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Abstract

:

Recently, many studies have reported the properties and functionality of okra pectin. However, these studies are about green okra pods, and pectin in red okra pods, stems, and roots has not been reported. Therefore, this study aimed to optimize the red okra extraction method using response surface methodology (RSM) analysis and evaluate the effects of extraction time, temperature, solvent ratio, and pH on the extract yield and crude pectin content. Based on RSM analysis, 4.35 h, 98.04 °C, 23.34 solvent ratio, and pH 3.36 are the optimal parameters for extracting crude pectin from red okra, and the crude pectin content was predicted to be 40.83%. When red okra was extracted under these extraction conditions (4 h, 100 °C, 23 solvent ratio, and pH 3), the extraction yield was 45.26%, and the crude pectin content was 38.42%, which was similar to the yield obtained under the conditions derived from the RSM analysis. In addition, the pH control using hydrochloric acid was replaced with citric acid, and the changes in extract yield and crude pectin content were compared. When citric acid was used, the extract yield was 49.15% (8.6% increase), and the crude pectin content was 42.76 ± 2.56% (11.3% increase); compared to when hydrochloric acid was used, the yield increased. Finally, the standardization of red okra raw materials was determined by analyzing the extraction yield and crude pectin content by part, harvest time, and size of red okra using the established extraction method using citric acid. As a result, it was confirmed that the extraction yield obtained from the established extraction method was reached from the extraction of red okra fruits up to 12 cm in size that were harvested between July and November. Additionally, compared to the non-pectin fraction, the crude pectin fraction isolated from red okra pod extract showed significantly higher total phenolic content (TPC) and total flavonoid content (TFC). These findings, reported for the first time, may contribute to the development of processes to purify red okra pectin, functional evaluation studies of pectin, and potential applications of red okra extract in various industries and research.
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1. Introduction


Okra (Abelmoschus esculentus (L.) Moench) is a flowering plant in the Malvaceae family and an integral part of diets in several African and Indian countries. Okra is now cultivated in many parts of the world, including Asia, the Middle East, and the southern United States [1,2,3,4]. Okra, which is also known as lady’s finger, bamyah, bamieh, kacang, gumbo, dharos, bhindi, bendi, or bamia in different regions, is traditionally used for medicinal purposes [2,5,6]. Okra has been used to treat various diseases, such as constipation, leukemia, diabetes, and jaundice [7]. Okra pods are rich in phenolic compounds and consist of hydroxycinnamic and quercetin derivatives [8]. In addition to having therapeutic uses, okra pods contain polyphenols and flavonoids, including quercetin, which exhibits powerful antioxidant activity. Interestingly, red okra contains higher levels of anthocyanins and quercetin than green okra [9]. The thick and slimy texture of okra water extracts is attributed to its polysaccharide content [10,11]. This thick mucilage in okra has been used as an emollient to relieve symptoms of diarrhea, dysentery, and gastric ulcers [7,12]. Recently, studies on antioxidant, antidiabetic, anti-inflammatory, wound healing, and Alzheimer’s prevention effects have been conducted [13]. Additionally, the mucilage of okra water extract has been reported to be a natural food emulsifier, thickener, and emulsion stabilizer [14,15,16,17]. The special mucilage in the cell wall material of okra is rich in pectin but not well used for pectin extraction in the food industry [18]. To date, the commercial sources of pectin are apple pulp (15–18%) and citrus peel (20–30%) [19,20,21].



Pectin is a multipurpose heteropolysaccharide of great importance in the food, pharmaceutical, and cosmetic industries. It is a complex polysaccharide mainly composed of α-1,4-D-galacturonic acid (Gal A) [16]. The main pectin domains recognized in plants are homogalacturonan (HG), rhamnogalacturonan I (RGI), rhamnogalacturonan II (RGII), xylogalacturonan (XGA), and apiogalacturonan (AGA). HG exclusively contains Gal A units, in which some carboxyl groups are esterified with methanol and/or acetyl groups. RGI consists of repeating residues of Gal A and α-1,2-L-rhamnose. RGII is composed of a backbone that consists of Gal A residues (the same as HG), but the backbone is highly branched, with side chains at C-2 and C-3. Additionally, xylogalacturonan (XGA) and apiogalacturonan (AGA) are often considered pectins because they contain the same backbone as HG [22]. The main structural component of green okra pectin polysaccharide also contains alternating units of rhamnose and galacturonic acid residues (RGI), and the disaccharide side chain consists of galactose attached to the O-4 of half of the lactose residues [23]. However, there is no report on the properties of red-okra-derived pectin.



