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Effects of enzymatic pretreatment on phytochemical content, antioxidant, and pancreatic lipase 

inhibitory activities of Solanum lasiocarpum Dunal (terung asam) fruits 

 

Abstract 

Solanum lasiocarpum Dunal, locally known as terung asam, is an underutilised tropical fruit with 

recognised nutritional and bioactive potential. This study investigated enzyme-assisted ultrasound 

extraction of S. lasiocarpum fruit extract (SLFE) to improve crude yield (CY), phytochemical content, 

antioxidant activity, and pancreatic lipase inhibition. Enzymatic pretreatment using pectinase, 

cellulase, and protease was applied prior to ultrasound-assisted extraction. CY, total phenolic content 

(TPC), total flavonoid content (TFC), antioxidant activities (DPPH, ABTS, and FRAP), and 

pancreatic lipase inhibition based on IC50 values were evaluated. Pectinase pretreatment produced the 

highest CY (35.80 ± 0.40%) and TFC (14.71 ± 0.16 mg RE/g) and consistently enhanced antioxidant 

activities across DPPH, ABTS, and FRAP assays. In contrast, cellulase-pretreated SLFE exhibited the 

strongest pancreatic lipase inhibition with an IC50 of 22.00 ± 0.12 µg/mL, followed by pectinase 

(24.20 ± 0.15 µg/mL), while protease showed the weakest inhibitory activity (62.05 ± 0.18 µg/mL). 

Cellulase pretreatment also yielded the highest TPC (78.24 ± 0.98 mg GAE/g). Pearson correlation 

analysis indicated significant relationships between phytochemical content and the measured 

bioactivities. Enzyme-assisted ultrasound extraction therefore represents an effective strategy for 

optimising functional compound recovery from SLFE, which may support its potential use in 

functional food and nutraceutical applications pending further biological validation. 

 

Keywords: Solanum lasiocarpum; Crude yield; Phytochemical content; Antioxidant activity; 

Pancreatic lipase inhibition; Enzyme-assisted ultrasound extraction 

 

1. Introduction 

Solanum lasiocarpum Dunal, locally known as terung asam, is a traditional fruit widely consumed in 

Sarawak, Malaysia and commonly used in local cuisines. Beyond its culinary importance, this species 

has been reported in traditional medicine in India for the management of fever, vomiting, sore throat, 

gonorrhoea, and female reproductive disorders. The berries and leaves have also been associated with 

anti-tussive, anti-asthmatic, anti-rheumatic, antiviral, anticancer, and spermicidal activities [1,2]. 

Recent studies by Saini et al. [3,4] reported that S. lasiocarpum fruits contain diverse phenolic acids 

and flavonoids, with chlorogenic acids identified as major compounds associated with antioxidant 

activity and potential antidiabetic and anti-obesity effects. However, efficient recovery of these 

bioactive compounds remains challenging, as intact plant cell walls restrict solvent penetration and 

limit mass transfer during conventional extraction processes [5]. Structural polysaccharides such as 

cellulose and pectin form complex barriers that entrap bioactive compounds within the plant matrix 

[6]. Enzyme-assisted extraction has therefore emerged as an effective approach to overcome these 

constraints by selectively hydrolysing specific cell wall components and enhancing compound 

release. When combined with ultrasound, which promotes cavitation and mechanical disruption, 

enzyme-assisted ultrasound extraction provides a synergistic strategy to improve extraction yield and 

bioactivity [5,7]. 

 

Obesity remains a major global health concern, with recent estimates indicating that in 2022 

approximately one in eight people worldwide were living with obesity [8]. One important therapeutic 

target in obesity management is pancreatic lipase, the primary enzyme responsible for hydrolysing 

dietary triglycerides into absorbable fatty acids and monoglycerides [9]. Inhibition of pancreatic lipase 

can reduce fat absorption and is therefore a widely recognised strategy for developing anti-obesity 

agents. Consequently, plant-derived bioactive compounds with antioxidant and lipase inhibitory 

properties have gained attention as potential alternatives to synthetic drugs, particularly for functional 

food and nutraceutical development [10,11]. Underutilised tropical fruits such as S. lasiocarpum are 

promising sources of such compounds due to their high phytochemical content, although their 

potential remains insufficiently explored because of limitations related to extraction efficiency and 

