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Figure 3. Extracts obtained by (A) Men/Hex 2:1, (B) hexane, (C) ethyl acetate, and (D) acetone at optimum conditions. 
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Figure 4. Principal component analysis (PCA) for the measured variables (total carotenoid content—TCC; DPPH radical scavenging activity; ferric reducing antioxidant power—FRAP assay; L*, a*, b* color coordinates; and other color parameters). The axis scores for PC1 and PC2 are displayed. The inset table includes the eigenvalues. Asterisks and colored values denote statistically significant values. 
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Figure 5. Multivariate correlation analysis of measured variables (total carotenoid content—TCC; DPPH radical scavenging activity; ferric reducing antioxidant power—FRAP assay; L*, a*, b* color coordinates; and other color parameters). 
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Table 1. Constituents, molar ratios, abbreviations, and densities of the prepared HDESs.






Table 1. Constituents, molar ratios, abbreviations, and densities of the prepared HDESs.





	
HBA

	
HBD

	
Molar Ratio

	
Abbreviation

	
Density (g/mL)






	
Menthol

	
Hexanoic acid

	
2:1

	
Men/Hex 2:1

	
0.785




	
1:1

	
Men/Hex 1:1

	
0.877




	
1:2

	
Men/Hex 1:2

	
0.841




	
Menthol

	
Octanoic acid

	
2:1

	
Men/Oct 2:1

	
0.752




	
1:1

	
Men/Oct 1:1

	
0.780




	
1:2

	
Men/Oct 1:2

	
0.815




	
Hexanoic acid

	
Octanoic acid

	
2:1

	
Hex/Oct 2:1

	
0.869




	
1:1

	
Hex/Oct 1:1

	
0.858




	
1:2

	
Hex/Oct 1:2

	
0.848











 





Table 2. The actual and coded levels of the independent variables were used to optimize the process.
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Independent Variables

	
Coded Units

	
Coded Levels




	
‒1

	
0

	
1






	
Liquid-to-solid ratio (mL/g)

	
X1

	
10

	
25

	
40




	
t (min)

	
X2

	
30

	
60

	
90




	
T (°C)

	
X3

	
20

	
35

	
50











 





Table 3. Total carotenoid extraction yield (YTCn), measured in μg of total carotenoids per g of dry matter, and obtained using the produced HDESs and standard solvents.
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	Solvent
	YTCn (µg CtE/g dm)





	Men/Hex 2:1
	94.5 ± 3.3 a



	Men/Hex 1:1
	76.3 ± 4.7 b



	Men/Hex 1:2
	68.0 ± 2.3 b,c



	Men/Oct 2:1
	74.4 ± 3.7 b



	Men/Oct 1:1
	75.8 ± 3.1 b



	Men/Oct 1:2
	70.4 ± 2.1 b



	Hex/Oct 2:1
	75.5 ± 3.3 b



	Hex/Oct 1:1
	72.1 ± 1.6 b



	Hex/Oct 1:2
	70.2 ± 5.0 b



	Hexane
	49.9 ± 1.5 d



	Ethyl Acetate
	70.7 ± 5.0 b



	Acetone
	58.4 ± 4.1 c,d







Statistically significant differences (p < 0.05) are denoted with different superscript letters (e.g., a–d).













 





Table 4. The dependent variable’s measured and predicted responses were reported as μg of total carotenoids per g of dry matter in the experimental design.
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Design Point

	
Independent Variables

	
YTCn (µg CtE/g dm)




	
X1

	
X2

	
X3

	
Measured

	
Predicted






	
1

	
10

	
30

	
35

	
80.5

	
80.6




	
2

	
10

	
90

	
35

	
99.5

	
100.8




	
3

	
40

	
30

	
35

	
93.7

	
92.4




	
4

	
40

	
90

	
35

	
96.5

	
96.4




	
5

	
25

	
30

	
20

	
93.8

	
93.6




	
6

	
25

	
30

	
50

	
107.1

	
108.6




	
7

	
25

	
90

	
20

	
108.0

	
106.5




	
8

	
25

	
90

	
50

	
119.6

	
119.8




	
9

	
10

	
60

	
20

	
96.8

	
96.9




	
10

	
40

	
60

	
20

	
95.2

	
96.8




	
11

	
10

	
60

	
50

	
109.0

	
107.3




	
12

	
40

	
60

	
50

	
114.9

	
114.7




	
13

	
25

	
60

	
35

	
91.5

	
93.6




	
14

	
25

	
60

	
35

	
96.4

	
93.6




	
15

	
25

	
60

	
35

	
93.0

	
93.6











 





Table 5. Total carotenoids extracted from the extracts and their antioxidant capacity were determined under optimum extraction conditions using different solvents.
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	Solvent
	Total Carotenoid

Content (YTCn)

(μg CtE/g dm)
	Antiradical Activity (AAR)

(μmol AAE/g dm)
	Reducing Power (PR)

(μmol AAE/g dm)





	Men/Hex 2:1
	127.6 ± 9.4 a
	63.7 ± 4 a
	26.7 ± 1.8 a



	Hexane
	97.7 ± 2.5 b
	17.5 ± 1.3 c
	9.2 ± 0.6 b



	Ethyl acetate
	119.9 