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Abstract

:

This study aimed to investigate the effects of the solvent type, extraction time, extraction temperature and solvent-to-material ratio on the recovery of the total saponin content (TSC), the total phenolic content (TPC) and the antioxidant activity from the rhizomes of Curculigo orchioides Gaertn. The extraction efficiency of the bioactive compounds by ultrasound-assisted extraction (UAE) was also evaluated. Extraction with 80% ethanol achieved the highest extraction yields, and the optimal conditions for the extraction of TSC were 60 min, 57 °C and an 80 mL/g solvent-to-material ratio. The optimal conditions for the recovery of TPC were 178 min, 45 °C and a solvent-to-material ratio of 68 mL/g. The highest antioxidant activity of the extracts from Curculigo orchioides Gaertn rhizomes was obtained with the optimal conditions of 180 min, 40 °C and an 80 mL/g solvent-to-material ratio. The actual extraction yields obtained from the optimal conditions were 11.33 mg aescin equivalents (AE)/g dry weight (DW) for TSC, 23.58 mg gallic acid equivalents (GAE)/g DW for TPC and DPPH antioxidant activity of 133.45 µM Trolox equivalents (TE)/g DW. UAE using the same type and amount of solvent for only 10 min could result in comparable extraction yields of TSC, TPC and DPPH antioxidant activity to the 180 min conventional extraction process. These promising results suggest the potential for the development of effective extraction processes to recover bioactive compounds from Curculigo orchioides Gaertn rhizomes in practical production.
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1. Introduction


Curculigo orchioides Gaertn is primarily distributed in Asian tropical and subtropical regions, including Southern China, Cambodia, Laos, the Philippines and Vietnam. This medicinal herb is called “Xian Mao” in China, “Tien Mao” in Vietnam and “Kali Musli” in India and has been utilized to promote physical strength and treat various ailments, such as back pain, enuresis and impotence [1,2,3]. The rhizomes of Curculigo orchioides Gaertn (COG) are renowned for their medicinal properties, attributed to the presence of various bioactive compounds. In a study conducted by Wang et al., (2013) [1], three phenolic glycoside compounds were isolated and identified from the rhizomes of COG, namely orcinol glucoside, orcinol-1-O-(6′-O-acetyl)-α-D-glucopyranoside and curculigoside. Recently, many studies have been conducted on uncovering bioactive compounds in COG rhizomes, such as polysaccharides, saponins, phenolics and terpenoids, along with their associated biological activity [2,3]. For example, a qualitative analysis of the phytochemicals of COG rhizomes in India indicated that saponin compounds and polyphenols were present in all petroleum ether, chloroform and ethanol extracts [4]. A later study by Nguyet et al. (2020) [5] found that COG rhizomes collected from Quang Ngai Province, Vietnam contained a total of 78.48 mg oleanolic acid equivalents/g of TSC and 196.24 mg GAE/g of TPC. Consequently, the COG rhizome is considered a promising medicinal source due to its pharmacological properties [6].



For the recovery of bioactive compounds from plant sources, a number of studies have been conducted using a variety of methods, like Soxhlet extraction, maceration and distillation. In addition, many studies have incorporated the use of advanced techniques such as microwave-assisted extraction (MAE), ultrasound-assisted extraction (UAE), enzyme-assisted extraction (EAE) and pulsed electric field stimulation to reduce the extraction time and solvent consumption while simultaneously enhancing the recovery efficiency of the desired bioactive compounds [7]. In addition to the great variations in the extraction efficiency achieved with different extraction techniques, the use of suitable solvents and technical parameters like the extraction time, temperature and amount of solvent are important factors determining the recovery of the desired compounds and the biological activity of the plant materials [7,8].



According to the updated literature, there is limited scientific information regarding the effective recovery of beneficial compounds from COG rhizomes. Currently, the most common methods of obtaining medicinal components from COG rhizomes include long-term soaking in alcohol or decoctions for several hours, which is traditionally applied for the preparation of Chinese herbal medicines [6]. These extraction methods usually cause the significant loss of valuable compounds due to degradation resulting from the long-term exposure to high temperatures, oxygen and light. This consequently reduces the efficiency of the obtained medicinal extracts [7]. As a result, this valuable medicinal plant remains underutilized and has not been commercialized. Hence, this research aimed to determine the optimal extraction parameters for the recovery of beneficial bioactive compounds from COG rhizomes. COG rhizomes were subjected to extraction using various solvents and different extraction conditions using the maceration technique to investigate the recovery of the total phenolic content (TPC), total saponin content (TSC) and DPPH antioxidant activity. The identified optimal conditions were further applied for ultrasound-assisted extraction in order to improve the extraction efficiency.




2. Materials and Methods


2.1. Materials


The rhizomes of Curculigo orchioides Gaertn (3 years old) were purchased from Lao Cai Province, Vietnam. The taxonomic identity of the COG rhizomes was confirmed by the Research Center of Ginseng and Medicinal Materials, National Institute of Medicinal Materials, Ho Chi Minh City, Vietnam. After purchasing, the rhizomes were thoroughly cleaned, sliced and dried to moisture content of 8.0 ± 0.5%. The dried material was then finely ground, tightly packed in polypropylene bags and stored at −18 °C until used for experiments.




