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Abstract
Mango peel, one of the main by-products of the mango processing industry, is emerging as a valuable source of bioactive compounds, particularly carotenoids. However, efficient extraction and preservation of these compounds remain challenging. This study explored the potential of hydrophobic eutectic solvents (HESs) for extracting carotenoids from mango criollo peels. Several HESs demonstrated enhanced extraction efficiency and improved carotenoid stability under light and thermal stress conditions compared to conventional solvents. Response surface methodology was employed to optimize the extraction process using a thymol-menthol-based HES, resulting in a significant increase in carotenoid yield. The optimized extract had a higher light stability, maintaining 87% of its initial antioxidant activity after 480 minutes of UV-A exposure. The most abundant carotenoids in the optimized extract evaluated by HPLC-DAD were β-carotene and lutein. A theoretical study using density functional theory (DFT) and Quantum Theory of Atoms in Molecules (QTAIM) was performed to elucidate the interactions between β-carotene and thymol-menthol complexes. Weak interactions create multiple contact points between β-carotene and thymol-menthol, which are crucial for both the extraction process and complex stabilization. Additionally, the electron density of intermolecular interactions has been demonstrated to be a reliable indicator of stability, making it a valuable parameter for designing novel eutectic solvents.
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1 Introduction 

Waste valorisation is a pillar of the circular economy and in recent years, interest in utilizing by-products from various industries or non-marketable fruits to extract valuable bioactive compounds has exponentially increased. In the Northeast region of Argentina (NEA), there are more than 50,000 wild mango trees. Despite the good taste of the fruits, almost all of these are discarded due to their high fiber content [1]. This mango variety is locally known as “mango criollo” and its by-products have been previously studied as source of bioactives such as polyphenols [2,3]. Mango peel represents around 20–30% dry weight of the fruit and rich in bioactive compounds such as carotenoids, polyphenols and fibre [4]. The content of carotenoids in mango peels ranges from 90 to 160 mg/kg [5,6]. 
The preservation of colour and bioactivity of carotenoids during the extraction process is a major factor for the industry [7]. Traditionally, the recovery of more hydrophobic carotenoids, such as lycopene and β-carotene, is achieved through non-polar volatile organic solvents like petroleum ether, hexane, and ethyl acetate [8,9]. In contrast, polar solvents such as dimethyl sulfoxide, ethanol, methanol, and acetone, among others are commonly used to extract astaxanthin, zeaxanthin, and canthaxanthin [10,11]. The stability of carotenoids in these solvents is variable; in general, they are susceptible to oxidation due to light exposure and/or temperature changes [4,12], thus stabilizers like antioxidants (i.e. butylhydroxytoluene) are needed to stabilize the extracts. 
[bookmark: _Hlk176422992]Various alternative solvents, including supercritical fluids, vegetable oils, ionic liquids, deep eutectic solvents (DES), and terpenoids, have been reported for carotenoid extraction [7,13,14]. Hydrophobic eutectic solvents (HES) and hydrophobic deep eutectic solvents (HDES), obtained by combining a hydrogen bond acceptor (HBA) such as a quaternary ammonium salt, and a hydrogen bond donor (HBD) were first described in 2015 [15] and have gained great attention since then. At present, those composed of non-ionic substances like terpenoids and other substances constitute the so-called Type V eutectic solvents [16,17]. Moreover, those prepared with fatty acids or terpenoids, can dissolve natural products with limited water solubility and protect them during storage and exposure to middle-high temperatures [18]. HES  have a great capacity to stabilize biomolecules, which opens up intriguing possibilities for incorporating them in extraction processes [8,19]. Experimental design and optimization techniques could be applied to fine-tune the extraction process, enhancing the yield and purity of the carotenoid extracts.
Several properties of eutectic solvents have been attributed to the molecular interactions among their components, especially the network of hydrogen bonds [20]. In the case of HDESs (type V DESs), phenolic components can enhance the solubility of other aromatic compounds through the formation of π-interactions between the solvent and solute [21,22]. These intermolecular interactions are also likely involved in improving the stability and bioactivity of phytochemicals dissolved in deep eutectic solvents [23]. 
Understanding the nature and characteristics of interactions between HESs and target molecules is essential for gaining deeper insights into the extraction process and the resulting stability of the extracted compounds. Computational chemistry has emerged as a key tool in this investigation, providing valuable insights into molecular interactions [24]. Density Functional Theory (DFT) is particularly effective for describing the geometry and electronic structure of chemical systems, while Quantum Theory of Atoms in Molecules (QTAIM) provides a robust framework for characterizing bonding interactions [25]. These methods have been applied to study hydrogen bonding in DESs, contributing to a better understanding and prediction of their various properties [26,27].
This study aimed to evaluate the ability of hydrophobic eutectic solvents for the extraction of carotenoids from mango criollo peels. The thermal and light stability of the extracted carotenoids was evaluated to select a solvent with increased stability. The extraction process was optimized through surface response methodology. Additionally, a theoretical study employing DFT and QTAIM approaches was conducted to gain deeper insights into the molecular interactions involved in the extraction process and the stability of the extracted compounds. 

