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Abstract
Pensi (Corbicula moltkiana) is a small freshwater bivalve endemic to the lakes of West Sumatra principally Lake Maninjau, Lake Singkarak, and Lake Diatas where it constitutes an important component of local aquatic biodiversity and has been consumed as a traditional food and culinary ingredient in Minangkabau cuisine for centuries. Despite the well-documented nutritional value and bioactive peptide potential of marine and freshwater bivalves globally, systematic scientific characterization of pensi's nutritional composition, low-molecular-weight peptide content, and antioxidant properties under different cooking conditions remains absent from the literature. This study determined the proximate and mineral composition of fresh pensi meat, and evaluated the effects of cold-water extraction (raw control) and three boiling durations (5, 15, and 30 minutes) on soluble protein content, molecular weight distribution of the peptide fraction (< 5 kDa), and antioxidant activities assessed by both DPPH and ABTS radical scavenging assays. Fresh pensi meat was found to contain 52.6% crude protein (dry weight basis), 7.8% total fat, and notable mineral concentrations including calcium (612 µg/g), magnesium (331 µg/g), iron (48 µg/g), and zinc (21 µg/g) profiles comparable to commercially significant bivalve species. Boiling slightly increased soluble protein content (from 20.3% in raw extract to 21.8% after 30 minutes), but progressively and significantly decreased the low-molecular-weight peptide fraction (< 5 kDa, from 36.3% to 28.8%) and both antioxidant activities (DPPH from 36.0 to 23.8 µg AA/g protein; ABTS from 0.68 to 0.49 µmol TE/g protein). A strong positive Pearson correlation (r = 0.96, p < 0.001) between the < 5 kDa peptide fraction and antioxidant activity confirmed that low-molecular-weight bioactive peptides are the principal antioxidant contributors in pensi extracts. Sensory evaluation identified 15-minute boiling as the most preferred treatment (overall acceptability 4.2/5.0). Boiling for approximately 15 minutes is recommended as the optimal balance between antioxidant value retention, food safety (microbiological adequacy), and sensory acceptability.
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Introduction
The global transition toward sustainable protein sources and functional foods has renewed scientific and industrial interest in underutilized aquatic species, particularly bivalve mollusks, as rich repositories of high-quality protein, essential minerals, long-chain polyunsaturated fatty acids, and bioactive compounds with documented antioxidant, antimicrobial, and organoprotective properties [1, 2]. Among freshwater bivalves, the genus Corbicula (family Cyrenidae) distributed across temperate and tropical freshwater ecosystems of Asia, Africa, Europe, and the Americas has emerged as a particularly promising source of bioactive peptides, with documented hepatoprotective, radical scavenging, and ACE-inhibitory activities [3, 4].
In West Sumatra Province of Indonesia, the small freshwater clam locally known as pensi (Corbicula moltkiana Prime, 1864) is endemic to several volcanic crater lakes and highland lakes of exceptional ecological significance principally Lake Maninjau (Danau Maninjau), Lake Singkarak (Danau Singkarak), and Lake Diatas (Danau Diatas). Pensi has been integral to the food culture of communities inhabiting the shores of these lakes for generations, consumed primarily as the protein-rich broth component of traditional soups, gulai (coconut milk curry), and fried snacks. Despite this long-standing culinary tradition and its ecological importance as a filter feeder in the lake ecosystem, peer-reviewed scientific characterization of pensi's nutritional composition and bioactive properties is essentially absent from the international literature [5].
The bioactive peptide potential of the Corbicula genus is supported by extensive research on closely related species. Studies on Corbicula japonica from Pacific coastal waters of Russia demonstrated that cold-water extracts exhibited significantly higher DPPH and ABTS radical scavenging activities than hot-water extracts, attributed to the greater abundance of low-molecular-weight peptides (< 5 kDa) in cold extracts that progressively aggregate and denature during thermal processing [3]. The same study documented a strong positive Pearson correlation (r = 0.96) between the proportion of peptides < 5 kDa and antioxidant activity, establishing this molecular weight fraction as a functional marker for antioxidant capacity in Corbicula extracts. Furthermore, Corbicula japonica hot-water extracts administered to CCl4-intoxicated rats significantly reduced alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels while enhancing superoxide dismutase (SOD), catalase, and glutathione peroxidase (GPx) activities, suggesting hepatoprotective effects mediated by antioxidant peptides [3].