2.2. Chemicals


Ethanol absolute (≥99.9%), acetone (99.5%), ethyl acetate (≥99.5%), methanol (≥99.9%), sulfuric acid (98%) and vanillin (97%) were purchased from Merck PTE Ltd. (Science Park Drive, Singapore). Folin and Ciocalteu’s phenol reagent (2N), DPPH (2,2-diphenyl-1-picrylhydrazyl) (97%), Trolox ((S)-(-)-6-hydroxy-2,5,7,8 tetramethylchroman-2-carboxylic acid) (97%), aescin (≥95%) and gallic acid (≥98%) were purchased from Sigma-Aldrich Pty. Ltd. (Pasir Panjang Rd, Singapore).




2.3. Experimental Design


2.3.1. Single-Factor Investigation Experiments


Single-factor experiments were carried out to determine the most suitable solvent and optimal ranges of technological parameters, including the extraction time, extraction temperature and solvent-to-material ratio, in order to apply them for the further optimization process.



Five grams of dried COG rhizome powder were extracted using 100 mL of different solvents, including acetone, ethyl acetate, 96% ethanol, 80% ethanol and distilled water, under ambient conditions for 120 min. After extraction, the mixture was filtered through 0.45 µm filter paper and the obtained extracts were subsequently diluted to appropriate concentrations for the analysis of the TPC, TSC and antioxidant activity.



The effects of the extraction time (30–240 min), extraction temperature (30–70 °C) and solvent-to-material ratio (10–80 mL/g) on the recovery yields of the TPC, TSC and antioxidant activity were then investigated using the selected solvent and the above procedure.



According to the literature on the extraction of bioactive compounds from plant materials, the selected technological parameters are considered crucial factors significantly affecting the recovery of the compounds [7]. In addition, the investigated ranges of the extraction conditions were selected based on the suitable ranges for the extraction of TSC and TPC, as reported in previously published studies [8,9].




2.3.2. Optimization of Extraction Conditions Using Response Surface Methodology (RSM)


The Box–Behnken design using the RSM was applied for the optimization process with 15 combinations of the 3 input factors, namely the extraction time (X1), extraction temperature (X2) and solvent-to-material ratio (X3), as shown in Table 1. The ranges of the input variables (60–120 min, 40–60 °C and 40–80 mL/g for the extraction time, temperature and solvent-to-material ratio, respectively) used to optimize the design were selected based on the results of the above single-factor experiments.



The yields of TPC, TSC and DPPH antioxidant activity are expressed as functions of the investigated variables using second-order polynomials as follows:
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where Yi is the independent response; Xi is the independent variable (extraction time, temperature or solvent-to-material ratio); and βo, βi, βij and βii are the regression coefficients of the intercept, linear, interaction and quadratic terms, respectively.




2.3.3. Ultrasound-Assisted Extraction (UAE)


Dried COG rhizome powder (5 g) and 400 mL of 80% ethanol were mixed in a glass beaker, which was placed in a water bath to control the temperature at 40 °C during the extraction process. An ultrasonic probe (UP200St, Hielscher Ultrasonics, Teltow, Germany) was immersed into the mixture and the extraction was conducted with an ultrasonic frequency of 30 kHz and a power output of 200 W with different extraction periods. The obtained extraction mixture was finally filtered through 0.45 µm filter paper and diluted to analyze the TPC, TSC and DPPH antioxidant activity.





2.4. Analytical Methods


The moisture content of the samples was analyzed by drying them to a constant weight at 105 °C [10].



The total saponin content was determined using the colorimetric absorbance method [11]. The extract (0.5 mL) was transferred into a test tube with 0.5 mL of vanillin solution in methanol (8%) and 5 mL of concentrated sulfuric acid solution (72%). The mixture was heated and remained at 70 °C for 10 min before being cooled rapidly to room temperature using ice water. The absorbance of the reacted solution was measured using a UV–Vis spectrophotometer at a wavelength of 550 nm. The total saponin content in the extract was calculated based on the standard absorbance curve of aescin at various concentrations. The recovered saponin content was expressed as mg aescin equivalents per gram dry weight (DW) of material (mg AE/g DW).



The determination of the total polyphenol content was performed using the Folin–Ciocalteu method, as described by Cicco et al. (2009) [12], with some modifications. First, 0.5 mL of extract and 2.5 mL of Folin–Ciocalteu reagent (10%) were well mixed in a test tube. The mixture was then left at room temperature for 5 min and then 2 mL of 7.5% (w/v) Na2CO3 was added. The test tube was kept in the dark for 90 min at room temperature for reaction. The absorbance of the solution was measured using a UV–Vis spectrophotometer at 765 nm. The total phenolic content was calculated and expressed as milligrams of gallic acid equivalents (mg GAE/g DW) based on the absorbance curve of a standard gallic acid solution.



The assessment of the antioxidant activity in this study was conducted by determining the ability to scavenge free radicals using the DPPH (2,2-diphenyl-1-picrylhydrazyl) assay, following the method outlined by Thaipong et al. (2006) [13], with some modifications. A volume of 0.5 mL of extract and 2.5 mL of DPPH working solution were well mixed in a test tube and left for reaction in the dark for 120 min. The absorbance of the sample was measured using a UV–Vis spectrophotometer at 515 nm. The antioxidant activity of each extract was calculated based on its absorbance and the standard curve of Trolox. The recovered antioxidant activity was expressed as µM Trolox equivalents per gram dry weight of material (µM TE/g DW).