2 Materials and methods

2.1 Reagents and standards 

DL-menthol (>99%), thymol (>97%) and lauric acid (>98%) were purchased from Sigma-Aldrich, St Lois, MO, USA. Oleic acid (90%) from Alfa Aesar, Germany; lactic acid (90%) from VWR Chemicals, Belgium; levulinic acid (>97%) from SAFC, USA. β-carotene (>98%) from BLDPHARM, Shangai, China. Lutein (>90%) from Thermo Scientific, St Lois, MO, USA.

2.2 Mango criollo peel (MCP)
Two kilograms (12 fruits) of fully ripe mango criollo fruit were collected from naturally occurring wild trees located in the city of Corrientes, Argentina (-27.529810, -58.812787). These fruits are locally known “mango criollo” and characterized by small size, intense sweetness and aroma and high fiber content. The fruits were washed with water, drained over paper and the peel was manually removed (1-2 mm thick). The mango ‘criollo’ peel (MCP) was freeze-dried for 72 h at -58 °C, 0.035 mbar using a lyophilizer Christ Alpha 1–4 LD (Osterode, Germany) and powdered with an industrial grinder Arcano FW 100 (Beijing, China) until obtaining a fine powder (d<0.025 mm) that was stored in well-sealed black PVC containers without headspace, at -20 °C until experiments.

2.3 Hydrophobic eutectic solvents (HESs) preparation 

The HESs investigated in this study (Table 1) were prepared by mixing the desired molar proportions of HBA and HBD under constant agitation at 60 ± 2 °C  [14,17,28,29]. Eutectic mixtures were prepared gravimetrically (±10-4 g) in closed glass vials and stirred until the formation of a homogeneous liquid. The stability of the mixtures was evaluated by the absence of macroscopic crystallization after 4 days at RT (25 ± 2 °C).

2.4 HESs solvatometric properties

The polarity of all the solvents was determined with the solvatochromic method using a Nile red ethanolic solution (3.1 10-3 M), and then measured with a dilution of 1/200 of Nile red in HES. This assay was performed in triplicate. The absorbance of the solutions was measured using a UV−visible spectrophotometer (JASCO V-650 UV/Vis, Jasco, Tokyo, Japan) in the wavelength range of 400 − 800 nm [30].

2.5 Carotenoid extraction with conventional solvent and HES

Conventional solvent extraction was performed under magnetic stirring (800 rpm) for 180 min at 25 ± 2 °C in the dark, with n-hexane/acetone/ethanol (2/1/1) solvent mixture [6] and a biomass : solvent ratio of 1:15. The same conditions were applied in the case of HES (133 mg biomass in 2000 mg HES). After that, the solutions were centrifuged at 7,000 g for 10 min and the supernatants separated. The extracts were named CONV and HES, respectively, and stored at -20 °C until analysis; the extraction was performed in triplicate (n = 3).

2.6 Carotenoid content

2.6.1 Total carotenoid content

Total carotenoid content (TCC) was analysed in CONV and HES by spectrophotometric determinations. Samples (200 µL) were diluted in 2 mL of hexane and the spectrum was determined in the range of 400 to 550 nm. The maximum absorbance was registered at 450 nm [6]. A calibration curve with β-carotene in hexane was prepared in the range of 200 – 2000 µg/mL. Determinations were performed in triplicate and results were expressed in µg β-carotene/mg dry weight (DW) of mango peel. 

2.6.2 HPLC quantification of major carotenoids

To quantify and determine the carotenoid profile in the extracts, 200 µL of the extracts were diluted in DMSO (100 µL) and methanol (700 µL), passed through 0.45 µm Nylon filters and analysed by HPLC-UV–Vis at 450 nm. Liquid chromatography analysis was performed using an HPLC system (Agilent 1200 series, Agilent Technologies Italia S.p.A, Milan, Italy) coupled with a UV–Vis diode array detector. The separation was performed using an XBridge C8 column 137 Å, 3.5 μm, 4.6 mm × 150 mm (Waters, Milford, MA, US) maintained at 30 °C, with an injected volume of 20 μL. The mobile phase was: H2O (solvent A) and acetonitrile (solvent B). Chromatographic separation was achieved at a 0.7 mL/min flow rate under gradient elution conditions: 80–100% B from 0 to 10 min, 100% B from 10 to 18 min, 100–80% B from 18 to 25 min; all the changes in the mobile phase composition were linear[14]. The β-carotene and lutein contents in extracts were determined using individual calibration curves prepared with the standards (2.5 – 70 μg/mL). Determinations were performed in triplicate and results were expressed in μg/mg dry weight (DW). 

