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Abstract:
Iron deficiency anaemia remains a major global nutritional concern, particularly among women and children. The present study investigated the effects of Emblica officinalis juice and curd on iron bioaccessibility and the in vitro dialysable iron fraction in selected rice-based food systems using a simulated gastrointestinal digestion model. Four traditional rice-based recipes [Curry Leaves Chutney with Rice (CLR), Mint Leaves Chutney with Rice (MCR), Tamarind Rasam with Rice (RR), and Red Amaranth Kadayal with Rice (AKR)] were prepared and evaluated as control, fruit juice-treated (FJ), curd-treated (CU), and combined-treatment (FJ + CU) samples. The total iron content of the recipes ranged from 4.43 ± 0.01 mg/100 g in RR to 7.79 ± 0.02 mg/100 g in AKR. Among all treatments, CU supplementation significantly improved both the bioaccessible and in vitro dialysable iron fractions (p < 0.05). AKR + CU exhibited the highest dialysable and bioaccessible iron values (2.52 ± 0.01 mg and 2.52 ± 0.02 mg, respectively), followed by CLR + CU (2.30 ± 0.02 mg and 2.24 ± 0.01 mg, respectively). RR showed the lowest bioaccessible iron (1.35–1.44 mg) and dialysable iron fraction (1.30–1.49 mg). The combined treatment (FJ + CU) produced moderate improvements compared with the control and FJ alone, but its values remained lower than those obtained with CU alone. Residual iron ranged from 1.30 ± 0.05 mg to 2.53 ± 0.01 mg, indicating that a portion of the iron remained associated with the undigested food matrix after digestion. Mass-balance values were close to 100%, supporting the analytical recovery of the in vitro digestion model. The findings suggest that curd enhanced the in vitro dialysable iron fraction in the tested rice-based meals under the experimental conditions.
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1. Introduction
Anaemia is a condition in which the number of red blood cells or the haemoglobin concentration within them is lower than normal. It affects nearly one-third of the global population, particularly young children, menstruating adolescent girls and women, and pregnant and postpartum women (Pasricha et al., 2021). The World Health Organization (n.d.) estimates that 40% of children aged 6–59 months, 37% of pregnant women, and 30% of women of reproductive age worldwide are anaemic.
Iron deficiency is the leading cause of anaemia and is typically attributed to inadequate dietary intake, blood loss, or chronic inflammation. It is estimated to affect more than 2 billion people worldwide, with women and children being the most vulnerable (Turawa et al., 2021). Because iron plays an indispensable role in numerous biochemical reactions, low iron stores can impair the function of multiple biological systems. Iron absorption is strongly influenced by diet, gastrointestinal conditions, and the presence of enhancers or inhibitors. Acidic conditions in the digestive tract favour iron solubilisation and the conversion of ferric iron (Fe³⁺) to the more absorbable ferrous form (Fe²⁺); several studies have demonstrated that foods rich in organic acids or ascorbic acid can enhance iron bioavailability (Kaur et al., 2022).
Oral iron supplementation is a common strategy for treating iron deficiency anaemia (IDA), but its effectiveness is often limited by poor absorption and gastrointestinal side effects (Bloor et al., 2021; Kumar & Brookes, 2020). Antinutritional factors such as phytic acid, tannins, and phenolic compounds in foods can chelate divalent mineral ions, thereby reducing the fraction of minerals that remains soluble and absorbable under gastrointestinal conditions (Varshanath et al., 2026). Therefore, methods for improving iron bioavailability from foods are important. Certain dietary enhancers, such as ascorbic acid, citric acid, and amino acids naturally present in fruits, facilitate iron absorption (Zhang et al., 2021). Likewise, gut bacteria may contribute by producing metabolites that enhance mineral solubility, while fermentation is a well-recognised mechanism for improving iron absorption (Hoppe et al., 2015; Vonderheid et al., 2019).
Previous reports have highlighted the potential of Emblica officinalis to enhance iron absorption. For example, Vamsee Veena et al. (2015) reported that Azadirachta indica (neem leaf), when combined with Emblica officinalis, had an antianaemic effect in rats with phenylhydrazine-induced anaemia. Akter et al. (2020) found that an oral amloki capsule administered with an iron supplement increased iron content in pregnant women. Periyasamy (2020) reported an increase in the total iron content of Solanum anguivi L. juice, as measured by atomic absorption spectrophotometry, following the addition of 75% vitamin C from Emblica officinalis. Akter et al. (2020) also reported significant improvement following the administration of drumstick leaf powder and aonla powder for the treatment of anaemia and hyperlipidaemia.