2.5. Statistical Analysis


All experiments were conducted in triplicate and the experimental results are presented as the mean value ± standard deviation. The statistical comparisons of the significant differences (p < 0.05) among the results obtained from different experimental treatments were tested using an analysis of variance and the LSD post hoc test. JMP 13.0 (SAS, Cary, NC, USA) was used to perform the experimental design of the optimization processes and the statistical analysis of the RSM models.





3. Results and Discussion


3.1. Effects of Solvents on Extraction Yield


The extraction process of the desired compounds from plant materials can be influenced by several factors, including the nature of the raw material, the properties of the desired compounds, the extraction methods, the properties of the solvents and other process conditions, such as the temperature, time and pH. Under similar temperatures and extraction times, the selection of an appropriate solvent is considered as the crucial factor affecting the recovery of the desired compounds [7]. In general, the selection of an appropriate solvent to extract a target group of compounds from a material principally depends on the solubility of these compounds relative to the solvent’s polarity [8]. However, with extraction for further applications in food or pharmaceuticals, the choice of an appropriate solvent is limited by the toxicity of the solvents [14]. Therefore, this study only focused on investigating solvents that pose minimal health risks while still ensuring diversity in solvent polarity.



Figure 1 clearly demonstrates significant differences in the recovery of the TPC, TSC and DPPH antioxidant activity among the three extracts obtained from different solvents including ethyl acetate, ethanol 96%, ethanol 80%, acetone and distilled water. While ethyl acetate and ethanol 80% resulted in the highest TPC yields, the greatest recovery of TSC was attributed to the water and 80% ethanol extracts. The extraction of chemical compounds from plant materials depends on their chemical nature, the polarity of the solvent and other factors. Solvents like water and acetone are inefficient in extracting total polyphenols from plants because polyphenols are often bound to other biopolymers, such as proteins and polysaccharides. The difference in the polyphenol recovery efficiency between 80% ethanol and 96% ethanol in the study aligns with previous findings indicating that diluted ethanol is more effective than absolute alcohol in extracting phenolic compounds due to its ability to dissolve both polar and non-polar compounds [15,16,17]. Previous studies have indicated that most saponins are polar compounds, so the use of highly polarized solvents such as ethanol and distilled water could achieve higher extraction efficiency compared to other solvents [6,9,18].



The evaluation of the antioxidant activity revealed that water, acetone and ethanol 96% were the extracts with the lowest DPPH radical scavenging activity, and the ethanol 80% extract possessed significantly higher antioxidant activity compared to the others. The strong antioxidant activity of the 80% ethanol extract can be explained by the excellent extraction capabilities of this solvent for both saponins and phenolic compounds. These groups of compounds have been proven to be the main contributors to the antioxidant capacity of plant extracts [17,19]. Several previous studies have also suggested that combining solvents or using diluted solvents leads to higher extraction efficiency and antioxidant activity because ethanol cannot extract all compounds in plants. Thus, the use of diluted ethanol can improve the extraction efficiency of water-soluble antioxidant compounds [20]. In addition, ethanol has been commonly used in the extraction of natural compounds because it is considered a low-risk solvent for human health, and its reasonable cost makes it suitable for applications in industrial production [17]. Based on the obtained results, 80% ethanol was selected as the solvent for further experiments to simultaneously extract the TPC, TSC and antioxidant activity from COG rhizomes.




3.2. Single-Factor Investigation of Extraction Conditions


3.2.1. Effects of Extraction Time on Extraction Yield


The efficiency of TPC recovery from different COG rhizome extracts varied with the different extraction durations (Figure 2A). The highest polyphenol recovery efficiency was achieved after 120 min of extraction and tended to decrease when the process was extended. A similar trend was also observed (Figure 2B) for the extraction yield of TSC, but the peak of TSC recovery was reached earlier (60 min of extraction). This result indicates that the saponin compounds in COG rhizomes can diffuse into the solvent faster than the phenolic compounds. The extension of the extraction time to 120 min did not significantly increase the amount of extracted TSC and a longer time even led to decreases in the TSC extraction yield instead. Therefore, it is recommended that the process should not be extended beyond 180 min for the extraction of TSC from COG rhizomes.



The literature on the extraction of bioactive compounds has claimed that the appropriate extraction time to achieve the efficient recovery of phenolic compounds depends on the nature of the raw material and the solvent used [14,21]. For example, Durling et al. (2007) [22] conducted a study on the extraction of Cladina stellaris and found that shorter extraction times resulted in the better recovery of phenolic compounds. In addition, other studies have also reported that prolonging the extraction time may increase the exposure of the sample to environmental factors such as oxygen and light, which leads to lower extraction efficiency [23,24].