The chemical and structural properties of pectin mainly depend on the following factors: the plant species [24], the ripening/biological stage [25], and the extraction method [26,27,28]. The extraction processes play an important role in generating high yields of bioactive compounds and maintaining quality. Therefore, optimizing the extraction method is essential for maximizing the yield and preserving the desired properties of the extracted compounds. Various factors, such as extraction time, temperature, solvent ratio, and pH, can affect the efficiency of the extraction process. Response surface methodology (RSM) is a statistical technique used to simultaneously optimize multiple factors by modeling the relationship between a variable and the response variable of interest. By using this approach, the optimal conditions resulting in the highest yield and quality of extracted bioactive compounds can be determined. In recent years, several studies have focused on methods to optimize various plant materials and improve the yield and quality of bioactive compounds [29,30,31]. Therefore, in this study, the red okra extraction method was optimized using RSM and by examining the effects of extraction time, temperature, solvent ratio, and pH on the extraction yield and crude pectin content. In addition, after the possibility of using alternative natural products was confirmed and an extraction method was established, the suitability of red okra raw materials for pectin extraction was identified. By establishing an optimal method for extracting red okra, this study helps improve the manufacturing process by increasing the yield and quality. In addition, the results may broaden the scope of applications to various industries. This could provide new opportunities for incorporating red okra into nutraceutical and cosmetic formulations.




2. Material and Methods


2.1. Material


Red okra seeds (Candle Fire hybrid F1 seed, non-GMO) and green okra seeds (Ever-Lucky F1 seed, non-GMO) were obtained from KNOWN-YOU SEED Co., Ltd. (Kaohsiung, Taiwan). Red okra was directly cultivated in Gangjin-gun, Jeollanamdo, Republic of Korea (34°35′20.4″ N, 126°48′04.2″ E), in 2022. The cultivation area was 800 m2, the plants were sown in June, and all red okra pods were harvested once a week from July to December. The total yield of red okra pods in an area of 800 m2 was measured monthly, as shown in Table 1. Green okra used as a control was grown in an area of 2 m2 and used in this study. The harvested red and green okra pods, stems, and roots were washed, cut into pieces of approximately 1 cm in size, and then dried for 30 h in hot air at 55 °C (DY-280H, Daeyoung E&B, Ansan, Republic of Korea). The dry yield of red okra pods was 9.80 ± 0.08%. After drying, the pods were pulverized into powder using a multipurpose grinder (DSCH-370, Deoksan Co., Ltd., Siheung-si, Republic of Korea) and stored at room temperature.




2.2. Extraction of Red Okra


The extraction time (Ex time, h), temperature (Temp, °C), solvent ratio (v/w ratio), and pH of 100 g of red okra powder were variously set to 19 conditions, as shown in Table 2. After extraction was performed under each condition, the mixture was filtered through a nonwoven fabric. After the filtered extract was centrifuged (8000 rpm, 10 min), the supernatant was taken. It was concentrated in a vacuum concentrator at 70 °C, and the concentrated extract was freeze-dried for 72 h. The overall extraction process is shown in Figure 1. The solvent used for extraction was distilled water. The pH of the extraction solvent was adjusted using hydrochloric acid (HCl). The yield of red okra extract was determined as follows [16,21]:


  Y i e l d   ( % ) =     M   0     M   × 100  











Here, M0 is the mass (g) of the red okra extract after drying, and M is the mass (g) of the red okra raw material.





 





Table 2. Set of variable conditions for optimal process analysis of red okra pods through RSM analysis.
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No.

	
Test Condition Group

	
Ex Time (h)

	
Temp (°C)

	
v/w Ratio

	
pH






	
1

	
Extraction time variation test group

	
1

	
70

	
20

	
4




	
2

	
3

	
70

	
20

	
4




	
3

	
5

	
70

	
20

	
4




	
4

	
7

	
70

	
20

	
4




	
5

	
Extraction temperature fluctuation test group

	
4

	
40

	
20

	
4




	
6

	
4

	
60

	
20

	
4




	
7

	
4

	
80

	
20

	
4




	
8

	
4

	
100

	
20

	
4




	
9

	
Solvent amount fluctuation test group

	
4

	
70

	
12

	
4




	
10

	
4

	
70

	
18

	
4




	
11

	
4

	
70

	
24

	
4




	
12

	
4

	
70

	
30

	
4




	
13

	
pH fluctuation test group

	
4

	
70

	
20

	
1




	
14

	
4

	
70

	
20

	
2




	
15

	
4

	
70

	
20

	
3




	
16

	
4

	
70

	
20

	
4




	
17

	
4

	
70

	
20

	
5




	
18

	
4

	
70

	
20

	
6




	
19

	
4

	
70

	
20

	
7
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Figure 1. Pretreatment process and extraction of crude pectin from red okra pods. 