Lactobacilli are thought to increase dietary iron bioavailability through several mechanisms, including lowering gut pH (Jiang et al., 2026), altering gut microbial metabolism and metabolite formation (Hoppe et al., 2017), and enhancing anti-inflammatory immunomodulation. Several studies have investigated the role of probiotics in improving iron uptake. For instance, Limosilactobacillus fermentum has been shown to enter enterocytes and deliver iron oxide nanoparticles, thereby improving iron status (Garces et al., 2018). Similarly, Lactobacillus acidophilus supplementation increased ferritin levels in intestinal cells (Khodaii et al., 2019), whereas Lactobacillus rhamnosus enhanced the haematological response and reduced gastrointestinal side effects in children undergoing iron therapy (Hu et al., 2024). Gandhi et al. (2022) found that the in vitro bioaccessibility of iron from curd incorporated with a spray-dried iron–whey protein concentrate (Fe–WPC) conjugate was significantly higher under simulated gastrointestinal conditions (p < 0.05). Analyses of plant-derived food products further demonstrate that total iron content alone may not represent potential availability because phytate-rich matrices can substantially restrict mineral accessibility (Mayer Labba et al., 2022). Characterisation of fermented dairy products and traditional Indian fermented foods has also identified diverse lactic acid bacterial communities and food-specific functional profiles, underscoring the need to evaluate fermented ingredients within the specific meal matrix in which they are consumed (Shangpliang & Tamang, 2023; Tamang et al., 2024). Nevertheless, evidence comparing the effects of Emblica officinalis juice, curd, and their combination on iron release from commonly consumed rice-based Indian meals under the same simulated digestion conditions remains limited. Therefore, the present study aimed to investigate the effects of fruit juice, probiotics, and their combination on iron bioaccessibility and the in vitro dialysable iron fraction in rice-based recipes using a simulated in vitro digestion model.
2. Materials and methods
2.1. Chemicals and Reagents
The enzyme solutions used in the study included pepsin, pancreatin, α-amylase, and bile salts. Buffer and salt solutions, including sodium chloride (NaCl), sodium bicarbonate (NaHCO₃), and PIPES for filling the dialysis membrane, were prepared as required. Concentrated and diluted hydrochloric acid (HCl) and sodium hydroxide (NaOH) were used to adjust the pH. Dialysis membranes (14 kDa MWCO; HiMedia, India) were used to simulate intestinal absorption and collect the dialysable fractions. Distilled water was used throughout the study. The chemicals used for iron estimation were Ferrozine reagent, hydroxylamine hydrochloride (NH₂OH·HCl), and an iron standard (FeSO₄·7H₂O), all purchased from HiMedia (Mumbai, India).
2.2. Equipment
The equipment used in the study comprised a thermostatic shaking water bath (Remi, India; model RSB-12), a digital pH meter (Eutech Instruments, Singapore; model CyberScan pH 510), a refrigerated centrifuge (Remi, India; model C-24 Plus) capable of 13,800 × g, an analytical balance (Sartorius, Germany; model CPA225D), and a double-beam UV–visible spectrophotometer (Shimadzu, Japan; model UV-1800).
2.3. Selection of Experimental Foods
Based on the energy and iron contents of the selected ingredients, the proportions of rice and kulambu/chutney were chosen for the simulated in vitro process. A typical adult man weighing 65 kg requires approximately 2,100–3,500 kcal/day and 19 mg/day of iron, although energy requirements may vary with body weight and physical activity. The energy and iron values of the key ingredients (rice, amaranth, tamarind, curry leaves, and mint leaves) were calculated using the Indian Food Composition Tables (IFCT), and their contributions to daily requirements are summarised in Table 1. The ingredient proportions were fixed to ensure that the test portions were representative of realistic dietary intake and provided a meaningful fraction of the daily iron requirement for the in vitro dialysable iron fraction study. The selected recipes were then prepared on a household scale using 100 g of rice and 50 g of iron-rich chutney/kulambu, reflecting typical consumption patterns. The prepared foods were used directly for in vitro digestion, while additional treatments were prepared by incorporating fruit juice, curd, or both into the base recipes to examine their effects on iron solubility and release under simulated digestive conditions.
Table 1: Energy and iron contribution of individual ingredients in selected recipes
	Ingredient
	Total iron (mg/100 g)
	Calorific value (kcal/100 g)