2.7 Light stability assay

Extracts were exposed to light radiation under controlled conditions employing sun- simulating OSRAM Ultra-Vitalux 300 W UV-A lamp (220–230 μE m-2 s-1, OSRAM spa, Milan, Italy)[14]. Aliquots were withdrawn at specific time frames (30, 0, 120, 240 and 480 min), diluted in hexane and analysed by spectrophotometer at 450 nm, as described above to determine the total carotenoid content. The carotenoid stability was expressed as the percentage of the β-carotene amount at the specific time compared to the β-carotene content at the initial time.

2.8 Thermal stability assay

Extracts were incubated at 75 ± 1 °C under controlled conditions (closed vials for HES extracts and reflux for CONV). Aliquots were withdrawn at specific time frames (30, 60, 120, 240 and 480 min), diluted in hexane and analysed by spectrophotometer at 450 nm, as previously described. Carotenoid stability was expressed as the percentage of β-carotene compared to initial values.

2.9 Optimization of extraction using HES

Optimization of carotenoid extraction from MCP using a thymol-menthol (TM) solvent was carried out using response surface methodology (RSM). A Box-Behnken design consisting of 17 experimental runs including five replicates at the central point was employed. The design variables were: biomass : solvent ratio, extraction time and temperature while the response variable was the total carotenoid content. The levels of the design variables were 4 to 20 for biomass : solvent ratio, 5 to 240 min for extraction time and 25 to 60 °C for extraction temperature. The minimum and maximum levels given to each factor were chosen based on the results of other authors [6,31]. In all experiments, the lyophilized samples were placed in closed vials and the extraction procedure was conducted in the dark.
2.10 Data analysis 

The results were statistically analysed using analysis of variance (ANOVA) (α = 0.05). The differences among means were tested for statistical significance using a multiple-range least significant difference (LSD) test with Info-Stat Statistical Software 2015 (Córdoba, Argentina). For the optimization experiment, data were fitted to second-order polynomial models using Design Expert (version 11.0) software and regression coefficients were obtained for the response variable. The generalized second-order polynomial model used in the response surface analysis was as follows:

      Equation (1)

where β0, βi, βii, and βij are the regression coefficients for intercept, linear, quadratic and interaction terms, respectively, and Xi and Xj are the independent variables. The software was used to generate response surfaces and contour plots while holding a variable constant in the second-order polynomial model.

 2.11 Verification of the model

The conditions to obtain maximal extraction of carotenoids from MCP inside the experimental region studied were obtained using numerical and graphical optimization. The extracts were referred to as optimized extracts (OPT). The adopted criteria for numerical optimization were: i- maximize carotenoid extraction by keeping independent variables in range (OPT1) and ii- maximize carotenoid extraction and minimize extraction time (OPT2). For both solutions, the desirability (D) function was evaluated. Graphical optimization was made setting the highest values for carotenoid extraction with a 25% tolerable variation. Extraction was performed in triplicate under these optimized conditions and the response variable was evaluated. The experimental and predicted values were compared to determine the validity of the model. HPLC profile of carotenoids was determined in the optimized extract as previously described. 

2.12 Antioxidant activity of extracts

The antioxidant activity of the extracts was evaluated after 480 min of light exposure with the 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging. Properly diluted samples (200 μL) were mixed with 3 mL of 2,2-diphenyl-1-picrylhydrazyl (DPPH) 1 mM solution. After 30 min of incubation at RT in the dark, the absorbance at 517 nm was measured. The DPPH free radical scavenging activity was calculated in terms of the percentage of inhibition using the following equation: 

    Equation (2)

where Ai indicates the absorbance of the DPPH solution (200 μL ethanol + 3 mL DPPH solution) at initial time, As is the absorbance of the sample after 30 min reaction. Blanks for extraction solvent were also performed in the same order of dilution as samples. 

2.13 Computational methods 

Several initial geometries for the formation of HES (thymol : menthol) and its complexes with β-carotene were built based on their Electrostatic Potential Surfaces (ESP) (See the Supplementary Material). The β-carotene molecule was chosen as a model in the all-E (trans) configuration, as it is the most abundant form found in nature (>90%) [32]. Then, the initial geometries structures were optimized using DFT calculation, at B3LYP/6-31G(d,p) level of theory [33,34]. DFT provides valuable insights into small-scale molecular interactions within DESs, describing the conformation of the components and the strength of interactions between them. However, it is important to consider that these interactions extend beyond the isolated HBD–HBA pair, as additional surrounding molecules contribute to the overall structural and energetic landscape. Therefore, DFT calculations provide a reasonable approximation of local interactions rather than a comprehensive description of the entire system [35]. Frequency calculations were performed to verify the stationary points on the potential energy surface. The interaction energies (∆E) were calculated as the difference between the total energy of the HES or complexes and the sum of the total energies of the isolated components. All calculations were carried out using the Gaussian 16 suite of programs [36]. To obtain information about the nature of the intermolecular interactions in the systems under study, a topological analysis of the electron density distribution based on the QTAIM [25] was conducted using the AIMAII program [37]. Calculations of noncovalent interactions (NCI) [38] were performed using the NCIPLOT program [39]. 