Figure 1. Pretreatment process and extraction of crude pectin from red okra pods.



[image: Processes 11 02867 g001]






2.3. Extraction of Crude Pectin


The crude pectin content of red okra extract was analyzed by modifying the pectin extraction method of Lee et al. [32]. Tenfold distilled water was added to 1 g of the red okra water extract powder, and ultrasonic extraction (Power sonic 520, Hwashin Tech, Daegu, Republic of Korea, 700 W, 40 KHz) was performed for 1 h. After the solution was cooled in a 4 °C refrigerator for 30 min, 4 times the volume of ethanol (99.9%, Duksan, Ansan, Republic of Korea) cooled to 4 °C was added, shaken, and immersed at 4 °C for 24 h. After the precipitated crude pectin was centrifuged (8000 rpm, 10 min), the supernatant was discarded and dried in a 70 °C dry oven (HB-502S, Hanbaek Science Co., Bucheon, Republic of Korea) for 48 h to obtain crude pectin. The amount of crude pectin was determined as follows [16,21]:


  C r u d e   p e c t i n   ( % ) =     P   0     P   × 100  








where P0 is the mass (g) of dry red okra crude pectin, and P is the mass (g) of red okra extract.




2.4. Experimental Design


In this experiment, the extraction yield and crude pectin content were analyzed through RSM to optimize the crude pectin extraction conditions of red okra. Based on the principles of randomization, repetition, and blocking, four variables (extraction temperature (χ1), extraction time (χ2), solvent ratio (χ3), and pH (χ4)) were designed, and predicted values were derived mathematically. Independent variables (χi) were selected to be extraction time (1–7 h), temperature (40–100 °C), extraction solvent ratio (12–30 multiples), and pH (1–7). The variable (Yi) was used for regression analysis as extraction yield (%) and crude pectin content (%). The statistical analysis system (SAS) program (version 9.4, SAS Institute Inc., Cary, NC, USA) was used to confirm the canonical form by regression analysis. A rising ridge was generated in which the response value continuously increased with a stationary point outside the experimental range, or two inflection points were found within the experimental range. In the case of an abnormal saddle point, prediction and confirmation of the optimal point within the experimental range were obtained using ridge regression analysis.




2.5. Acid Treatment Conditions


Citric acid, a natural organic acid, was used in the extraction to replace dilute HCl in an acidic pH condition that was derived as the optimal point through RSM. The correlation between the pH change value and the amount of citric acid added was determined, and the linearity was verified by measuring the pH value according to the amount of citric acid added for each solvent ratio. The pectin purification yield was evaluated to compare the extraction yield obtained using HCl or citric acid and mutual equivalence.




2.6. Analysis of the Conditions for Optimal Raw Materialization


The pectin content of red okra was compared by harvest time, size, and part using the optimal extraction method (4 h, 100 °C, 23 solvent ratio, and pH 3). Red okra pods were harvested in July, August, September, October, and November and classified by harvest time, size (less than 4 cm, 4–8 cm, 8–12 cm, or more than 12 cm), and part (pod, root, stem) to obtain pectin. Through this method, the optimal raw materialization conditions were analyzed.




2.7. Total Phenolic Content (TPC) and Total Flavonoid Content (TFC)


The total polyphenol content was determined using a modified Folin–Ciocalteu’s reagent (FCR) method [33]. The sample was diluted with distilled water to a concentration of 1000 μg/mL, and the diluted sample and FCR were mixed 1:1 and reacted at room temperature for 3 min. Thereafter, 10% NaCO3 was added, and the mixture was reacted at room temperature for 1 h; the absorbance was measured at 760 nm using a UV–visible spectrometer. A calibration curve was prepared using gallic acid (10–60 µg/mL) as a standard (R2 = 0.999). The total flavonoid content was measured using an aluminum chloride colorimetric assay [34]. Samples were diluted with distilled water to a concentration of 1000 μg/mL. Then, 800 μL of 80% ethanol, 60 μL of 5% NaNO2, and 60 μL of 10% AlCl3 were added to 200 μL of the diluted sample. After the reaction, 400 μL of 1 M NaOH was added, and the absorbance was measured at 510 nm using a UV–visible spectrometer. A calibration curve was prepared using catechin (50–600 µg/mL) as a standard (R2 = 0.999).




2.8. Statistical Analyses


The data were statistically evaluated using Student’s t test, one-way ANOVA, or Duncan’s test with GraphPad Prism 5 version 5.01 for Windows (GraphPad, Inc., San Diego, CA, USA) or SAS software. Statistical significance was defined as p < 0.05. Data are presented as the mean ± standard deviation.