Figure 2C shows that the antioxidant activity of the COG rhizome extract tended to increase gradually from 30 to 120 min of extraction and decreased thereafter. Previous studies on the extraction of antioxidants from plants have also concluded that soaking the samples for 90 to 180 min typically yields the highest antioxidant activity in the extracts [17,25]. During extraction, the diffusion time of solutes from the solid phase (material) into the liquid phase (solvent) is one of the crucial factors, so a very short extraction time is often insufficient for dissolution. According to Fick’s second law of diffusion, the diffusion of substances into a solvent gradually reaches equilibrium after a certain period [26,27], so extraction beyond the optimal time can lead to the degradation of bioactive compounds due to the effects of oxygen, light and the temperature [27]. For example, a study investigating the stability of polyphenols in plant extracts under thermal and photo-oxidation treatments found that polyphenols were relatively thermal stable (degradation of 15% to 30% after 240 min of exposure to a temperature from 60 to 100 °C) [28]. However, these compounds were very sensitive to UV-C exposure, with 50% degradation of gallic acid and 83% loss of catechin after 180 min of treatment, which resulted in a significant reduction in the DPPH radical scavenging activity correspondingly. The extraction of Polyscias fruticosa roots also revealed that although higher total soluble solid content could be achieved until 120 min of extraction, the TSS recovery and DPPH antioxidant activity of the extract reached the highest values at 90 min and remained unchanged during extended extraction periods [29].



Thus, an extraction time ranging from 60 to 120 min is recommended for the recovery of all three desired outputs, namely the TPC, TSC and DPPH antioxidant activity, from COG rhizomes.




3.2.2. Effects of Extraction Temperature on Extraction Yield


In conventional extraction techniques, it is generally observed that increasing the extraction temperature within the range of 20 to 80 °C enhances the recovery efficiency of plant compounds, particularly polyphenols [8,30]. Because the boiling point of ethanol is 78.3 °C, the investigated temperature in this study was limited to 70 °C to avoid the excessive evaporation of ethanol, which may cause unexpected issues during extraction [31].



Figure 3A reveals significant variations in the TPC yield obtained at 30, 40 and 50 °C but no significant differences were found between the temperatures of 50 and 60 °C. There are two mechanisms that may be involved in the higher diffusion rate of phenolic compounds at elevated temperatures. Firstly, the bonds between lignins and various phenolic acids are cleaved, thereby releasing phenolic compounds. Secondly, lignins may undergo self-decomposition at high temperatures, leading to the liberation of a greater number of phenolic compounds [32]. The data in Figure 3B show that the TSC extracted from COG rhizomes also reached the highest level at the temperature of 50 °C but then decreased when higher extraction temperatures were applied. Theoretically, elevated temperatures can soften plant tissue and weaken the bonds between various plant components, such as phenol–protein or phenol–polysaccharide linkages, facilitating the release of phytochemicals into the liquid phase. Furthermore, the viscosity and surface tension of the solvent decrease at higher temperatures, creating favorable conditions for enhanced solvent interactions with the solid sample [18]. However, excessive heating can accelerate the oxidation and degradation of the desired bioactive compounds. Moreover, unwanted components such as proteins and polysaccharides from the raw material may penetrate into the solvent at high temperatures and form gel networks, which can hinder the extraction process of the desired compounds [33,34].



A similar changing trend in the DPPH antioxidant activity to those of the TPC and TSC was observed, as shown in Figure 3C, where the peak of the antioxidant activity belonged to the extract obtained at 50 °C. A previous study on COG rhizomes reported that polyphenol compounds play a major role in contributing to the antioxidant activity of COG rhizomes [35]. The literature shows that the temperature can affect reactions involving antioxidants or may alter their structures and properties [36], and various studies have also recommended that temperatures above 70 °C should not be used to extract bioactive compounds from plant materials like grape pomace [27], Clinacanthus nutans Lindau leaves [34] and Polyscias fruticosa roots [29] as they may lead to a reduction in the antioxidant activity of the obtained extracts.




3.2.3. Influence of Solvent-to-Material Ratio on Extraction Yields of TPC, TSC and Antioxidant Activity


Figure 4A,B show an increasing trend in the TPC and TSC with an increasing solvent-to-material ratio, respectively. This trend is predictable because, according to the diffusion law, increasing the amount of solvent enhances the concentration gradient of the solutes, thereby accelerating the diffusion rate of soluble compounds from the material into the solvent. Although the TSC yield was not significantly improved (p < 0.05) from the ratios of 40/1 to 80/1 (mL/g), the yield of TPC continued to rise at the ratio of 80/1 (mL/g). This continuous increase in the TPC may have been the main factor contributing to the rise in the DPPH antioxidant activity (Figure 4C) when the solvent-to-material ratio was elevated to 80/1 (mL/g).



A recent study by Chuyen (2023) [29] concluded that a solvent-to-material ratio of 40/1 (mL/g) was the optimal ratio for the recovery of TSC from Polyscias fruticosa roots because no significant increase in recovery efficiency was observed when the solvent volume exceeded this ratio. Practically, the extraction yields of compounds cannot proportionally rise with higher solvent-to-material ratios and reach the maximum value at a certain ratio at which the concentration of solutes in the material is limited and an excessive amount of solvent may hinder the diffusion rate [8]. This result indicates that using excessive solvent to extract bioactive compounds may not yield significant recovery efficiency and instead increases the costs associated with the used solvent and the energy required to remove the solvent from the extract in the subsequent stages during the production of products from the plant extracts.





3.3. Optimization of Extraction Conditions Using Response Surface Methodology


Based on the results obtained from the single-factor experiments, the optimal ranges for the extraction time (X1) from 60 to 180 min, the extraction temperature (X2) from 40 to 60 °C and the solvent-to-material ratio (X3) from 40/1 to 80/1 (mL/g) were selected and applied for the optimization process using the response surface methodology (RSM) combined with the Box–Behnken model.