processing technologies [12,13]. 
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Despite the recognised potential of enzyme-assisted ultrasound extraction, limited information is 

available regarding the comparative effects of different enzymes on crude yield (CY), antioxidant 

activity, and pancreatic lipase inhibition of S. lasiocarpum fruit extract (SLFE). Different enzymes 

target distinct structural components of the plant cell wall, and enzyme selection may therefore 

influence the recovery of phenolics, flavonoids, and lipase-inhibiting compounds in different ways. It 

was hypothesised that enzymes targeting specific cell wall polysaccharides, such as pectin and 

cellulose, would differentially affect the release of phytochemicals due to variations in plant cell wall 

composition. A systematic evaluation of enzyme specificity is therefore essential to optimise 

extraction efficiency and functional properties. This study aimed to investigate the effects of 

pectinase, cellulase, and protease pretreatment combined with ultrasound-assisted extraction on CY, 

phytochemical contents, antioxidant capacity, and pancreatic lipase inhibitory activity of SLFE. The 

findings are expected to provide insight into tailored extraction strategies and support further 

investigation of SLFE as a potential functional ingredient for functional food and nutraceutical 

applications. 

 

2. Materials and methods 

2.1. Raw materials 

S. lasiocarpum fruits were collected from the Sibu area, Sarawak, Malaysia. The harvested fruits were 

thoroughly washed with tap water to remove adhering dirt and contaminants. The cleaned samples 

were placed on aluminium trays and dried in a ventilated oven equipped with a temperature controller 

and exhaust fan, maintaining an airflow rate of 1.4 m/s. Drying was carried out at 50 °C for 140 min 

following the optimal conditions reported by Jinin et al. [14] with slight modifications. After drying, 

the samples were ground into a fine powder (<2 mm) using a grinder (EBM-9182, Elba, Borso del 

Grappa, Italy) and stored in airtight containers until further analysis. 

 

2.2. Enzyme-assisted ultrasound extraction 

The enzyme-assisted ultrasound extraction procedure was adapted from Ketemepi et al. [15,16] with 

minor modifications. S. lasiocarpum fruits were cleaned to remove impurities, chopped into small 

pieces, and oven-dried at 50 °C until constant weight was achieved. The dried samples were 

subsequently ground into powder using a blender. The powdered sample (5 g) was mixed with 100 

mL of 50 mM sodium acetate buffer (pH 5.0) to obtain a solid–liquid ratio of 1:20 (w/v). Enzymatic 

pretreatment was carried out to facilitate cell wall degradation and enhance the release of bioactive 

compounds. Pectinase (≥5000 U/g, P2736), cellulase (≥3000 U/g, C1184), and acid-stable protease 

(≥2500 U/g, P5147) obtained from Sigma-Aldrich (St. Louis, MO, USA) were simultaneously added 

at a concentration of 1% (w/w based on sample weight). The mixture was incubated for 2 h at 37 °C 

under continuous stirring to allow enzymatic hydrolysis of the plant matrix, thereby minimising 

thermal degradation of heat-sensitive phenolic compounds during enzymatic pretreatment. 

 

Following enzymatic pretreatment, enzyme activity was terminated by heating the mixture at 85–95 

°C for 10 min to inactivate the enzymes. The mixture was subsequently subjected to ultrasound-

assisted extraction using an ultrasonic bath (CPX8800H, Branson, Brookfield, CT, USA) operating at 

a frequency of 44 kHz and power output of 250 W for 30 min at 40 °C. The resulting SLFE was 

filtered through Whatman No. 1 filter paper to remove insoluble residues. The filtrate was 

concentrated under reduced pressure using a rotary evaporator (Laborota 4000, Heidolph, Schwabach, 

Germany) at 50 °C to remove excess solvent. The concentrated SLFE was further dried in an oven at 

50 °C for 24 h to obtain the crude extract. CY was calculated according to Equation (1). 