3. Results


3.1. Prediction of Optimal Extraction Conditions Using Response Surface Methodology (RSM) Analysis


The purpose of this study was to determine the optimal conditions for producing red okra extract, and independent variables, such as time, temperature, solvent ratio, and pH, were considered. A total of 19 samples under different conditions were prepared, and the extract yield and pectin content, which are dependent variables, were measured. The extraction yield was 27.72 to 55.97%, and the crude pectin content was 29.12 to 40.98% (Table 3). A second-order polynomial model was developed to represent the relationship between independent and dependent variables.


  y 1   ( % ) = 49.7998 + 0.1292 x 1 − 0.2258 x 2 + 0.5140 x 3 − 12.3173 x 4 + 0.0603   x 1   2   + 0.0036   x 2   2   + 0.0018   x 3   2   + 1.1780   x 4   2    










  y 2   ( % ) = 31.2474 + 2.4301 x 1 − 0.2422 x 2 − 0.0498 x 3 − 0.1729 x 4 − 0.2379   x 1   2   + 0.0027   x 2   2   + 0.0683   x 3   2   − 0.0732   x 4   2    











An analysis of variance (ANOVA) was performed to assess the goodness of fit of the model. In the secondary model, the R2 of the Y1 value was 0.5415, and the F value was 0.0855, which was not significant, but the p-value for lack of fit was 0.9923, confirming the suitability of the model. The Y2 value was not a significant result as the R2 value was 0.2832, and the F value was 0.4575, but the p-value for lack of fit was 0.0611, confirming the suitability of the model [35].





 





Table 3. Measurement of extraction yield and crude pectin content of red okra pods according to experimental parameters.
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No.

	
Factor

	
Response




	
χ1

	
χ2

	
χ3

	
χ4

	
y1

	
y2 1






	
1

	
1

	
70

	
20

	
4

	
31.67

	
29.98 ± 1.81




	
2

	
3

	
70

	
20

	
4

	
36.27

	
31.63 ± 0.53




	
3

	
5

	
70

	
20

	
4

	
35.23

	
34.50 ± 1.09




	
4

	
7

	
70

	
20

	
4

	
36.09

	
32.53 ± 0.77




	
5

	
4

	
40

	
20

	
4

	
27.72

	
30.70 ± 3.70




	
6

	
4

	
60

	
20

	
4

	
36.91

	
37.38 ± 2.41




	
7

	
4

	
80

	
20

	
4

	
40.68

	
36.33 ± 3.84




	
8

	
4

	
100

	
20

	
4

	
44.78

	
40.26 ± 1.56




	
9

	
4

	
70

	
12

	
4

	
28.59

	
33.20 ± 2.43




	
10

	
4

	
70

	
18

	
4

	
35.78

	
32.60 ± 3.14




	
11

	
4

	
70

	
24

	
4

	
36.85

	
40.98 ± 2.96




	
12

	
4

	
70

	
30

	
4

	
39.59

	
34.52 ± 1.17




	
13

	
4

	
70

	
20

	
1

	
55.97

	
40.60 ± 1.45




	
14

	
4

	
70

	
20

	
2

	
38.76

	
25.75 ± 2.27




	
15

	
4

	
70

	
20

	
3

	
38.06

	
32.53 ± 2.12




	
16

	
4

	
70

	
20

	
4

	
32.66

	
31.54 ± 0.81




	
17

	
4

	
70

	
20

	
5

	
33.39

	
36.80 ± 2.79




	
18

	
4

	
70

	
20

	
6

	
33.58

	
30.20 ± 0.50




	
19

	
4

	
70

	
20

	
7

	
34.01

	
29.12 ± 4.09








χ1, extraction time (h); χ2, temperature (°C); χ3, solvent ratio; χ4, pH; y1, extraction yield (%); y2, crude pectin content (%). 1 Value shows the mean ± standard deviation (n = 3).












3.2. RSM-Based Regression Analysis to Predict Optimal Conditions for Extracting Red Okra Pods


Regression analysis based on the RSM was performed to predict the optimal extraction conditions. The critical point appeared as a minimum point, not a maximum point (Figure 2). Therefore, the optimal point was calculated by performing ridge analysis, and the optimal conditions for extracting red okra include an extraction time of 4.19 h, a temperature of 80.23 °C, a ratio (w/v) of 22.57, and a pH of 1.24. Under these conditions, the maximum yield of red okra extract was predicted to be 55.40% (Table 4).