3 Results and discussion

3.1 Solvents characterization

Table 1 provides the maximum absorption wavelength λmax and the non-radiative energy or transition energy ENR of the Nile Red probe in the different solvents (Figure S1). Nile Red typically exhibits red shifts in more hydrophobic environments due to better stabilization of its excited state in non-polar solvents [30]. Hence ENR can be analysed to estimate the polarity or hydrophobicity of the solvents. ENR can be calculated as:

        Equation (3)

Because polar solvents cause Nile Red to be absorbed at higher wavelengths, according to Equation 3, polar solvents have lower ENR values. Considering the relationship between ENR and polarity, it can be observed that TLAC is the most polar solvent, while MLAU and MAO are the least (Table 1). MLAU has a similar ENR value of the mixture hexane/acetone/ethanol; hence their extraction properties could be similar. TAO, TM, TLAU and MLEV can be considered to have moderately low polarity by comparing the ENR for Nile Red in other solvents like water (ENR= 48.8 kcal mol-1) or iso-octane (ENR= 58.4 kcal mol-1) [30,40]. It is important to mention that the polarity of a HES results from complex interplays depending of HBD and HBA characteristics, their individual ratios, water content, etc. The ENR values could result in a strategy to preliminarily predict the extraction capability of eutectic solvents to extract non-polar compounds like carotenoids. However, it is noteworthy to mention that in contrast to conventional solvents, the solvent´s polarity in terms of ENR of a given HES should not be necessarily associated with its ability to extract specific compounds indicating that there might be other factors affecting the extraction process [28,41]. 

3.2 Extraction of carotenoids 

Table 2 compares the efficiency of different HESs in extracting carotenoids and the individual recovery for β-carotene and lutein from MCP. Conventional extraction with n-hexane/acetone/ethanol (2/1/1) gave a TCC of 3.73 ± 0.19 µg β-carotene /mg DW and the recovery rates for both β-carotene and lutein were considered 100%, while TLEV was the best HES to extract TC (4.71 ± 0.14 µg β-carotene/mg DW). The results obtained with MLAU, TLAU, and TM were also significantly (p<0.05) higher than those obtained with n-hexane/acetone/ethanol, while only TAO and TLAC performed worse, in particular TLAC. Moreover, when evaluating the absorption spectrum between 400-550 nm for TLAC extract, the shape was considerably modified, which could even indicate a certain degree of degradation of the carotenoids (data not shown). This was also supported by the fact that neither β-carotene nor lutein were detected by HPLC in TLAC extract. No clear relationship between the estimated polarity values of HESs and extraction capabilities was observed, indicating that other factors (e.g., mass transfer phenomena, pH, co-extraction of other compounds, etc.) might influence carotenoid extraction efficiency besides the polarity of HESs. The highest recovery of β-carotene was achieved with MLAC (115.8 ± 3.1 %), followed by MLAU (84.4 ± 2.6 %) and TM (76.4 ± 0.9 %). The lutein recovery with MLAC was 55.7 ± 1.5%, while MLAU and MLEV achieved 90% (Table 2), highlighting a better selectivity of these solvents for lutein. While TM, TLEV and TLAU gave lutein recoveries above 70%, TLAC was the only solvent whose extraction efficiency was significantly lower than CONV, although being reported as hydrophobic [29]. MLAU and TM were the best solvents, both in terms of TC extraction and β-carotene and lutein recoveries.