3.3.1. Fitting Models for Prediction of TPC Extraction Yield (Y1), TSC Extraction Yield (Y2) and DPPH Antioxidant Activity (Y3)


The extraction yields of the TPC (Y1), TSC (Y2) and DPPH antioxidant activity (Y3) of the experimental runs are presented in Table 2.



The results in Table 2 show a significant variation in the extraction yields of the TPC, TSC and DPPH antioxidant activity from the different experimental runs. Figure 5 illustrates the correlations between the actual values obtained from the experiments and the predicted values generated from the models. The points lying within the two boundary curves and being close to the bisector line in Figure 5 indicate strong consistency between the actual and predicted values for most of the experimental runs. The statistical analysis also shows very high correlation coefficients (R2) between the actual and predicted values of the TPC, TSC and DPPH antioxidant activity (0.95, 0.92 and 0.91, respectively). Further statistical analysis of the model’s fit indicates that the p-values for the lack of fit of all prediction models were greater than 0.05 (PLack of Fit = 0.322, 0.599 and 0.151 for the models of TPC, TSC and antioxidant activity, respectively); hence, the established models were confirmed to be suitable to predict the output responses.



The predicted extraction yields of TPC, TSC and DPPH antioxidant activity from COG rhizomes as determined by the optimization models can be calculated according to the following regression equations:


Y1 = −57.29625 + 0.1353 × X1 + 1.1562 × X2 + 1.2885 × X3 − 0.001042 × X1X2 + 0.001373 × X1X3 − 0.0038375 × X2X3

− 0.000518 × X12 − 0.007908 × X22 − 0.009996 × X32










Y2 = −14.505 + 0.0093 × X1 + 0.6742 × X2 + 0.1042 × X3 − 0.000171 × X1X2 − 0.000089 × X1X3 + 0.002612 × X2X3 +

0.000018 × X12 − 0.007629 × X22 − 0.001257 × X32










Y3 = 528.8575 − 0.0171 × X1 − 10.7325 × X2 − 6.3518 × X3 − 0.008329 × X1X2 + 0.006352 × X1X3 + 0.020352 × X2X3 +

0.000614 × X12 + 0.094392 × X22 + 0.044185 × X32











Here, Y1 is the extraction yield of the total phenolic content (TPC), Y2 is the extraction yield of the total saponin content (TSC) and Y3 is the DPPH antioxidant capacity of the obtained extracts; X1 is the extraction time (minute), X2 is the extraction temperature (°C) and X3 is the solvent-to-material ratio (mL/g).




3.3.2. Statistical Analysis of Individual and Interacting Impacts of Technological Factors on Output Responses


Table 3 shows the individual effects of the input factors and their combined impacts on the yields of the TPC, TSC and DPPH antioxidant activity based on the statistical analysis of the estimated coefficients in the second-order regression equations. The effects of a single factor or the interaction between any two input factors on the output responses are considered as proportional influences if the corresponding coefficients are positive; conversely, a negative coefficient indicates an adverse effect of the technological factors on the desired outputs. In addition, the smaller the p-value, the greater the impact of the input factor, which is considered significant when the p-value is less than 0.05.



Based on the statistical analysis in Table 3, most of the individual effects and combined effects of the input variables on the TPC recovery yield (Y1) were statistically significant (p < 0.05), with the exception of the individual effect of temperature (X2) and the two combined effects of X1X2 and X2X3. Among the investigated factors, the effect of the extraction time on the polyphenol extraction efficiency was the greatest (p = 0.0027), followed by the effect of the solvent/material ratio (p = 0.0398) and, finally, the temperature (p = 0.8302).



Regarding the statistical analysis of the estimated coefficients in the model predicting the TSC yield (Y2), the solvent-to-material ratio had the greatest impact on the TSC yield, followed by the extraction temperature and, finally, the extraction time. Only the solvent-to-material ratio (X3) showed a statistically significant impact on the TSC yield, and all interactive and quadratic effects of the factors on the TSC yield were not statistically significant (p > 0.05). In addition, the positive coefficients of the extraction temperature and solvent-to-material ratio suggest that the TSC yield tended to be increased when a higher extraction temperature and solvent-to-material ratio were applied.



Similar to the effects on the TPC and TSC yields, the solvent-to-material ratio (X3) also contributed the highest impact on the DPPH antioxidant activity (Y3) of the obtained extracts from the COG rhizomes (p = 0.0082). The extraction temperature (X2) also showed a statistically significant effect (p = 0.0259) on the DPPH antioxidant activity but that of the extraction time was not significant (p = 0.1576). The negative coefficient of X2 indicates that the obtained antioxidant activity decreases as the extraction temperature increases within the range of 40–60 °C. Conversely, the antioxidant activity increases along with a larger used amount of the ethanol solvent.



The interactive influences of the input factors on the desired responses are also visualized in the response surface plots in Figure 6. The plots in Figure 6A1,A2 show that the TPC extraction efficiency increases with a longer extraction time and higher solvent-to-material ratio but the TPC shows a downward trend with the rise in the temperature. The changing trends in the TPC yield in the response surface plots are consistent with the values of the influence coefficients and the corresponding combined effects of the technological factors analyzed in Table 3.