3.3. RSM-Based Regression Analysis to Predict Optimal Extraction Conditions of Crude Pectin from Red Okra Pods


RSM-based regression analysis was performed to predict the optimal crude pectin extraction conditions. Similar to the extraction conditions, the critical points of crude pectin appeared as saddle points, not maximum points (Figure 3). Therefore, the optimal point was calculated by performing ridge analysis on the condition of crude pectin. For crude pectin, a maximum yield of 40.83% was expected under the extraction conditions of 4.35 h, 98.04 °C, 23.34 ratio (w/v), and pH 3.36 (Table 5).




3.4. Experimental Verification of the Extraction Yield and Crude Pectin Content for RSM Expected Values


The optimal extraction yield and optimal crude pectin content conditions were compared, and significant differences were not observed for the extraction time, temperature, and solvent ratio but were observed for the pH conditions. The purpose of our research is to develop a process to derive optimal pectin content. Therefore, the pH 3 condition, which provides the optimal yield of crude pectin, was selected as the optimal manufacturing condition. After these optimal conditions were applied to a second-order polynomial model, the red okra extraction yield was predicted to be 40.28%, and the crude pectin content was predicted to be 41.38%. Reproducibility was verified with an extraction yield of 45.26% and a crude pectin content of 38.42 ± 0.24 during actual extraction (Table 6). Therefore, the optimal extraction conditions were ultimately determined to be 4 h, 100 °C, 23 solvent ratio, and pH 3.




3.5. Comparison of Pectin Content According to Acid Treatment Method


According to a study by Zhou et al., a higher pectin yield was found in thinned young apples when an organic acid, such as citric acid, was used compared to when an inorganic acid, such as hydrochloric acid or nitric acid, was used; these results were also verified [36]. Therefore, to determine the optimal acid method for treating pectin extracted from red okra, the extraction yield and pectin content were compared by treatment with hydrochloric acid, which was used in the optimal manufacturing process established in this study, and citric acid, an alternative organic acid. By examining correlations between the amount of citric acid treatment and amount of extraction solvent that increased while pH 3 conditions were maintained, it was determined that the increase was directly proportional (R2 = 0.9999) (Figure 4). The extract yield obtained from the hydrochloric acid treatment process was 45.26%, and the crude pectin content was 38.43 ± 0.24%. On the other hand, the extract yield obtained from the citric acid treatment process was 49.15% (8.6% increase), and the crude pectin content was higher at 42.76 ± 2.56% (11.3% increase) (Table 7). These results indicate that extract yield and crude pectin content increased when the citric acid treatment process was applied.




3.6. Determining the Extraction Yield and Pectin Content of Red Okra by Part, Harvest Time, and Size


The pods, stems, and roots of red okra are edible. In addition, it is known that the active ingredients of the plant differ depending on the harvest time; similarly, the content and type of ingredients differ depending on the maturity of the fruit. Therefore, using the optimal extraction method, which was confirmed through RSM analysis and verification of extraction yield, red okra was extracted by part (pod, stem, root), harvest time (July–November), and size (less than 4 cm, 4–8 cm, 8–12 cm, and over 12 cm) and analyzed for extract yield and crude pectin content (Table 8). The extraction yield was measured by part, and the pods showed the highest extraction yield at 49.15%, and the crude pectin content was highest at 63.41% in the roots. However, the root showed the lowest extraction yield (30.10%), and, compared to the extract, the crude pectin content was low (19.09%). The highest crude pectin content ratio was confirmed in the pods at 21.01%. The extraction yield of pods was analyzed by harvest time, and high extraction yields of 49.54% and 48.75% were found in those harvested in July and November, respectively. The crude pectin content of red okra pods harvested in August, October, and November was relatively high, and the crude pectin content of red okra pods harvested in September was low, but the differences were not significant. The extraction yield by size of red okra pods showed similar yields of 47.83% to 49.93% for all sizes. However, red okra pods less than 4 cm in size showed the highest crude pectin content (50.81%).




3.7. Comparison of TPC and TFC in Red Okra and Green Okra Extracts


According to a study by Huo et al., pectin extracted from passion fruit peel through RSM analysis showed high TPC and improved antioxidant effects [37]. Interestingly, using citric acid in this study increased the TPC and antioxidant effect of extracted pectin. Therefore, the total phenol content and total flavonoid content were compared in extracts using the optimal extraction method with citric acid from red okra pods and green okra pods (Figure 5). TPC and TFC measurements were analyzed by classifying okra pods smaller than 12 cm as immature and those larger than 12 cm as mature. The TPC level of green okra pod extract was 21.41 ± 0.38 mg/g in immature okra and 20.04 ± 0.31 mg/g in mature okra (Figure 5A). On the other hand, the TPC level of red okra pod extract was 58.57 ± 0.57 mg/g in immature okra and 56.37 ± 0.49 mg/g in mature okra, which was significantly higher than that of green okra (p = 0.0002). In addition, the TFC level of red okra pod extract was 28.68 ± 0.71 mg/g in immature okra and 28.12 ± 0.27 mg/g in mature okra, which was also significantly higher than the TFC level of green okra (Figure 5B). Interestingly, the TPC level of red okra pod extract was significantly higher in immature pod extract than in mature pod extract (p = 0.0363).