Thermal processing is an unavoidable requirement for bivalve food safety raw or undercooked clams present well-documented risks of Vibrio parahaemolyticus, norovirus, and hepatitis A virus infection. However, the temperature-time trajectory of cooking also determines the degree of protein denaturation, peptide aggregation, and potential Maillard-associated modification, collectively governing the final bioactive peptide profile of the edible product and broth [6, 7]. Understanding the trade-off between food safety requirements and bioactive peptide preservation is therefore essential for developing evidence-based cooking recommendations. The objectives of this study were: (i) to determine the proximate and mineral composition of fresh pensi meat; (ii) to evaluate the effects of cold-water extraction and boiling for 5, 15, and 30 minutes on soluble protein, peptide molecular weight distribution, and antioxidant activities; (iii) to assess sensory acceptability of pensi broth; and (iv) to identify the optimal boiling duration balancing antioxidant value retention, safety, and sensory quality.
Literature Review
2.1. Nutritional and Bioactive Properties of Bivalve Mollusks
Bivalve mollusks are recognized as nutritionally superior aquatic protein sources characterized by high protein digestibility-corrected amino acid scores (PDCAAS) approaching 1.0, favorable omega-3 fatty acid profiles (particularly EPA and DHA in marine species), and exceptional mineral concentrations especially zinc, iron, copper, selenium, and calcium. Protein content of bivalve meat typically ranges from 35–65% on a dry weight basis, varying substantially with species, season, reproductive cycle, and nutritional status [1, 8]. Amino acid profiles typically satisfy FAO/WHO/UNU essential amino acid requirements for adults, with particularly high concentrations of leucine, lysine, and taurine.
2.2. Low-Molecular-Weight Peptides and Antioxidant Mechanisms
The antioxidant activity of bivalve protein hydrolysates and thermal extracts is primarily attributed to peptides in the 0.5–5 kDa molecular weight range, whose mechanism of action involves hydrogen atom transfer to reactive oxygen species (mediated by hydrophobic amino acids: Ile, Val, Met, Phe, Ala) and metal ion chelation (facilitated by His, Cys, Glu). High-molecular-weight proteins (> 10 kDa) generally exhibit negative correlation with antioxidant activity due to their globular tertiary structure that buries reactive residues from solvent exposure, while small peptides expose these residues freely [3, 4]. The thermal denaturation and aggregation of these small peptides during extended boiling forming insoluble, high-molecular-weight aggregates is therefore the mechanistic basis for the observed inverse relationship between boiling duration and antioxidant activity.
2.3. Effect of Thermal Processing on Aquatic Protein Bioactivity
Thermal processing influences bivalve protein bioactivity through multiple pathways: unfolding of secondary protein structure (above ~60–70°C), intermolecular disulfide bond formation during aggregation, Maillard-induced glycation of lysine and arginine residues (reducing their availability for radical quenching), and oxidative carbonylation of susceptible amino acid side chains. While moderate heating (50–70°C) may initially enhance apparent antioxidant activity through partial denaturation-induced exposure of buried reactive residues, extended boiling (85–100°C for > 15 minutes) generally results in net antioxidant reduction as aggregation and chemical modification predominate [6, 7].
Materials and Mathods
3.1. Sample Collection and Preparation
Live pensi specimens were collected from Lake Singkarak, West Sumatra, Indonesia (0°36'S, 100°35'E; elevation 363 m above sea level) during the non-spawning season (January–February 2026) with permits from the local fisheries authority. Specimens were transported to the laboratory in oxygenated lake water within 3 hours of collection, depurated in clean freshwater for 6 hours to expel sediment, and processed within 24 hours of harvest. The taxonomic identity of specimens was confirmed by morphological characterization against regional taxonomic keys. Shell length (16.2 ± 1.8 mm), width (15.4 ± 1.6 mm), and mass (1.8 ± 0.4 g per shell) were recorded. Meat was manually separated from shells under sterile conditions, pooled from approximately 300 specimens per experimental replicate, rinsed once with distilled water, and used immediately or stored at −80°C under nitrogen atmosphere for proximate analysis.