   ( )   
Weight of crude extract (g)

Weight of dried sample (g)
  100 (1) 

 

2.3. Total phenolic content 

Total phenolic content (TPC) was determined using the Folin–Ciocalteu method according to Ismail 

et al. [17], with slight modifications. A reaction mixture comprising 500 µL of SLFE (1 mg/mL), 500 

µL of Folin–Ciocalteu reagent, and 1.5 mL of 20% (w/v) sodium carbonate was adjusted to a final 

volume of 10 mL with distilled water. The mixture was thoroughly mixed and incubated in the dark 

for 2 h. Absorbance was measured at 765 nm using a UV–Vis spectrophotometer (Lambda 25, 
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PerkinElmer, Waltham, MA, USA). Gallic acid was used as the standard reference, and results were 

expressed as mg gallic acid equivalents (GAE) per g of dried extract, calculated from the calibration 

curve using Equation (2). 

 P  (mg    /g)   
     

 
 (2) 

where c represents the concentration of the crude extract (mg/mL) obtained from the standard curve of 

TPC, V represents the solvent volume (mL), and m represents the sample mass (mg). 

 

2.4. Total flavonoid content 

Total flavonoid content (TFC) was determined using the aluminium chloride colorimetric method 

described by Mudin et al. [18], with slight modifications. A volume of 1 mL of SLFE (1 mg/mL) was 

mixed with 1 mL of 2% aluminium chloride and incubated for 15 min at 30 °C to allow formation of a 

flavonoid–aluminium complex. Absorbance was measured at 430 nm using a UV–Vis 

spectrophotometer. Rutin (0–100 mg/mL) was used as the calibration standard, and TFC was 

expressed as mg rutin equivalents (RE) per g of dried extract, calculated using Equation (3). 

    (mg   /g)   
     

 
 (3) 

where c represents the concentration of the crude extract (mg/mL) obtained from the standard curve of 

TFC, V represents the solvent volume (mL), and m represents the sample mass (mg). 

 

2.5. DPPH radical scavenging assay 

2,2-Diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity was evaluated following the 

method described by Samary et al. [19], with minor modifications. A reaction mixture consisting of 1 

mL of SLFE (1 mg/mL) and 1 mL of 0.1 mM DPPH solution prepared in methanol was incubated in 

the dark at room temperature for 30 min. Absorbance was measured at 517 nm using a UV–Vis 

spectrophotometer. A DPPH solution without extract served as the negative control. The percentage 

inhibition of DPPH radical scavenging activity was calculated using Equation (5). 

 PP   nhibition  ctivity ( )   
 bscontrol   bssample

 bscontrol
  100 (5) 

where  bscontrol is the absorbance of the control (DPPH solution without extract) and  bssample is the 

absorbance of the sample (DPPH solution with extract). 

 

2.6. ABTS radical scavenging assay 

2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) radical scavenging activity was 

determined using a modified method described by Rushdy et al. [20]. The ABTS radical cation was 

generated by reacting 5 mL of 7 mM ABTS with 88 µL of 140 mM potassium persulfate, followed by 

incubation in the dark at room temperature for 24 h. The resulting solution was diluted with distilled 

water to obtain an absorbance of 0.70 ± 0.02 at 734 nm and equilibrated at 30 °C prior to analysis. For 

the assay, 100 µL of SLFE (1 mg/mL) was mixed with 100 µL of ABTS reagent in a 96-well 

microplate and incubated for 5 min at room temperature. Absorbance was measured at 734 nm using a 

microplate reader (Multiskan SkyHigh, Thermo Fisher Scientific, Waltham, MA, USA). Trolox was 

used as the positive control, and the percentage inhibition of ABTS radical scavenging activity was 

calculated using Equation (6). 

   S  nhibition  ctivity ( )   
 bscontrol   bssample

 bscontrol
  100 (6) 

where  bscontrol is the absorbance of the control (ABTS solution without extract) and  bssample is the 

absorbance of the sample (ABTS solution with extract). 

 

2.7. FRAP assay 

The ferric reducing antioxidant power (FRAP) assay was performed following the method described 

by Benjamin et al. [21], with slight modifications. The FRAP reagent was freshly prepared by mixing 

38 mM sodium acetate buffer (pH 3.6), 20 mM ferric chloride, and 10 mM TPTZ prepared in 40 mM 

hydrochloric acid at a ratio of 10:1:1. A volume of 20 µL of SLFE (1 mg/mL) was mixed with 180 µL 

of FRAP reagent and incubated at 37 °C for up to 30 min. Absorbance was measured at 593 nm using 
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a UV–Vis spectrophotometer. Trolox was used as the standard reference, and FRAP values were 

expressed as mg Trolox equivalents (TE) per g of dried extract. 