3.8. Comparison of TPC and TFC in Crude Pectin and Non-Pectin Fractions Extracted from Red Okra Pods


As shown in Figure 5, it was confirmed that the TPC and TFC were higher in red okra extract than in green okra. Therefore, we tested the TPC and TFC in the crude pectin and non-pectin fractions of red okra pods (Figure 6). The crude pectin fraction showed significantly higher TPC and TFC than the non-pectin fraction. As shown in Figure 6A, in which the TPC of mature and immature pods is compared, it was confirmed that the non-pectin fraction was significantly higher in immature pods than in mature pods (p = 0.0008). The TPC in mature pods was significantly higher in the crude pectin fraction than that in immature pods (p = 0.0156). The TFC was also significantly higher in the crude pectin fraction than in the non-pectin fraction (Figure 6B). The TFC in the crude pectin fraction was significantly higher in mature pods than in immature pods (p = 0.0360).





4. Discussion


Pectin is a complex mixture of polysaccharides (mainly Gal A units) in higher plants, and the middle layer of a plant’s cell wall contains the greatest concentration of pectin. Citrus and mango peels are used as the main raw materials for pectin manufacturing, but these two main sources of pectin have long maturity periods [38,39]. To overcome these problems, okra pods, which have a relatively short plant maturation period, have recently emerged as an alternative source of pectin [40]. Therefore, many studies on green okra pectin have been conducted, including comparative studies on the properties of pectin according to genotypic variation of green okra [41] and RSM analysis to optimize the extraction of green okra pectin [16]. Extracts from red okra obtained through various extraction methods can also play an essential role in preventing and treating many diseases. According to several studies, ethanol extract of red okra pods has been reported to exhibit anticancer activity [42,43], and n-hexane extract has been reported to show a protective effect against liver damage [5]. However, these studies did not standardize the extraction method and ingredients, and, in particular, there are no studies on pectin from red okra. Therefore, through this study, we explored the optimal pectin extraction conditions through RSM analysis of red okra and determined the standardized optimal extraction method by verifying the extraction conditions. In addition, by applying optimal extraction conditions, red okra was analyzed based on its part, size, and harvest time to standardize raw materials and provide standard information for the extraction of red okra and pectin production.



First, we confirmed the conditions for optimal extraction and crude pectin extraction of red okra pods through RSM analysis. When the optimal extraction method derived through RSM analysis was applied, 55.40% of the red okra pods was extracted, and the crude pectin yield was 40.83% (Table 4 and Table 5). However, the extraction conditions for red okra pods and crude pectin extraction conditions were derived differently, and, since our final goal was to determine the optimal conditions for crude pectin extraction, these conditions were determined as simultaneous extraction conditions. Additionally, although pH 1 generated the optimal red okra extract, some difficulties were encountered; for example, equipment for strong acid treatments, a neutralization process, and wastewater treatment were necessary. Therefore, we finally determined that the optimal conditions for extracting red okra pods and crude pectin were 4 h, 100 °C, 23 solvent ratio, and pH 3. As a result, a 45.26% extraction yield and 38.42% crude pectin yield were verified (Table 6). We confirmed that our results were better than those obtained for the pectin content of green okra reported in the literature (11–15.7%) [44,45,46]. Chen et al. performed RSM analysis to determine the optimal conditions for pectin extraction from green okra, and the optimal conditions were determined to be pH 3.9, 64 min, 60 °C, and a solvent ratio of 42. Under these conditions, 2.71% pectin was obtained [16]. In our study, we successfully determined the optimal conditions for red okra extract production by considering the extract yield of red okra and the crude pectin content. Our findings will help improve the process of manufacturing red okra extract, providing potential benefits in a variety of applications.