3.3 Light stability tests

The instability of carotenoids to light, oxygen, and self-oxidation is a major challenge that could affect their practical use, especially for what concerns the Z-isomers, less thermodynamically stable than the all-E-isomers and more prone to isomerize in response to heat and light; different solvent media (e.g. vegetable oils enriched in oleic acid like sunflower, soybean, sesame, and rice bran) and additives (e.g. the antioxidants α-tocopherol and ascorbic acid) have a positive effect in improving stability [32]. Since the HESs studied here contain thymol, menthol and oleic acid which are known to have antioxidant properties that could increase the stability of extracted carotenoids [7,41], the extracts were tested under the effect of light, one of the main oxidative factors together with temperature and oxygen [14]. After 240 min of light exposure extracts obtained with CONV, MAO, MLEV and TLEV had values <50% of the initial total carotenoid content, indicating intense degradation of carotenoids. The extracts obtained with some HESs maintained values above 50% after 480 min of light exposure (Figure 1a), which might suggest a protective effect on carotenoids against light oxidation. In terms of efficacy, these HESs were ordered as follows TM > TLAU > MLAU > TAO > MLAC. As can be observed, the combination of menthol and thymol might be particularly effective in preventing MCP carotenoid degradation. Light stability of carotenoids might be related to carotenoid structure and solvent properties, as an example menthol : camphor maintained the stability of carotenoids extracted from orange peel [41] while thymol : oleic acid (TAO) maintained the stability of astaxanthin extracted from Haematococcus pluvialis [14].  It is important to highlight that there might be other factors beyond HES composition participating in carotenoid stability against light oxidation i.e.: other co-extracted antioxidants, interactions among carotenoids and HES, reactivity of HES, etc. This implies that a preliminary assessment should be made based on the type of carotenoids present in a sample and the ability of the solvent to extract and preserve them.

3.4 Thermal stability tests

Carotenoids are sensitive to high temperatures; long exposure to heat can lead to isomerisation, oxidative degradation, loss of colour and nutritional value[8,12]. Hydrophobic environments have been proven to protect the thermal degradation of carotenoids [42,43]. To select adequate HES to extract and stabilize carotenoids extracted from MPC, those extracts that showed the best results in terms of stability against light degradation (TAO, TM, MLAC, MLAU, TLAU) were subjected to thermal stability assay. As can be observed in Figure 1b four of the evaluated HESs maintained more than 50% of initial carotenoid content (TM > MLAU > TAO > TLAU). If the effect of MLAU can be explained by its hydrophobicity, for TM the protective effect would be more related to the antioxidant properties of thymol and menthol. Particularly, thymol has been proven excellent antioxidant properties [14,18]. On the other hand, MLAC did not stabilize carotenoids against thermal stress. This could be a consequence of increased reactive species given that the water content of lactic acid could promote lipid peroxidation. 

3.5 Optimization of carotenoid extraction

Since TM was the HES that achieved the best results in maintaining carotenoid contents in both, thermal and light stability assays, it was selected to optimize the extraction process. The predicted model for carotenoid extraction was mainly influenced by the term biomass : solvent ratio. The model was significant (p<0.005), the R2 predicted (PredR2 = 0.7654) was in reasonable agreement with the adjusted R2 (AdjR2 = 0.8509), while the adequate precision (AdeqPrec = 8.5736) indicated that the signal to noise ratio was adequate (Supplementary Table 1).  Figure 2 shows the TCC in TM extracts as a function of time, temperature and biomass : solvent ratio. The maximum values for TCC were obtained at 1:9 biomass : solvent ratio and variable time (from 5 to 240 min). In our experiments, working with temperatures >42 °C or ratios lower than 1:9 did not achieve higher extraction yields. It is well established that the viscosity of HES is greatly affected by temperature [15,18]. Extraction temperatures below 35 °C and low biomass : solvent ratios did not increase extraction yields, which might be related to the high viscosity of HES and low mass transfer efficiency [42]. Although neither linear nor quadratic terms for temperature were significant, it is noteworthy to mention that temperature affects HES’s viscosity, hence mass transfer phenomena influenced by biomass : solvent ratio, as shown, could also be affected. 
Based on the previous results, numerical and graphical optimizations were conducted to establish the optimum level of the independent variables (biomass : solvent ratio, temperature and time) to maximize carotenoid extraction. Numerical optimization was evaluated using the desirability (D) function. The criteria for graphical optimization were selected to obtain TTC results > 75% of the highest value obtained in experimental points without optimizing independent variables (OPT1) or TTC >75% and minimizing extraction time (OPT2). The selection was based on maximum desirability (D) for numerical optimization and optimal operable conditions with graphical optimization. Figure S3 in Supplementary Material shows the D values for the proposed solutions and operational conditions where the responses were graphically optimized. It can be seen that for OPT1 (OPT1: ratio 1 : 9 ,  time = 149  min and temperature = 45 °C), numerical and graphical optimization are in agreement with the proposed goals (Figure S3 a and b). Meanwhile, for OPT2 (ratio 1 : 10, time = 15 min and temperature = 58 °C) graphical optimization is slightly different than numerical optimization, however, it is in the area of confidence (Figure S3 c and d). With these parameters, new extractions (TM-OPT1 and TM-OPT2) were performed to validate the model. Verification experiments performed at the predicted conditions derived from the optimization analysis indicated that experimental values were reasonably close to the predicted values confirming the validity and adequacy of the model (Table 3). Moreover, the verification experiments also proved that the predicted values of the response variable could be satisfactorily achieved within a 95% confidence interval of experimental values. 
When our results obtained under optimized conditions (TM-OPT1 3.58 ± 0.28 µg/mg DW and TM-OPT2 3.32 ± 0.16 µg/mg DW) were compared with the literature, a large variability of the carotenoid content in mango peel was found. This fact could be attributed to variations related to cultivar, ripening stages or extraction process conditions, however, the results are in the range compared with other studies 2.01 ± 0.05 µg/mg DW for mango peel var. Sugar [4], 4.65 ± 0.18 µg/mg DW and 5.69 ± 0.20 µg/mg DW for mango peel var. Tommy Atkins and var. Haden respectively [44]. Regarding the individual carotenoid profile, the HPLC-DAD profile (Figure S2 in Supplementary Material) indicated that, for CONV and TM-OPT extracts, the major carotenoids were β-carotene and lutein. The individual contents for CONV were 1.01 µg β-carotene/mg DW and 0.12 ± 0.01 µg lutein/mg DW. This profile is in line with previous results for other varieties [4,31,44]. β-carotene contents in optimized extracts were 0.99 ± 0.07 µg/mg DW and 0.91 ± 0.05 µg/mg DW for TM-OPT1 and TM-OPT2 respectively, which represent 98% and 91% of recovery compared to CONV. Although lutein content was significantly low as in CONV, the recovery rates were 99% and 86% for TM-OPT1 and TM-OPT2 respectively. 