Figure 6B1 shows that the TSC yield reached the highest level (over 9.5 mg AE/g DW) in the temperature range of 50–58 °C combined with an extraction time of 60–110 min. However, further extending the extraction time caused a decrease in the recovery of TSC. The clearly increasing trend of the TSC yield with the increase in the solvent-to-material ratio observed in Figure 6B2 confirms the significant impact of this parameter, as analyzed in Table 3.



Similar to the plots for the TSC, it can be observed that the obtained antioxidant activity was higher as the solvent-to-material ratio increased and the temperature decreased. The upward curves, along with the increase in time and the solvent-to-material ratio, clearly demonstrate the positive relationship between the antioxidant activity and these factors, while the inverse relationship between the temperature and DPPH antioxidant activity is illustrated by the downward curves. The graphs clearly show the optimal values for the extraction conditions: an extraction time of 180 min, a temperature of 40 °C and a solvent-to-material ratio of 80 mL/g.




3.3.3. Verification of Optimal Values through Experimental Validation


Based on the established optimization models, the optimal values of the extraction conditions for extraction were determined as 178 min, 45 °C and 68 mL/g for TPC; 60 min, 57 °C and 80 mL/g for TSC; and 180 min, 40 °C and 80 mL/g for the DPPH antioxidant activity. These optimal values were validated through practical experiments and the obtained experimental results are presented in Table 4.



The validation data indicate that, after extraction under the optimal conditions for saponins (60 min, 57 °C with a ratio of 80 mL/g), the actual recovery yield of TSC was 11.33 mg AE/g DW. Under practical extraction conditions of 178 min and 45 °C with a ratio of 80 mL/g, the TPC yield was 23.58 mg GAE/g DW (the predicted value was 24.32 mg GAE/g DW), and the experimentally obtained antioxidant activity was 133.45 µM TE/g DW compared to the predicted value of 138.52 µM TE/g DW. Although there are variations between the actual experimental values and the corresponding predicted values, these differences are not statistically significant (Table 4). The consistency of the actual values and the predicted values suggests that the optimization models used to assess the impact and determine the optimal extraction conditions for the recovery of active compounds and the antioxidant activity are suitable for the prediction of the recovery yields of TPC, TSC and DPPH antioxidant activity from COG rhizomes.



The total saponin content and total phenolic content in the initial material were 22.85 mg AE/g DW and 36.59 mg GAE/g DW, respectively. Thus, the recovery efficiency for TSC was determined to be 49.5%, and that for TPC was 64.4%. A study by Barrales et al. (2018) [37] reported the TPC extraction efficiency using alcohol from orange peel to be 35%, while another study by Otero-Pareja et al. (2015) [38] using alcohol achieved efficiency of 87%. Regarding saponin extraction, a study by Khoang et al. (2022) [39] reported TSC recovery efficiency of 14.5% from Polyscias fruticosa leaves. The optimal extraction time for TPC from COG rhizomes in this study is longer than the optimal extraction duration of TPC from limau purut peel (126 min) [21] and for TPC from mashua tubers (60 min) [24]. However, the optimal time for the recovery of TSC in this study is shorter than the time for TSC extraction from Polyscias fruticosa roots [29]. The variations in both the optimal conditions and the extraction yields may depend on the properties of the different raw materials used in the studies.





3.4. Ultrasound-Assisted Extraction of TPC, TSC and DPPH Antioxidant Activity from COG Rhizomes


Based on the validated optimal extraction conditions for maceration extraction, an ultrasound-assisted extraction technique was designed using the optimal parameters (temperature of 40 °C and solvent-to-material ratio of 80 mL/g) in order to improve the extraction efficiency of the TPC, TSC and DPPH antioxidant activity from COG rhizomes.



Figure 7A,B show that the recovery yields of both TPC and TSC from COG rhizomes using ultrasound-assisted extraction methods were very high after only 5 min of extraction and they increased significantly with each subsequent 5 min interval. The use of ultrasound to assist the extraction process can lead to high extraction efficiency in a short period, caused by the continuous creation and collapse of cavitation bubbles, which help to weaken or break down the plant cell walls, thereby increasing the mass transfer rate of solutes into the solvent [40]. However, according to the law of solute diffusion, UAE also requires a suitable extraction time to achieve the highest yields of the soluble compounds [41]. In this study, the extraction yields of TPC and TSC reached the maximum values after 15 and 10 min of extraction, respectively, and further extending the time did improve the recovery of these compounds. The data for the DPPH antioxidant capacity in Figure 7C show a similar changing trend to the two groups of TPC and TSC. The extract reached very high DPPH antioxidant activity (128.20 µM TE/g DW) after just 5 min of extraction, increasing to 141.85 µM TE/g DW after 10 min of extraction before decreasing with the extended time.



This result is consistent with previous studies on the impact of ultrasound-assisted extraction (UAE) on bioactive compounds from grapes [42], rosemary leaves [43] and white mushrooms [44]. These studies indicate that the amounts of the compounds and the antioxidant activity obtained from UAE extracts reach the highest levels after relatively short periods (usually between 10 and 20 min) and then decrease when the extraction time is extended. The decline is explained by the increased degradation of the compounds in the liquid phase, while the extraction rate decreases due to the concentration gradient of the solutes between the material and the solvent approaching equilibrium.