   P (mg   /g)   
     

 
 (7) 

where c represents the concentration of the crude extract (mg/mL) obtained from the standard curve of 

FRAP, V represents the solvent volume (mL), and m represents the sample mass (mg). 

 

2.8. Pancreatic lipase inhibition assay 

Pancreatic lipase inhibitory activity was evaluated following the method described by Estribillo et al. 

[22]. A stock solution (100 µg/mL) was prepared by dissolving 1 mg of SLFE in 10 mL of 100 mM 

phosphate buffer (pH 7.2) containing 0.5% (v/v) Triton X-100. Working solutions at concentrations of 

20, 40, 60, 80, and 100 µg/mL were prepared from the stock solution. Orlistat dissolved in dimethyl 

sulfoxide was used as the positive control. For the assay, 25 µL of SLFE or orlistat was mixed with 50 

µL of pancreatic lipase solution. Subsequently, 100 µL of phosphate buffer and 25 µL of p-

nitrophenyl butyrate (PNPB) substrate were added to each well of a 96-well microplate. The plate was 

incubated at 37 °C for 30 min. Lipase activity was determined by measuring the release of p-

nitrophenol at 400 nm using a microplate reader. The percentage inhibition of pancreatic lipase 

activity was calculated using Equation (8). 

 ipase  nhibition  ctivity ( )   
 bscontrol   bssample

 bscontrol
  100 (8) 

where  bscontrol is the absorbance of the control (Lipase solution without extract) and  bssample is the 

absorbance of the sample (Lipase solution with extract). 

 

2.9. Statistical analysis 

All experiments were conducted in triplicate, and results were expressed as mean ± standard 

deviation. Statistical analyses were performed using IBM SPSS Statistics (Version 28). One-way 

analysis of variance (ANOVA) was used to determine significant differences between extraction 

solvents, followed by  ukey’s test when significant effects were observed at p < 0.05. Bar graph and 

regression analyses were employed to determine IC50 values, defined as the concentration required to 

inhibit 50% of DPPH and ABTS radicals as well as pancreatic lipase activity, using Microsoft Excel 

(2019). 

 

3. Results and discussion 

3.1. Effect of enzymatic pretreatment on CY of SLFE 

CY of SLFE following enzymatic pretreatment is presented in Figure 1. Among the enzymes 

evaluated, pectinase pretreatment resulted in the highest CY (35.80 ± 0.40%), which was significantly 

higher than those obtained using cellulase (12.74 ± 0.30%) and protease (10.27 ± 0.30%) (p < 0.05). 

These results demonstrate that enzyme type plays a critical role in determining extraction efficiency. 

The markedly higher CY observed for pectinase-treated SLFE indicates that this enzyme is 

particularly effective in enhancing solubilisation and mass transfer during extraction, thereby 

promoting greater recovery of extractable components from the plant matrix. 

 

Figure 1 
Effects of enzymatic pretreatment on CY of SLFE. Values are expressed as mean ± standard deviation 

(n = 3). Different letters indicate significant differences determined by one-way ANOVA followed by 

 ukey’s test (p < 0.05). 

 

The superior CY obtained with pectinase pretreatment can be attributed to its specific action on pectic 

substances located in the middle lamella and primary cell wall [23]. Degradation of pectin reduces 

cell-to-cell adhesion and softens plant tissues, which facilitates solvent penetration and enhances the 

release of soluble compounds into the extraction medium. Enzymatic hydrolysis of pectin-rich 

matrices also improves mass transfer by increasing solubility and diffusion of phytochemicals into the 

extraction medium [24]. In addition, enzymatic cleavage of glycosidic bonds may induce 

transformations such as deglycosylation of flavonoid glycosides, producing aglycone forms with 
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altered solubility and bioactivity [25]. In contrast, cellulase hydrolyses cellulose microfibrils, which 

constitute the structural framework of the plant cell wall. Although this process disrupts the rigid 

polysaccharide network and enhances cell wall permeability, the resulting release of soluble 

compounds may be less extensive than that obtained through pectin degradation [26]. Protease 

pretreatment produced the lowest CY, reflecting the limited contribution of protein hydrolysis to 

overall extract solubilisation, as most extractable compounds in SLFE are associated with 

carbohydrate-rich cell wall components rather than protein matrices [27]. Overall, these findings 

demonstrate that enzymatic pretreatment significantly influences extraction efficiency, and that 

pectinase is the most effective enzyme for maximising CY of SLFE. The results also highlight the 

importance of enzyme specificity in targeting different structural components of plant tissues to 

enhance extraction performance. 