3.6 Antioxidant capacity of extracts obtained under conventional and optimized conditions

[bookmark: _Hlk176435769]Finally, the effect of extraction conditions (TM-OPT1 and TM-OPT2) on the antioxidant capacity of extracts submitted to light stability assay was evaluated. Supplementary Figure S4 depicts the stability of antioxidant activity of extracts obtained under conventional and optimized conditions. At the initial time, all extracts were assigned 100% antioxidant activity. After 480 minutes of light exposure, the extract obtained under conventional conditions (CONV) exhibited only 22% of its initial activity, whereas TM-OPT1 and TM-OPT2 retained 87% and 78%, respectively. These results suggest that the extraction conditions employed for the optimized extracts (OPT) significantly influenced their stability. The observed difference in stability can be primarily attributed to the extraction temperature. Given that the extraction temperature for OPT2 was higher than for OPT1 some oxidative processes might be initiated. The temperature differences likely influenced the co-extraction of other compounds, impacting the overall stability of the carotenoid extracts. Consequently, based on these findings, the extraction conditions employed for TM-OPT1 would be more suitable for obtaining stable carotenoid extracts from MCP.

3.7 Computational chemistry calculations 

3.7.1 Interactions between components of the thymol : menthol HES (TM)

DFT has proven to be useful for describing intermolecular interactions and properties of eutectic solvents [35]. To understand the intermolecular interactions involved in the TM solvent, DFT and QTAIM approaches were employed. Within the QTAIM framework, the presence of bond critical points (bcps) between interacting atoms, along with their associated bond paths, is indicative of chemical interactions. Several topological parameters at the bcp provide valuable information about the nature and characteristics of these interactions. The electron density (b) at the bcp reflects the strength of a bond, and its Laplacian (2b) measures the local charge concentration (2b < 0) or local charge depletion (2b > 0) [45]. These properties, along with the total energy density (Hb), are used to analyse the covalent character of an interaction [46]. 
Figure 3 shows the optimized geometries of the TM complex and its corresponding molecular graphs. The interaction energy of -10.3 kcal/mol indicates strong intermolecular interactions, with a hydrogen bond formed between a hydrogen atom of thymol and the oxygen of menthol (O-H···O), consistent with previous reports [47]. Their calculation showed that this H-bond is significantly stronger than those in pure liquid menthol and thymol. Additionally, a secondary interaction between a hydrogen atom of menthol (C-H···O) and the oxygen atom of thymol was found, as noted in the molecular graph.
The b value at the O-H···O bcp is relatively high, suggesting a stronger interaction, whereas the b value at the C-H···O bcp is lower. In all cases 2b is positive, indicating that the bcps are localized in an electron charge density depletion zone. These values fall within the typical range for H-bonds, with b ranging from 0.002 to 0.040 au. and 2b from 0.020 to 0.150 au [45]. Furthermore, the negative Hb value for the O···H bcp suggests a partial covalent character for this interaction. This pattern is typical of bifunctional hydrogen bonding, where a proton donor also acts as a proton acceptor exerting a cooperative effect that enhances the stability of the complex [48]. 