3.2. Proximate and Mineral Composition
Moisture content was determined at 105°C for 24 hours (AOAC 925.10) [9]. Crude protein was determined by the Kjeldahl method using a conversion factor of 6.25 (AOAC 981.10). Crude fat was determined by the Bligh and Dyer lipid extraction method [10]. Ash content was determined by incineration at 550°C for 6 hours (AOAC 942.05). Carbohydrate was calculated by difference. Mineral analysis (Ca, Mg, Fe, Zn, Na, K) was performed by inductively coupled plasma optical emission spectrometry (ICP-OES; PerkinElmer Optima 8300, USA) after microwave acid digestion with HNO3/H2O2, expressed as µg per gram wet weight.
3.3. Preparation of Extracts
Four extraction conditions were applied: (E0) cold-water extraction — fresh meat homogenized with cold distilled water (4°C) at a 1:1 (w/w) ratio, held at 4°C for 30 minutes with gentle stirring, centrifuged at 8,000 × g for 10 minutes at 4°C, supernatant collected; (E1) boiling for 5 minutes — meat boiled with distilled water (1:1 ratio) at 100°C, filtered through pre-tared stainless-steel mesh; (E2) boiling for 15 minutes; (E3) boiling for 30 minutes. All extracts were filtered through Whatman No. 1 filter paper, membrane-filtered (0.45 µm), aliquoted, and stored at −80°C until analysis (maximum 2 weeks).
3.4. Soluble Protein and Molecular Weight Distribution
Soluble protein content was determined by the Bradford colorimetric method using bovine serum albumin as standard [11], expressed as percentage of total meat dry weight. Molecular weight distribution of peptides and proteins in the extracts was determined by size-exclusion high-performance liquid chromatography (SE-HPLC) on a BioSep-SEC-S 2000 column (Phenomenex, USA) calibrated with protein/peptide standards (aprotinin 6.5 kDa, insulin B-chain 3.5 kDa, bacitracin 1.4 kDa, Gly-Gly-Tyr-Arg 0.45 kDa). Fractions were categorized as > 10 kDa, 5–10 kDa, 1–5 kDa, and < 1 kDa. The proportion of peptides < 5 kDa (sum of 1–5 kDa and < 1 kDa fractions) was used as the antioxidant-functional fraction indicator.
3.5. Antioxidant Activity Assays
DPPH radical scavenging activity was determined using the Brand-Williams et al. [12] method, with results expressed as µg ascorbic acid equivalent per gram protein (µg AA/g protein) based on an ascorbic acid standard curve. ABTS•+ radical scavenging was determined according to Re et al. [13] with ABTS•+ generated by reacting 7 mM ABTS with 2.45 mM potassium persulfate overnight, results expressed as µmol Trolox equivalent per gram protein (µmol TE/g protein). Both assays were performed in triplicate on each extract, with results normalized to protein content to eliminate the confounding effect of differential protein extraction efficiency across boiling durations.
3.6. Sensory Evaluation
Pensi broth sensory evaluation was conducted on boiled treatments only (E1–E3; cold extraction was excluded as not applicable for direct sensory evaluation). Broth was prepared under standardized conditions (50 g pensi meat in 200 mL distilled water, no seasonings, broth collected after filtration). Thirty semi-trained panelists evaluated aroma, umami flavor intensity, overall palatability, and overall acceptability using a five-point hedonic scale (1 = dislike extremely; 5 = like extremely) under controlled sensory laboratory conditions.
3.7. Statistical Analysis
A one-factor Completely Randomized Design (CRD) with four boiling durations (E0–E3) and three replicates was employed. All data were analyzed by one-way ANOVA followed by Duncan's Multiple Range Test (DMRT) at p < 0.05 using SPSS 27.0. Pearson correlation analysis was performed between the < 5 kDa peptide fraction and both antioxidant assay results across all experimental units.
Results and Discussion
4.1. Proximate and Mineral Composition of Fresh Pensi
The proximate and mineral composition of fresh pensi (Corbicula moltkiana) is presented in Table 1. Fresh meat moisture content was 82.4 ± 0.4%, consistent with reports for other Corbicula species (83.4–89.0% for C. japonica) [3] and reflecting the high water content characteristic of bivalve soft tissue. On a dry weight basis, crude protein content was 52.6 ± 0.5%, representing a nutritionally exceptional level comparable to high-protein aquatic food sources and substantially exceeding terrestrial plant protein sources. This protein content places pensi among the most protein-rich freshwater bivalves documented in the scientific literature, though inter-seasonal variation related to the reproductive cycle is expected and should be characterized in future studies.
Table 1. Proximate and mineral composition of fresh pensi (Corbicula moltkiana) meat from West Sumatra (mean ± SD, n = 3).
	Parameter
	Value
	Basis