Second, to improve the acid treatment process, we studied conditions that do not require a neutralization process, exhibit low toxicity, and are environmentally friendly. The acid treatment process is important in the process of extracting pectin, and acid treatment is especially essential for okra-derived pectin. Generally, pectin consists of three parts: the water-soluble, oxalic acid, and acid-soluble parts. The composition, structure, and biological functions of pectin are influenced by acid–base extraction conditions [47]. Interestingly, when the extraction yield and crude pectin yield of red okra pods were examined under pH 3 conditions using citric acid as an organic acid, the extraction yield (49.15%) increased by 8.6%, and the crude pectin content (42.76%) also increased by 11.3% compared to that obtained with hydrochloric acid. These results are consistent with a previous study in which the pectin extraction yield was high when green okra was extracted with citric acid [48]. Based on these results, it was concluded that the final extraction method should involve the citric acid treatment process. Citric acid extraction offers potential advantages in terms of sustainability and because environmentally friendly materials are used in the manufacturing process. Hydrochloric acid extraction is accompanied by the destruction of the crosslinking blocks and depolymerization of pectin. Citric acid partially demineralizes the crosslinking blocks, contributing to the release of macromolecular chains that do not have calcium pectate units [49]. However, a previous study reported that when green okra extract was treated with citric acid, the content of pectin increased, while the purity of pectin decreased [48]. Therefore, the purity and characteristics of pectin extracted from red okra with citric acid should be further studied.



Third, the quality of pectin, such as its extraction yield and purity, is greatly influenced by the extraction process, the maturity, plant part, and the harvest time [22]. The extraction yield and pectin content in different parts of red okra (pods, stems, and roots) were compared, and a high crude pectin content of 42.76% was extracted from the pods; in addition, compared to the extraction yield, the crude pectin content was also the highest at 21.01%. Red okra stems had the lowest extraction yield and pectin content, but, according to a study by Li et al., pectin derived from green okra stems exhibits a structure characteristic of the RG1 domain and shows excellent anti-fatigue effects, so the stems are also valuable [50]. The highest crude pectin content was extracted from the roots (63.41%), but, compared to the extraction yield, the pectin was low at 19.09. This result could result from the low extraction yield (30.10%) of red okra roots. Additionally, the pectin content results obtained in our study involved crude pectin and not pure pectin. Crude pectin, which showed a high content in the roots, may precipitate together during the pectin purification process due to the incorporation of other ingredients, such as starch and proteins. Therefore, when extracting pectin from red okra, pectin of higher purity can be obtained when pods are used rather than roots. Additionally, further research is needed on the purity and properties of crude pectin extracted using the crude pectin extraction method we determined. The crude pectin content was compared by harvest time and extraction yield, and the results showed that crude pectin content remained relatively constant from July to November except for in September. The low extraction yield and crude pectin content of red okra pods harvested in September may occur because September is a seasonal transition period from summer to fall in Korea, and the amount of sunlight and temperature change greatly during this period. However, the difference in extraction yields and crude pectin contents of red okra pods that were analyzed monthly was insignificant. Therefore, it can be concluded that fruit pods can be harvested from July to November without causing significant changes in extract yield or crude pectin content. The extraction yield and crude pectin content of red okra pods were compared by size, and pods shorter than 4 cm showed the highest extraction yield and crude pectin content, while pods longer than 12 cm showed the lowest extraction yield and crude pectin content. Although the highest extraction yield and crude pectin yield were observed in pods of less than 4 cm, collecting small red okra pods is an inconvenient harvesting method, and, from an economic perspective, supplying the raw materials needed for research and industry may be difficult. The highest extraction yield and crude pectin content were obtained when red okra pods of less than 12 cm were processed with our established extraction method. Our findings will be useful in selecting optimal raw materials for red okra extract production and optimizing the manufacturing process. Further research is needed to investigate the content of red okra pure pectin, physical properties of pectin, and other quality parameters. We believe these additional studies will provide a more comprehensive understanding of the potential applications and benefits of red okra pectin in various industries and research fields.