3.7.2 Interactions between TM and β-carotene

[bookmark: _Hlk174872629]To analyse the intermolecular interactions between β-carotene and TM, TM-β-carotene complexes (TM-βcar) were built. For this, the previously optimized structure of the TM complex was placed in different regions of the β-carotene molecule, resulting in six stable TM-βcar complexes (see Figure S7 in the Supplementary Material).
The interaction energies of TM-βcar complexes were calculated using the following equation:


where ETM-βcar, ETM and Eβcar stand for the energy of the TM-car complex, TM, and the β-carotene molecule, respectively, in their optimized structures.
[bookmark: _Hlk174298012]The stability of a complex is determined not only by its molecular interactions but also by the deformation of the individual components upon complex formation. To estimate the net interaction energy between TM and β-carotene (ΔETM∩βcar), the binding energy was calculated using the following equation [49]:



where , , represent the energies of TM and the β-carotene, respectively, both calculated in the geometry of the complex. The ΔETM-βcar and ΔETM∩βcar for the complexes are shown in the Supplementary Material. 
[bookmark: _Hlk188870275]In most of these complexes (TM-βcar-a-e), the hydroxyl groups, which represent the polar region of TM, interact with the β-carotene molecule with ΔETM-βcar values ranging from −7.2 to −5.0 kcal/mol. However, in the TM-βcar-f complex, the polar portion of TM does not interact with β-carotene, resulting in lower stability, as indicated by a ΔETM-βcar of -0.9 kcal/mol. These findings indicate that the interactions of polar region TM with β-carotene are key to the enhanced stabilization of the complex.
The binding energy did not show a significant difference from the interaction energy, suggesting that complexation does not lead to substantial geometric changes in either the TM or the target molecule. The results also suggest that multiple TM complexes may interact with β-carotene during the extraction process. However, performing such calculations is computationally intensive and beyond the scope of this study.
The lowest energy structure was selected for further analysis. In Figure 4, the molecular graph of TM-βcar-a complex is shown along with the contour plot of -2, focusing on the plane containing the atoms involved in the selected interactions. Additionally, the NCI surface of the TM-car-a complex, is displayed, offering qualitative insights into the nature and spatial distribution of non-covalent interactions between the molecules. The topological properties at bcps corresponding to the intermolecular are provided in Table S2 in Supplementary Material.
Several types of intermolecular interactions were found in the TM-βcar-a complexes. Three bcps (1-3) associated with the C-Hβcar···OTM H-bond interactions were identified, all involving the same proton acceptor (the oxygen atom of TM) and displaying similar topological characteristics. Additionally, bcps 4, 5, and 7-9 were associated with H···π interactions. Among these, the O-HTM···Ccar interaction at the bcp 7 shows a higher b, indicating greater strength due to the O-H bond of TM acting as the hydrogen donor. In contrast, C-H bonds from β-carotene (bcps 4 and 5) and TM (bcps 8 and 9) act as weaker proton donors. Furthermore, bcp 6 was associated with a very weak dihydrogen bond, C-Hβcar···H-CTM [50].
All interactions exhibit low b values (0.009-0.002 au.) with a feature of closed-shell interactions (2b > 0), as shown in the contour plots where bcps are located in regions of electron density depletion (Figure 4b). For bcps 4 and 7, the H···Cπ bond path curves toward the bcp of the C=C double bond, a characteristic of H···π interactions [50]. Additionally, the NCI surface, which correlates positively with electron density from QTAIM, shows a green isosurface between TM and β-carotene, indicating the relatively weak strength of the interactions involved in complex formation.
[bookmark: _Hlk188899745]In the remaining TM-βcar complexes, several types of weak interactions were identified, including H-bonds (C-H···O, O-H···Cπ, C-H···Cπ) and dihydrogen bonds (C-H···H-C). Furthermore, CTM···Ccar π–π interaction was identified in the TM–βcar-b and TM–βcar-d complexes, with the corresponding bcps (bcp 2 in both cases) exhibiting topological parameters characteristic of this type of weak interaction (see Figures S8 and S10 and Table S2 in the Supporting Material). The b values for these interactions range from 0.013 to 0.002 au. Among them, the O-HTM···Ccar H-bond displayed the strongest interaction (see Supplementary Material). 
The overall interaction strength, assessed by the sum of electron densities at all bcps between TM and β-carotene (b), correlates well with the interaction and binding energies of the complexes [2]. Good linear correlations were observed between b and both ETM-car and ETM∩car (R² = 0.972 and 0.936, respectively) (Figure S13), highlighting the role of these interactions in stabilizing the complexes. 