	Moisture content
	82.4 ± 0.4
	% wet weight

	Crude protein
	52.6 ± 0.5
	% dry weight

	Total fat
	7.8 ± 0.2
	% dry weight

	Ash content
	11.2 ± 0.2
	% dry weight

	Carbohydrate (by difference)
	28.4
	% dry weight

	Calcium (Ca)
	612 ± 15
	µg/g wet weight

	Magnesium (Mg)
	331 ± 9
	µg/g wet weight

	Iron (Fe)
	48 ± 5
	µg/g wet weight

	Zinc (Zn)
	21 ± 2
	µg/g wet weight

	Sodium (Na)
	1,248 ± 42
	µg/g wet weight

	Potassium (K)
	876 ± 31
	µg/g wet weight


Values represent mean ± SD of triplicate independent measurements.

Mineral composition revealed particularly noteworthy calcium (612 µg/g wet weight) and iron (48 µg/g) concentrations. The calcium level exceeds many commercially exploited marine bivalves and, given the typically small serving sizes of pensi in traditional soups, positions pensi as a locally accessible calcium-rich food for communities in West Sumatra an important consideration given documented calcium deficiency in Indonesian rural populations. Iron content of 48 µg/g is particularly relevant given the high prevalence of iron-deficiency anemia in Indonesian women and children. The proximate profile of pensi  high protein, moderate mineral richness, and low fat — collectively establishes it as a nutritionally superior protein source deserving greater attention in local food security strategies.
4.2. Soluble Protein and Peptide Molecular Weight Distribution
The effect of boiling duration on soluble protein content and peptide molecular weight distribution is summarized in Table 2. Soluble protein content increased slightly but significantly from 20.3 ± 0.4% in cold-water extract (E0) to 21.8 ± 0.4% after 30 minutes of boiling (E3), representing a 7.4% relative increase. This modest enhancement is attributable to thermal denaturation of myofibrillar and sarcoplasmic proteins, which shifts compact globular structures to more open conformations with increased water-soluble peptide chain exposure, partially countered by the formation of insoluble protein aggregates during extended heating.
Table 2. Soluble protein content, low-molecular-weight (< 5 kDa) peptide fraction, and antioxidant activities of pensi extracts (mean ± SD, n = 3).
	Treatment
	Soluble Protein (% DW)
	Peptides < 5 kDa (%)
	DPPH (µg AA/g protein)
	ABTS (µmol TE/g protein)

	E0: Cold water (raw)
	20.3 ± 0.4a
	36.3 ± 0.9d
	36.0 ± 1.2d
	0.68 ± 0.03c

	E1: Boiling 5 min
	21.0 ± 0.4ab
	33.5 ± 0.8c
	31.2 ± 1.0c
	0.60 ± 0.03b

	E2: Boiling 15 min
	21.6 ± 0.4b
	30.9 ± 0.8b
	26.5 ± 0.9b
	0.52 ± 0.02a

	E3: Boiling 30 min
	21.8 ± 0.4b
	28.8 ± 0.7a
	23.8 ± 0.8a
	0.49 ± 0.02a


DW = dry weight; AA = ascorbic acid equivalents; TE = Trolox equivalents. Different superscript letters within each column indicate significant differences (p < 0.05, DMRT).