 

3.2. Effect of enzymatic pretreatment on TPC and TFC of SLFE 

As shown in Figure 2(a), TPC of SLFE varied significantly among the different enzymatic 

pretreatments (p < 0.05). Cellulase pretreatment resulted in the highest TPC (78.24 ± 0.98 mg 

GAE/g), followed by pectinase (66.80 ± 1.50 mg GAE/g), while protease pretreatment produced the 

lowest TPC (52.75 ± 0.98 mg GAE/g). These results demonstrate that enzymatic pretreatment 

significantly influenced phenolic recovery, with cellulase showing the greatest effectiveness in 

enhancing TPC of SLFE. Figure 2(b) shows the TFC of SLFE following enzymatic pretreatment. 

Pectinase pretreatment resulted in the highest TFC (14.71 ± 0.16 mg RE/g), which was comparable to 

that obtained with protease pretreatment (14.32 ± 0.16 mg RE/g), while cellulase pretreatment 

produced a significantly lower TFC (11.62 ± 0.64 mg RE/g). Statistical analysis confirmed a 

significant difference between cellulase and the other enzyme treatments (p < 0.05), whereas no 

significant difference was observed between pectinase and protease (p > 0.05). 

 

Figure 2 
Effects of enzymatic pretreatment on (a) TPC and (b) TFC of SLFE. Values are expressed as mean ± 

standard deviation (n = 3). Different letters indicate significant differences determined by one-way 

 NOV  followed by  ukey’s test (p < 0.05). 

 

Cellulase-pretreated SLFE exhibited the highest TPC, indicating that disruption of cellulose 

microfibrils effectively facilitates the release of phenolic compounds that are entrapped within or 

associated with cellulose-rich regions of the cell wall. Increased cell wall permeability following 

cellulose hydrolysis enhances solvent penetration and improves diffusion of phenolic compounds into 

the extraction medium [26,28]. Pectinase pretreatment resulted in a moderate increase in TPC, 

reflecting its primary action on pectic-rich regions of the cell wall rather than on cellulose-associated 

phenolics [23,24]. In addition, interactions between released phenolic compounds and pectin-derived 

polysaccharides may influence the physicochemical behaviour of phenolics, including solubility and 

stability, which can affect their recovery during extraction [29]. Protease pretreatment produced the 

lowest TPC, consistent with the relatively limited association between phenolic compounds and 

protein matrices in plant tissues [27]. Similar observation have been reported in protein-rich materials 

such as canola oil press cakes, where protease pretreatment reduced phenolic retention within protein 

complexes [30]. 

 

In contrast to the phenolic profile, TFC was highest in pectinase-pretreated SLFE and was comparable 

to that obtained with protease pretreatment, while cellulase resulted in significantly lower flavonoid 

recovery. This trend reflects the preferential localisation of many flavonoids in pectin-rich regions of 

the cell wall or within intracellular compartments rather than in cellulose-dominated structures [31]. 

Degradation of pectin reduces tissue rigidity and promotes solvent accessibility, facilitating the 

release of flavonoids that are commonly localised in vacuoles or associated with pectic 

polysaccharides [24]. Furthermore, the aluminium chloride colorimetric method selectively detects 

flavonols and flavones through complex formation with hydroxyl groups, and enzymatic pretreatment 

may enhance flavonoid detectability by promoting partial hydrolysis of flavonoid glycosides into 

more reactive aglycone forms due to auxiliary enzymatic activities in commercial preparations 

[32,33]. These findings indicate that enzyme specificity strongly influences phytochemical recovery 
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from SLFE, with cellulase favouring phenolic extraction and pectinase providing greater efficiency 

for flavonoid recovery under ultrasound-assisted conditions. 

 

3.3. Effect of enzymatic pretreatment on antioxidant activity of SLFE 

Figure 3(a) shows the DPPH radical scavenging activity of SLFE following enzymatic pretreatment. 