	Cooked rice
	0.25
	147

	Amaranth leaves
	7.25
	140

	Tamarind pulp
	9.16
	299

	Curry leaves
	8.67
	266

	Mint leaves
	8.56
	155


*Longvah et al. (2017) as per the IFCT Book
2.4. Standardization of Food Recipes
The selected food recipes were standardised to ensure uniformity and reproducibility across all experimental trials. Each recipe was formulated to represent a typical meal pattern consisting of 100 g of cooked rice combined with 50 g of an iron-rich accompaniment (kulambu/chutney). The ingredient proportions were fixed according to their iron contributions, as calculated from the Indian Food Composition Tables, to ensure that each test meal provided a meaningful fraction of the daily iron requirement.
The ingredient composition of each recipe was kept constant, and all samples were prepared under standardised cooking conditions, including controlled time, temperature, and method. The prepared foods were homogenised to obtain a uniform consistency before analysis. A fixed quantity of each homogenised sample (Table 2) was used for the in vitro digestion process.
For the experimental variations, predetermined quantities of fruit juice (50 mL), curd (50 mL), or their combination (100 mL) were incorporated into the standardised base recipes according to IFCT values to evaluate their effects on iron bioaccessibility under simulated gastrointestinal conditions.
Table 2: Standardization of the recipes
	Recipe
	Key Ingredients (Quantity in gram/ml)
	Total Weight (g) (Raw Food)
	Total Weight (g) (Cooked Food)
	Total Iron (mg)*

	Curry Leaves Chutney
	Curry leaves (50), tomato (20), Bengal gram split (5), onion (15), dry red chilli (3), urad dal (5), tamarind (3), garlic (5), mustard (0.5), rice (100), amla juice (50), curd (50)
	306.5
	337
	8.387

	Mint Leaves Chutney
	Mint leaves (50), tomato (20), Bengal gram split (5), onion (15), dry red chilli (3), urad dal (5), tamarind (3), garlic (5), mustard (0.5), rice (100), amla juice (50), curd (50)
	306.5
	337
	8.337

	Tamarind Rasam
	Tamarind pulp (12), tomato (10), mustard (0.5), garlic (5), cumin seeds (0.5), curry leaves (0.5), dry red chilli (3), coriander leaves (1), onion (3), rice (100), amla juice (50), curd (50)
	236
	330
	4.721

	Red Amaranth Kadayal
	Red amaranth leaves (60), onion (15), tomato (10), garlic (5), dry red chilli (3), Bengal gram split (5), mustard (0.5), tamarind (3), curry leaves (0.5), rice (100), urad dal (50), amla juice (50), curd (50)
	352
	353
	8.417


* Longvah et al. (2017) as per the IFCT Book
2.6. Experimental Treatments for In Vitro Iron Dialyzability and Bioaccessibility Analysis
The study included four base rice recipes: AKR (Amaranth Kadayal + Rice), RR (Rasam + Rice), CLR (Curry Leaves Chutney + Rice), and MCR (Mint Chutney + Rice), each weighing 100 g. To investigate the effects of fruit juice and curd on iron bioaccessibility and the dialysable iron fraction, each base recipe was prepared as a control (food only) and with the following additional treatments: fruit juice (FJ), curd (CU), and a combination of fruit juice and curd (FJ + CU).
Table 3 summarises the complete composition of all formulations used for in vitro digestion. In the combined treatment (FJ + CU), the addition was equivalent to 100% of the base recipe. Fruit juice and curd were added in quantities intended to reflect realistic consumption levels: 50 mL of fruit juice or 50 mL of curd per 100 g of base food.
Table 3: Formulation of In Vitro Digestion
	S. No.
	Name of the Treatment Group
	Base Recipe (g)
	Fruit Juice (ml)
	Curd (ml) 
	Fruit Juice + Curd (%)