As shown in Table 5, there was no statistically significant difference in the yields of the TPC, TSC and DPPH antioxidant activity obtained from the two different extraction methods. However, in terms of production efficiency, the UAE extraction showed a great advantage in reducing the extraction time while maintaining the recovery efficiency of the bioactive compounds. Specifically, to recover comparable yields of TPC and TSC, UAE required only approximately one-eighteenth and one-fourth of the extraction duration compared to maceration extraction, respectively.



A previous study comparing the impact of extraction methods on the compound recovery efficiency reported that UAE improved the TPC recovery from sorghum by 22% compared to the conventional solvent extraction technique [45]. Regarding the extraction of compounds from several herbal materials by various methods, Gadjalova et al. (2019) [46] found that UAE was the most suitable method to maximize the recovery of bioactive compounds. Studies on the extraction of compounds from Gac fruit also showed that the required extraction duration was shortened by five times when using UAE, while achieving significantly higher antioxidant activity recovery compared to the conventional solvent extraction [47,48]. The results from this study indicate that UAE is a promising method for the extraction of saponins, polyphenols and antioxidant activity from COG rhizomes.





4. Conclusions


The extraction yields of the total phenolic content, total saponin content and antioxidant activity from Curculigo orchioides Gaertn rhizomes were significantly influenced by the extraction time, the temperature and especially the solvent-to-material ratio. The optimal conditions for the extraction of TSC were predicted and validated as 60 min, 57 °C and a 80 mL/g solvent-to-material ratio, while those for the recovery of TPC were 178 min, 45 °C and a 68 mL/g solvent-to-material ratio. Extraction with the optimal conditions resulted in the maximum yields of TSC and TPC of 11.33 mg AE/g DW and 23.58 mg GAE/g DW, respectively. The highest DPPH antioxidant activity of the extracts was 133.45 µM TE/g DW, which was obtained when the Curculigo orchioides Gaertn rhizome was extracted for 180 min, at 40 °C, with a solvent-to-material ratio of 80 mL/g. Verification experiments using the optimal conditions confirmed that the actual values were not significantly different from the values predicted by the optimization models. In addition, ultrasound-assisted extraction helped to reduce the extraction time by up to 18 times (10 min), while achieving equivalent extraction yields to the maceration extraction process, using the same type and amount of solvent for the TPC, TSC and antioxidant activity. The results of this study can be used as a scientific basis for the development of efficient extraction processes for Curculigo orchioides Gaertn rhizomes at larger production scales.
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Figure 1. Extraction yields of TPC (A), TSC (B) and DPPH antioxidant activity (C) obtained by different solvents (ethyl acetate, ethanol 96%, ethanol 80%, acetone and water). Different characters indicate statistically significant differences among the values (p < 0.05). 
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Figure 2. Influence of extraction time on extraction efficiency of TPC (A), TSC (B) and antioxidant activity (C). Different characters indicate statistically significant differences among the values (p < 0.05). 
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Figure 3. Influence of extraction temperature on the extraction efficiency of TPC (A), TSC (B) and antioxidant activity (C). Different characters indicate statistically significant differences among the values (p < 0.05). 
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Figure 4. Influence of solvent-to-solid ratio on the extraction efficiency of TPC (A), TSC (B) and antioxidant activity (C). Different characters indicate statistically significant differences among the values (p < 0.05). 
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Figure 5. Correlations between predicted and actual values: (A) TPC (mg GAE/g DW), (B) TSC (mg AE/g DW) and (C) DPPH antioxidant activity (µM TE/g DW). X1: time (minutes), X2: temperature (°C), X3: solvent-to-material ratio (mL/g). Y1: total phenolic extraction yield (TPC), Y2: total saponin extraction yield (TSC), Y3: DPPH antioxidant capacity. 
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Figure 6. Interactive effects of input variables on the extraction yields of TPC (A1–A3), TSC (B1–B3) and DPPH antioxidant activity (C1–C3) from COG rhizomes. X1: time (minutes), X2: temperature (°C), X3: solvent-to-material ratio (mL/g). 
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Figure 7. Influence of ultrasound-assisted extraction on the extraction efficiency of TPC (A), TSC (B) and DPPH antioxidant activity (C). Different letters represent statistically significant differences among the values (p < 0.05). 
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Table 1. The experimental runs of the Box–Behnken design.
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No

	
Coded Levels

	
Actual Variables




	
X1

	
X2

	
X3

	
Time

(min)

	
Temperature

(°C)

	
Solvent-to-Material Ratio

(mL/g)






	
1

	
−1

	
−1

	
0

	
60

	
40

	
60




	
2

	
−1

	
0

	
−1

	
60

	
50

	
40




	
3

	
−1

	
0

	
+1

	
60

	
50

	
80




	
4

	
−1

	
+1

	
0

	
60

	
60

	
60




	
5

	
0

	
−1

	
−1

	
120

	
40

	
40




	
6

	
0

	
−1

	
+1

	
120

	
40

	
80




	
7

	
0

	
0

	
0

	
120

	
50

	
60




	
8

	
0

	
0

	
0

	
120

	
50

	
60




	
9

	
0

	
0

	
0

	
120

	
50

	
60




	
10

	
0

	
+1

	
−1

	
120

	
60

	
40




	
11

	
0

	
+1

	
+1

	
120

	
60

	
80




	
12

	
+1

	
−1

	
0

	
180

	
40

	
60




	
13

	
+1

	
0

	
−1

	
180

	
50

	
40




	
14

	
+1

	
0

	
+1

	
180

	
50

	
80




	
15

	
+1

	
+1

	
0

	
180

	
60

	
60











 