All enzyme-pretreated SLFE exhibited strong DPPH scavenging activity, exceeding 87%. Statistical 

analysis confirmed significant differences among enzyme treatments (p < 0.05). Pectinase-treated 

SLFE demonstrated the highest scavenging activity, followed closely by cellulase, while protease 

showed slightly lower activity. This trend was supported by IC50 values, where pectinase-treated 

SLFE exhibited the lowest IC50 (26.88 ± 0.14 µg/mL), followed by cellulase (29.45 ± 0.17 µg/mL) 

and protease (48.37 ± 0.18 µg/mL). Trolox, used as the positive control, showed a substantially lower 

IC50 (12.51 ± 0.08 µg/mL), confirming higher radical scavenging potency compared with SLFE. The 

ABTS radical scavenging activity of SLFE is presented in Figure 3(b). All enzyme-pretreated SLFE 

exhibited strong ABTS scavenging activity, exceeding 73%. Enzyme treatments significantly affected 

the ABTS radical scavenging activity of SLFE (p < 0.05). Pectinase-treated SLFE showed the highest 

ABTS scavenging activity, followed by protease, while cellulase resulted in the lowest activity. 

Consistent with this pattern, pectinase-treated SLFE exhibited the lowest ABTS IC50 value (41.55 ± 

0.17 µg/mL), followed by protease (61.51 ± 0.21 µg/mL) and cellulase (150.87 ± 0.25 µg/mL). 

Trolox showed a markedly lower IC50 (20.14 ± 0.09 µg/mL), indicating stronger ABTS radical 

scavenging efficiency relative to SLFE. These results demonstrate that enzymatic pretreatment 

significantly influenced ABTS antioxidant capacity of SLFE. Figure 3(c) illustrates the ferric reducing 

antioxidant power of SLFE following enzymatic pretreatment. Pectinase pretreatment resulted in the 

highest FRAP value (472.54 ± 1.54 mg TE/g), which was significantly higher than values obtained 

with cellulase (209.33 ± 0.81 mg TE/g) and protease (146.11 ± 1.01 mg TE/g) (p < 0.05). Overall, 

these findings indicate that enzymatic pretreatment markedly affected antioxidant capacity of SLFE, 

with pectinase consistently enhancing both radical scavenging and reducing power across DPPH, 

ABTS, and FRAP assays. 

 

Figure 3 
Effects of enzymatic pretreatment on (a) DPPH, (b) ABTS, and (c) FRAP antioxidant activities of 

SLFE. Values are expressed as mean ± standard deviation (n = 3). Different letters indicate significant 

differences determined by one-way  NOV  followed by  ukey’s test (p < 0.05). 

 

The antioxidant activity of SLFE varied significantly among the enzymatic pretreatments, reflecting 

differences in the release of phenolic and flavonoid compounds. The higher DPPH radical scavenging 

activity observed in pectinase-treated SLFE is consistent with the enhanced release of flavonoids and 

other polyphenolic compounds following degradation of pectin-rich cell wall regions. These 

compounds possess multiple hydroxyl groups that act as efficient hydrogen and electron donors, 

thereby contributing to radical neutralisation [34]. A similar trend was observed for ABTS radical 

scavenging activity, where pectinase pretreatment produced the strongest antioxidant response. The 

enhanced activity may be attributed to improved solvent penetration and increased accessibility of 

polyphenols following enzymatic disruption of pectin-rich structures. Polyphenolic compounds 

containing conjugated aromatic rings and multiple hydroxyl groups exhibit strong reactivity towards 

ABTS radicals through both hydrogen atom and electron transfer mechanisms [35]. In contrast, 

cellulase and protease pretreatments exhibited moderate antioxidant responses, which is consistent 

with the comparatively lower release of flavonoids and other antioxidant phytochemicals. The FRAP 

assay further supported the superior antioxidant performance of pectinase-treated SLFE. This assay 

evaluates antioxidant capacity through a single electron transfer mechanism in which antioxidants 

reduce ferric ions from  e³⁺ to  e²⁺ [36].  he higher    P values obtained following pectinase 

pretreatment suggest enhanced release of polyphenolic compounds with strong reducing capacity 

[31]. However, ferric reducing activity may also reflect the contribution of other phytochemicals, 

including phenolic acids and related secondary metabolites present in the extract. 