4 Conclusions

Hydrophobic eutectic solvents (HESs) have proven to be effective for extracting carotenoids from mango criollo peels. The estimated polarity of solvents did not show a direct relationship with extraction yields and recovery rates for β-carotene and lutein, indicating the potential influence of other factors. Light and thermal stability varied depending on solvent composition. A thymol : menthol (1 : 1) eutectic mixture was effective to obtain stable carotenoid extracts. These discoveries underline the importance of adequate solvent selection and extraction conditions to obtain stable carotenoid extracts.
Theoretical studies revealed the importance of weak intermolecular interactions in the formation of thymol : menthol : β-carotene complexes. These interactions, while individually weak, establish multiple contact points, contributing to the efficiency of the extraction process and the stability of the complex. Additionally, the electron density of intermolecular interactions proved to be a reliable indicator of complex stability, offering valuable insights for the design of novel HES. This underscores the importance of understanding these subtle interactions in advancing solvent technology and improving extraction methodologies. 
This research advances the valorisation of mango peel waste by developing an efficient and sustainable method for carotenoid extraction. 
The findings provide crucial information for selecting suitable solvents and optimizing extraction conditions to preserve carotenoid bioactivity. This opens up new possibilities for applications in the food, cosmetic, and pharmaceutical industries. Furthermore, the insights gained into the structure and molecular interactions between HESs and β-carotene offer a foundation for designing customized HESs tailored for the extraction of specific compounds. 
While significant progress has been made in optimizing extraction conditions, one important area requiring further investigation is the efficient recovery of the extracted carotenoids from the HES mixture. Future research should focus on exploring recovery methods, including the use of switchable solvents, resins, antisolvents or other suitable method, to develop a complete and scalable process for carotenoid extraction and purification.
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Table 1. Details and solvatometric parameters of the HES systems evaluated in this work.
	
	Individual components
	Molar ratio
	Solvatometric properties

	Solvent
	HBD
	HBA
	HBD
	HBA
	λmax
(nm)
	ENR
(kcal mol-1)

	CONV*
	---
	---
	--
	--
	534.5
	53.49 ± 0.07

	MAO
	DL-Menthol
	Oleic acid
	1
	2
	535.5
	53.39 ± 0.07

	TAO
	Thymol
	Oleic acid
	3
	1
	563.0
	50.78 ± 0.24

	TM
	DL-Menthol
	Thymol
	1
	1
	556.5
	51.38 ± 0.07

	MLAC
	DL-Menthol
	Lactic acid
	2
	1
	572.5
	49.94 ± 0.06

	TLAC
	Thymol
	Lactic acid
	3
	1
	646.0
	44.26 ± 0.10

	MLAU
	DL-Menthol
	Lauric acid
	3
	1
	534.5
	53.49 ± 0.07

	TLAU
	Thymol
	Lauric acid
	1.65
	1.35
	562.0
	50.87 ± 0.13

	MLEV
	DL-Menthol
	Levulinic acid
	1
	1
	555.0
	51.52 ± 0.13

	TLEV
	Thymol
	Levulinic acid
	1
	1
	577.5
	49.51 ± 0.06


*n-hexane/acetone/ethanol (2/1/1)
In bold: Hydrophobic Eutectic Solvents characterized as Hydrophobic Deep Eutectic Solvents (HDES)



































Table 2. Results for total carotenoid content (TCC) and individual percentages of recovery for β-carotene and lutein.
	Extract
	TCC 
(µg β-carotene / mg DW)
	% of recovery
 β-carotene*
	% recovery 
lutein*

	CONV
	3.73 ± 0.19
	100 ± 1.10
	100 ± 2.25

	MAO
	3.79 ± 0.35
	61.40 ± 3.22
	62.13 ± 2.20

	TAO
	3.33 ± 0.32
	47.39 ± 2.12
	69.13 ± 3.54

	TM
	4.17 ± 0.14
	76.49 ± 0.98
	80.88 ± 3.21

	MLAC
	4.02 ± 0.36
	115.78 ± 3.10
	55.77 ± 1.54

	TLAC
	1.80 ± 0.17
	nd
	nd

	MLAU
	4.31 ± 0.56
	84.47 ± 2.69
	90.81 ± 4.33

	TLAU
	4.22 ± 0.38
	61.89 ± 3.33
	79.34 ± 2.41

	MLEV
	3.99 ± 0.25
	74.97 ± 1.87
	90.17 ± 1.58

	TLEV
	4.71 ± 0.14
	74.07 ± 2.66
	78.38 ± 0.99


*compared to conventional solvent extraction
nd: not detected
In bold: Hydrophobic Eutectic Solvents characterized as Hydrophobic Deep Eutectic Solvents (HDES)






























Table 3. Validation values for the proposed optimized responses

	
	TM-OPT1

	Response
	Prediction 
	SE Mean 
	95% CI low 
	Experimental
	95% CI high

	TCC
	3.64 
	0.15 
	3.30 
	3.58 ± 0.28 
	4.01 

	
	

	
	TM-OPT2

	TCC
	3.43 
	0.24 
	2.87 
	3.32 ± 0.16 
	4.01 


TCC: total carotenoid content (µg/mg DW), CI: confidence interval