Table 2. Experimental values of TPC, TSC and DPPH antioxidant activity of the extracts obtained from 15 combinations of the input variables.
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	No
	X1
	X2
	X3
	Y1

(mg GAE/g DW)
	Y2

(mg AE/g DW)
	Y3

(µM TE/g DW)





	1
	−1
	−1
	0
	15.98
	8.05
	90.14



	2
	−1
	0
	−1
	15.26
	7.04
	69.58



	3
	−1
	0
	+1
	14.62
	10.87
	90.65



	4
	−1
	+1
	0
	19.07
	9.46
	68.40



	5
	0
	−1
	−1
	16.98
	7.20
	95.48



	6
	0
	−1
	+1
	20.81
	8.40
	109.26



	7
	0
	0
	0
	22.35
	8.66
	67.28



	8
	0
	0
	0
	22.48
	9.63
	66.31



	9
	0
	0
	0
	24.07
	9.95
	75.29



	10
	0
	+1
	−1
	17.08
	6.85
	76.10



	11
	0
	+1
	+1
	17.84
	10.14
	106.12



	12
	+1
	−1
	0
	22.80
	8.18
	104.15



	13
	+1
	0
	−1
	16.29
	7.30
	73.13



	14
	+1
	0
	+1
	22.24
	10.70
	124.69



	15
	+1
	+1
	0
	23.39
	9.18
	62.42







X1: time (minutes), X2: temperature (°C), X3: solvent-to-material ratio (mL/g). Y1: total phenolic extraction yield (TPC), Y2: total saponin extraction yield (TSC), Y3: DPPH antioxidant capacity.













 





Table 3. Statistical analysis of the estimated regression coefficients and quadratic polynomial models.
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Regression Coefficient

	
Y1

	
Y2

	
Y3




	
Estimated Value

	
Prob > |t|

	
Estimated Value

	
Prob > |t|

	
Estimated Value

	
Prob > |t|






	
Intercept

	

	

	

	

	

	




	
     β   o     

	
22.967

	
<0.0001 *

	
9.413

	
<0.0001 *

	
69.627

	
<0.0001 *




	
Linear

	

	

	

	

	

	




	
     β   1     

	
2.474

	
0.0027 *

	
−0.008

	
0.9744

	
5.703

	
0.1576




	
     β   2     

	
0.101

	
0.8302

	
0.475

	
0.0858

	
−10.749

	
0.0259 *




	
     β   3     

	
1.238

	
0.0398 *

	
1.465

	
0.0012 *

	
14.554

	
0.0082 *




	
Interaction

	

	

	

	

	

	




	
     β   12     

	
−0.625

	
0.3694

	
−0.103

	
0.7577

	
−4.998

	
0.3505




	
     β   13     

	
1.648

	
0.0483 *

	
−0.108

	
0.7464

	
7.623

	
0.1772




	
     β   23     

	
−0.768

	
0.2801

	
0.523

	
0.1575

	
4.060

	
0.4411




	
Quadratic

	

	

	

	

	

	




	
     β   11     

	
−1.866

	
0.0368 *

	
0.067

	
0.8457

	
2.212

	
0.6799




	
     β   22     

	
−0.791

	
0.2844

	
−0.763

	
0.0672

	
9.439

	
0.1207




	
     β   33     

	
−3.998

	
0.0018 *

	
−0.503

	
0.1850

	
17.674

	
0.0173 *








* Significance at p < 0.05.













 





Table 4. Results of the validation experiments using the predicted optimal extraction conditions.
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	Output Responses
	Optimal Conditions
	Predicted Values
	Actual Values





	TPC

(mg GAE/g DW)
	178 min

45 °C

68 mL/g
	24.32 ± 2.15 b
	23.58 ± 2.24 b



	TSC

(mg AE/g DW)
	60 min

57 °C

80 mL/g
	10.95 ± 1.72 a
	11.33 ± 1.20 a



	Antioxidant activity (µM TE/g DW)
	180 min

40 °C

80 mL/g
	138.52 ± 29.49 c
	133.45 ± 19.95 c







Different letters show statistically significant differences between actual values and predicted values (p < 0.05).













 





Table 5. Comparison of extraction efficiency obtained by ultrasound-assisted extraction and maceration extraction processes.
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Output Responses

	
Parameters

	
Maceration

	
UAE






	
TPC

(mg GAE/g DW)

	
Extraction time

	
178 min

	
10 min




	
Recovery yield

	
23.73 ± 0.77 a

	
23.58 ± 2.24 a




	
TSC

(mg AE/g DW)

	
Extraction time

	
60 min

	
15 min




	
Recovery yield

	
11.27 ± 0.82 b

	
11.33 ± 1.20 b




	
Antioxidant activity

(µM TE/g DW)

	
Extraction time

	
178 min

	
10 min




	
Recovery yield

	
141.85 ± 10.12 c

	
133.45 ± 19.95 c








Different characters indicate statistically significant differences between values in a row (p < 0.05).
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