 

Similar observations have been reported in previous enzyme-assisted extraction studies, where 

enzymatic degradation of cell wall polysaccharides enhances the release of phenolic compounds and 
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improves antioxidant performance [37]. Veer et al. [38] demonstrated that pectinase-assisted 

extraction significantly enhanced the yield and bioactive quality of red dragon fruit juice by degrading 

pectin-rich mucilage that restricts mass transfer, resulting in higher juice yield (72.25%), TPC (192.72 

mg GAE/100 mL), and antioxidant activity (73.87% DPPH inhibition) compared with non-enzymatic 

extraction. Comparable improvements in antioxidant activity following pectinase treatment have also 

been reported for apricot juice, where increased release of phenolics and flavonoids enhanced DPPH 

and ABTS radical scavenging activities [39]. Similar improvements in bioactive compound recovery 

have also been reported for Lycium ruthenicum, where pectinase-assisted extraction (1.5% pectinase 

at 50 °C for 30 min) produced higher extraction yield, total anthocyanin content, and total phenolic 

content than other extraction approaches [40]. Overall, the consistent ranking observed across DPPH, 

ABTS, and FRAP assays indicates that pectinase pretreatment most effectively enhances antioxidant 

mechanisms associated with hydrogen- and electron-donating phytochemicals in SLFE. 

 

3.4. Effect of enzymatic pretreatment on lipase inhibitory activity of SLFE 

Pancreatic lipase inhibitory activity of SLFE following enzymatic pretreatment was evaluated based 

on IC50 values obtained from the tested concentration range of 20–60 µg/mL, with orlistat used as the 

positive control. As shown in Figure 4, cellulase-pretreated SLFE exhibited the lowest IC50 value 

(22.00 ± 0.12 µg/mL), indicating the strongest lipase inhibitory activity among the enzyme 

treatments. This was followed by pectinase-pretreated SLFE with an IC50 value 24.20 ± 0.15 µg/mL, 

while protease-pretreated SLFE showed the weakest inhibitory activity with the highest IC50 value 

(62.05 ± 0.18 µg/mL). Orlistat displayed a markedly lower IC50 (0.82 ± 0.03 µg/mL), confirming its 

superior inhibitory potency compared with SLFE. These results demonstrate that enzymatic 

pretreatment significantly influenced the lipase inhibitory efficacy of SLFE within the tested 

concentration range (p < 0.05). 

 

Figure 4 
Pancreatic lipase inhibitory activity of orlistat and enzyme-pretreated SLFE at different 

concentrations. Values are expressed as mean ± standard deviation (n = 3). 

 

The strongest pancreatic lipase inhibitory activity observed for cellulase-pretreated SLFE suggests 

that disruption of cellulose-rich structural components may enhance the release of phenolic 

compounds associated with lipase inhibition. Increased cell wall permeability following cellulase 

hydrolysis facilitates the diffusion of phenolic constituents into the extraction medium, which may 

interfere with pancreatic lipase activity by limiting lipid hydrolysis processes [26]. Pectinase-

pretreated SLFE exhibited slightly lower inhibitory activity, although degradation of pectin-rich 

regions can also promote the release of bioactive compounds, including flavonoids that have been 

reported to interact with pancreatic lipase [23,41]. In contrast, protease pretreatment produced the 

weakest lipase inhibitory activity, which is consistent with the limited contribution of protein-

associated components to lipase inhibition in plant extracts [27]. These results indicate that enzymatic 

pretreatment significantly influences the anti-lipase potential of SLFE. The stronger inhibitory activity 

observed in cellulase-pretreated extracts may be associated with the greater release of phenolic 

compounds, whereas pectinase treatment may preferentially enhance flavonoid recovery. Overall, 

these findings suggest that the anti-lipase activity of SLFE is influenced by the combined contribution 

of multiple phytochemical constituents rather than a single compound class. 

 

3.5. Correlation analysis of TPC and TFC with antioxidant and lipase inhibitory activities of SLFE 

Pearson correlation analysis was performed to evaluate the relationships between TPC, TFC, 

antioxidant activities (DPPH, ABTS, and FRAP), and lipase inhibition, as presented in Table 1. TPC 

exhibited a significant positive correlation with DPPH radical scavenging activity (r = 0.725), 

indicating that higher phenolic content was associated with stronger DPPH antioxidant activity. 