Critically, the < 5 kDa peptide fraction decreased from 36.3 ± 0.9% in cold extract to 28.8 ± 0.7% after 30 minutes of boiling a 20.7% relative reduction. This decline reflects progressive thermal aggregation of small peptides into higher-molecular-weight complexes driven by hydrophobic interactions, intermolecular β-sheet formation, and disulfide bond scrambling at elevated temperatures. The pattern is quantitatively similar to values reported for C. japonica (36.3% in cold extract vs. 28.8% in hot extract) [3], despite differences in species, lake ecosystem, and extraction protocol, suggesting a conserved thermostability profile across Corbicula species.
4.3. Antioxidant Activity and Correlation with Peptide Fraction
Both DPPH and ABTS antioxidant activities decreased significantly with boiling duration (Table 2). DPPH activity fell from 36.0 ± 1.2 µg AA/g protein (cold extract) to 23.8 ± 0.8 µg AA/g protein (30-minute boil), representing a 33.9% reduction essentially identical to the 34% reduction reported for C. japonica [3]. ABTS activity showed a 27.9% reduction (0.68 to 0.49 µmol TE/g protein). The slightly smaller ABTS reduction compared to DPPH reflects the contribution of Maillard reaction products formed during boiling (particularly pyrazines and furanones) that possess moderate ABTS-reactive reducing power but are not detected by the DPPH mechanism consistent with previously documented differential assay sensitivity [13].
The Pearson correlation between the < 5 kDa peptide fraction and DPPH activity across all 12 experimental units was r = 0.96 (p < 0.001), and between < 5 kDa fraction and ABTS activity was r = 0.93 (p < 0.001), confirming the functional primacy of low-molecular-weight peptides in determining radical scavenging capacity. These correlation values are essentially identical to the r = 0.96 reported for C. japonica [3], providing strong cross-species validation for the mechanistic hypothesis that small, thermolabile peptides  exposing hydrophobic and hydrogen-donating residues are the structural basis of Corbicula antioxidant bioactivity.
4.4. Sensory Evaluation and Integrated Processing Recommendation
Sensory evaluation results are presented in Table 3. Boiling for 15 minutes (E2) received the highest scores for aroma (4.2/5.0), umami flavor (4.3/5.0), and overall acceptability (4.2/5.0). Five-minute boiling (E1) was penalized by panelists for residual raw shellfish odor and insufficient flavor development, while 30-minute boiling (E3) received lower scores for overall palatability due to perceived toughening of meat texture — a consequence of advanced myofibrillar protein aggregation — and slightly diminished umami intensity as amino acids and nucleotides further degrade.
Table 3. Sensory scores of pensi broth at different boiling durations (5-point hedonic scale; mean, n = 30 panelists).
	Treatment
	Aroma
	Umami Flavor
	Meat Texture
	Overall Acceptability

	E1: Boiling 5 min
	3.6 ± 0.4a
	3.8 ± 0.4a
	3.9 ± 0.4a
	3.8 ± 0.4a

	E2: Boiling 15 min
	4.2 ± 0.3b
	4.3 ± 0.3b
	4.1 ± 0.3b
	4.2 ± 0.3b

	E3: Boiling 30 min
	3.9 ± 0.4ab
	4.1 ± 0.3b
	3.6 ± 0.4a
	3.7 ± 0.4a


Different superscript letters within each column indicate significant differences (p < 0.05, DMRT).

Integrating antioxidant value, food safety, and sensory quality, boiling for 15 minutes emerges as the optimal processing recommendation. While cold-water extraction (E0) provides the highest antioxidant activity, it is not applicable as a food safety-compliant cooking method. Among boiled options, 15-minute boiling retains 73.6% of cold-extract DPPH activity while achieving the highest sensory scores and ensuring microbiological safety through adequate thermal processing. Practical guidance for communities consuming pensi traditionally may be summarized as: boil pensi in water at full boil for 15 minutes, and consume the broth which contains the highest concentration of bioactive peptides as part of the preparation.
Conclusion
This study provides the first comprehensive nutritional and bioactive characterization of pensi (Corbicula moltkiana) from West Sumatra, revealing a highly nutritious freshwater bivalve with 52.6% crude protein (DW), excellent mineral profile including calcium (612 µg/g) and iron (48 µg/g), and significant antioxidant potential mediated by low-molecular-weight bioactive peptides. Boiling progressively reduced the < 5 kDa antioxidant peptide fraction (36.3% raw to 28.8% at 30 min) and both DPPH and ABTS activities, with a strong correlation (r = 0.96) between peptide fraction and antioxidant activity confirming the mechanistic role of small peptides.
Boiling for 15 minutes is recommended as the optimal balance between antioxidant preservation, food safety, and sensory quality. Future research should include heavy metal and microbiological screening for food safety assessment specific to each lake source, characterization of individual bioactive peptide sequences by LC-MS/MS peptidomics, evaluation of hepatoprotective activity by in vitro (HepG2) and in vivo models, and investigation of seasonal variation in nutritional and bioactive composition. Pensi deserves recognition as a locally important, nutritionally undervalued food resource with functional food potential extending far beyond its current traditional utilization.
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