Fourth, the content and profile of phenolic and flavonoid components in plants are directly influenced by factors such as cultivar, maturity, and environmental conditions [51]. The interaction of these various factors influences the production of plant metabolites, which lead to the production of various bioactive compounds, such as various types of phenolic and flavonoid compounds [52]. Wu et al. reported that six types of phenolic compounds (catechin, isoquercitrin, protocatechuic acid, quercetin, quercetin-3-O-gentiobioside, and rutin), including flavonoids, were detected in okra fruits and that their contents varied depending on the cultivars [53]. Corresponding with our results, the difference in TPC and TFC between red and green okra possibly resulted from these factors, and the difference in content due to the degree of maturity may also result from changes in the plant’s metabolic system. We found that red okra pods contain polyphenols and flavonoids (Figure 5), which exhibit high antioxidant activity that can scavenge free radicals and reduce oxidative stress in cells [54]. Finally, as shown in Figure 1, the crude pectin from the red okra pods we isolated was characterized by a purple color. In a study by Zhang et al., 15 okra cultivars were compared, and two major anthocyanins, delphinidin 3-O-sambubioside and cyanidin 3-O-sambubioside, and six kinds of flavonol glycosides (most are quercetin-based) were detected only in the pods of four red okra cultivars, including Burgundy [55]. Interestingly, compared to the non-pectin fraction, the crude pectin fraction isolated from red okra pod extract showed significantly higher TPC and TFC (Figure 6). Many studies have reported that pectin has a strong binding effect with polyphenols due to its structural characteristics [56,57,58,59,60,61,62]. Pectin is strongly bonded due to high water interaction and hydrogen bonds between tannins [58]. Additionally, among polyphenols, anthocyanin is also bonded with pectin [57,60,61]. These bonds are due to intermolecular bonds between the carboxyl groups of pectin and polyphenols [62]. In particular, red okra pods are reported to contain xenobiotics (anthocyanins), which are responsible for the red color of the pods [9]. Additionally, it has been reported that red okra extract contains anthocyanins with higher antioxidant and quercetin contents than those of green okra [63]. Specifically, additional research is needed to increase the purity of crude pectin, evaluate the quality of pectin, and measure the molecular weight, physicochemical properties, and viscosity of pectin. Overall, these results improve our knowledge on the optimal process of pectin extraction and basic properties of okra pods; in addition, strong support is provided for the future development of okra pods as functional food and pharmaceutical raw materials.




5. Conclusions


The purpose of this study was to determine the optimal conditions for the production of red okra extract and to reveal how the acid treatment method affects pectin extraction. In the present study, it was revealed that organic acid extraction exhibited advantages, and the optimal extraction conditions were an extraction time of 4 h, a temperature of 100 °C, a ratio of 23 (w/v), and a pH of 3. In the results obtained for the red okra crude pectin content, it was confirmed that the content was the highest when extraction was performed with the pods of red okra harvested from July to November with a diameter of less than 12 cm. In addition, it was concluded that the red okra pod extract had higher TPC and TFC levels than the green okra extract, and the crude pectin fraction had higher TPC and TFC levels than the non-pectin fraction. Our study, reporting for the first time, clearly suggests the feasibility of pectin production using red okra. These results may contribute to the development of pectin purification processes, functional evaluation studies of pectin, and potential applications of red okra extract in various industries. Furthermore, the findings contribute to the manufacturing process and potential applications of red okra extract, which will provide a basis for further research in this field.
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Figure 2. Response surface diagram for yield optimization of the red okra extraction method. (A) y1 result based on χ1 and χ2 conditions, (B) y1 result based on χ1 and χ3 conditions, (C) y1 result based on χ1 and χ4 conditions, (D) y1 result based on χ2 and χ3 conditions, (E) y1 result based on χ2 and χ4 conditions, and (F) y1 result based on χ3 and χ4 conditions. χ1, extraction time (h); χ2, temperature (°C); χ3, solvent ratio; χ4, pH; y1, extraction yield (%). 
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Figure 3. Response surface diagram for the optimization of crude pectin content in the red okra extraction method. (A) y2 result based on χ1 and χ2 conditions, (B) y2 result based on χ1 and χ3 conditions, (C) y2 result based on χ1 and χ4 conditions, (D) y2 result based on χ2 and χ3 conditions, (E) y2 result based on χ2 and χ4 conditions, and (F) y2 result based on χ3 and χ4 conditions. χ1, extraction time (h); χ2, temperature (°C); χ3, solvent ratio; χ4, pH; y2, crude pectin content (%). 
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Figure 4. Verification of linearity of citric acid content change according to solvent volume. The polynomial representing the amount of citric acid added according to the amount of solvent was y = 0.0003x + 0.0002, and, as a result of the analysis, the R2 value was 0.9999, showing a strong correlation. 
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Figure 5. Comparison of the total phenolic content (TPC) and total flavonoid content (TFC) of red okra and green okra extracts using the optimal processes. (A) Results obtained from comparing TPC levels of red okra or green okra extracts. (B) Results obtained from comparing TFC levels of red okra or green okra extracts. The results are expressed as the mean ± standard deviation (n = 5). * p < 0.05, ** p < 0.01, *** p < 0.001 compared between values marked by the line; ns, not significant. 
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Figure 6. Comparison of TPC and TFC in crude pectin and non-pectin fractions extracted from red okra pods. (A) Results obtained from comparing TPC levels of red okra crude pectin or non-pectin fractions. (B) Results obtained from comparing TFC levels of red okra crude pectin or non-pectin fractions. The results are expressed as the mean ± standard deviation (n = 5). * p < 0.05, ** p < 0.01, *** p < 0.001 compared between values marked by the line; ns, not significant. 
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Table 1. Harvest yield of red okra by season.
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