Conversely, TPC showed a significant negative correlation with ABTS activity (r   −0.836) and 

lipase inhibition (r   −0.911), suggesting that increased phenolic concentration corresponded to lower 

ABTS scavenging capacity and lipase inhibitory activity. TFC demonstrated a strong negative 

correlation with DPPH activity (r   −0.973), indicating an inverse relationship between flavonoid 

content and DPPH radical scavenging. However, TFC showed weak and non-significant correlations 
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with ABTS (r = 0.287), FRAP (r = 0.427), and lipase inhibition (r = 0.430). Furthermore, neither TPC 

nor TFC showed a significant association with FRAP activity (TPC: r = 0.239; TFC: r = 0.427), 

indicating that ferric reducing capacity may be influenced by other phytochemical constituents in the 

extract. Overall, these results suggest that phenolic and flavonoid compounds contribute differently to 

antioxidant mechanisms and lipase inhibition in SLFE. 

 

4. Conclusions 

This study demonstrates that enzyme-assisted ultrasound extraction is an effective approach for 

enhancing CY and bioactivity of SLFE. Enzymatic pretreatment significantly influenced extraction 

efficiency, antioxidant capacity, and pancreatic lipase inhibitory activity, confirming the importance 

of enzyme specificity in optimising extraction outcomes. Pectinase pretreatment produced the highest 

CY and TFC and consistently enhanced antioxidant performance across DPPH, ABTS, and FRAP 

assays. In contrast, cellulase pretreatment resulted in the highest TPC and exhibited the strongest 

pancreatic lipase inhibitory activity based on IC50 values, while protease pretreatment demonstrated 

comparatively limited effectiveness across most evaluated parameters. Overall, these findings indicate 

that targeted enzymatic disruption of specific plant cell wall components can selectively enhance the 

release of bioactive compounds associated with distinct functional properties, as supported by the 

observed correlations between phytochemical content and bioactivities. 

 

From a practical perspective, the use of pectinase-assisted ultrasound extraction offers a promising 

strategy for improving the recovery of bioactive compounds from underutilised fruits such as S. 

lasiocarpum, which may contribute to future functional food and nutraceutical development following 

further biological and clinical evaluation. However, the present study was limited to in vitro 

antioxidant and lipase inhibitory assays and relied on global spectrophotometric methods for 

phytochemical quantification, without chromatographic profiling of individual compounds. 

Techniques such as high-performance liquid chromatography (HPLC) or liquid chromatography–mass 

spectrometry (LC–MS) were not employed in the present work, which limits detailed mechanistic 

interpretation of the specific bioactive constituents responsible for the observed activities. Future 

studies should therefore focus on detailed phytochemical profiling, identification of active 

constituents, and validation of biological effects through in vivo or clinical investigations to further 

substantiate the functional potential of SLFE. 
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Figure 1 
Effects of enzymatic pretreatment on CY of SLFE. Values are expressed as mean ± standard deviation 

(n = 3). Different letters indicate significant differences determined by one-way ANOVA followed by 

 ukey’s test (p < 0.05). 
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Figure 2 
Effects of enzymatic pretreatment on (a) TPC and (b) TFC of SLFE. Values are expressed as mean ± 

standard deviation (n = 3). Different letters indicate significant differences determined by one-way 

 NOV  followed by  ukey’s test (p < 0.05). 
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Figure 3 
Effects of enzymatic pretreatment on (a) DPPH, (b) ABTS, and (c) FRAP antioxidant activities of 

SLFE. Values are expressed as mean ± standard deviation (n = 3). Different letters indicate significant 

differences determined by one-way ANOV  followed by  ukey’s test (p < 0.05). 
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Figure 4 
Pancreatic lipase inhibitory activity of orlistat and enzyme-pretreated SLFE at different 

concentrations. Values are expressed as mean ± standard deviation (n = 3). 
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Table 1 
Pearson correlation coefficients of TPC and TFC with antioxidant activities and lipase inhibitory activity 

of SLFE. 

 

Variables DPPH ABTS FRAP Lipase 

TPC 0.725* −0.836** 0.239 −0.911** 

TFC −0.973** 0.287 0.427 0.430 

Values represent Pearson correlation coefficients (r). p values were calculated using a two-tailed test. p < 

0.05 (*), p < 0.01 (**). 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