	1. 
	CLR
	100
	0
	0
	0

	2. 
	CLR + FJ
	100
	50
	0
	0

	3. 
	CLR + CU
	100
	0
	50
	0

	4. 
	CLR + FJ + CU
	100
	0
	0
	100

	5. 
	MCR
	100
	0
	0
	0

	6. 
	MCR + FJ
	100
	50
	0
	0

	7. 
	MCR + CU
	100
	0
	50
	0

	8. 
	MCR+ FJ + CU
	100
	0
	0
	100

	9. 
	RR
	100
	0
	0
	0

	10. 
	RR + FJ
	100
	50
	0
	0

	11. 
	RR + CU
	100
	0
	50
	0

	12. 
	RR + FJ + CU
	100
	0
	0
	100

	13. 
	AKR
	100
	0
	0
	0

	14. 
	AKR + FJ
	100
	50
	0
	0

	15. 
	AKR + CU
	100
	0
	50
	0

	16. 
	AKR + FJ + CU
	100
	0
	0
	100


2.6.1. Simulated in vitro gastrointestinal digestion 
Simulated in vitro gastrointestinal digestion was used to assess the bioaccessibility and in vitro dialysable iron fraction of iron (Fe) in the selected food formulations, with minor modifications to previously established protocols (Luten et al., 1996; Gupta et al., 2006; Júnior et al., 2016; Oliveira et al., 2019). The method simulated the sequential oral, gastric, and intestinal phases of the human digestive system. During the intestinal phase, the membrane-dialysable Fe fraction was considered the in vitro dialysable iron fraction, representing the potentially absorbable fraction under simulated gastrointestinal conditions. The membrane-dialysable fraction obtained using this model should not be interpreted as true in vivo iron bioavailability.
2.6.2. Sample Preparation for in vitro simulation
Ten grams of each formulation was placed in a 50 mL polypropylene tube, and the initial pH of the sample was recorded.
2.6.3. Oral Phase
To simulate the oral phase, 5 mL of saliva solution [1% (w/v) α-amylase in 150 mmol L⁻¹ NaCl, dissolved in 100 mmol L⁻¹ NaHCO₃ buffer at pH 6.8] was added. The mixture was incubated in a thermostatic shaking water bath at 37 °C and 150 rpm for 5 min. The pH was recorded after the addition of saliva and after incubation to monitor the effects of α-amylase and the buffer.
2.6.4. Gastric Phase
Following the oral phase, 5 mL of gastric solution containing 20 mg of pepsin in 150 mmol L⁻¹ NaCl (pH adjusted to 2.0 with 1 M HCl) was added. The mixture was incubated at 37 °C and 150 rpm for 120 min. The pH was measured immediately after enzyme addition, during incubation, and at the end of gastric digestion. Enzymatic activity was terminated by placing the tube in an ice–water bath for 15 min.
2.6.5. Intestinal Phase
The intestinal phase was initiated by adding 10 mL of intestinal solution consisting of 3% (w/v) pancreatin and 2.5% (w/v) bile salts in 100 mmol L⁻¹ NaHCO₃ buffer (pH 7.4). A dialysis membrane (14 kDa MWCO) filled with 75 mmol L⁻¹ PIPES buffer (pH 7.4) was placed in the tube to simulate nutrient absorption. Digestion was performed in a thermostatic shaking water bath at 37 °C and 150 rpm for 120 min. Enzymatic activity was terminated by incubation in an ice–water bath for 15 min. The pH was recorded throughout this phase to track changes associated with digestion and buffer action.
2.6.6. Fraction Collection
The solution inside the dialysis membrane was collected as the dialysable iron fraction. The digest slurry outside the membrane was centrifuged at 13,800 × g for 10 min at 4 °C, and the supernatant was collected as the bioaccessible fraction. The residual solid fraction was digested using hot-plate-assisted acid digestion (HNO₃/HCl) to release bound Fe. For consistency, the volumes of all three fractions were adjusted to 25 mL with deionised water.
2.6.7. Ferrous Iron Estimation
Ferrous iron (Fe²⁺) was measured before and after digestion using UV spectrophotometry at 510 nm. The results were recorded for comparison and used as the baseline for calculating the percentage of dialysable iron.
2.6.8. Calculation of In vitro Dialyzable Iron Fraction and Bioaccessibility
In vitro dialyzable iron fraction (%) = (Iron in dialysis membrane / Total iron in sample) × 100	(1)
Bioaccessible iron (%) = (Iron in supernatant / Total iron in sample) × 100		(2)
Residual iron (%) = (Iron in residual solids / Total iron in sample) × 100		(3)
2.6.9. Mass Balance
The following equation was used to perform mass balance by comparing the total metal concentration obtained with the sum of the metal concentrations in the in vitro dialyzable iron fraction, bioaccessible, and residual fractions:

	 	(4)
2.10. Statistical analysis 
Analysis of variance (ANOVA) was performed to evaluate differences in iron bioaccessibility among food products subjected to different treatments and to assess the efficacy of the treatments in enhancing iron bioaccessibility and the in vitro dialysable iron fraction. Statistical significance was set at p < 0.05.
Results and Discussion:
Table 4: Total Iron Content of the selected recipes
	S.No.
	Name of the Food Recipe
	Total Iron (mg)
IFCT Values
	Total Iron (mg/100g)

	1. 
	Curry leaves Chutney with rice (CLR)
	8.387
	7.12 ± 0.02*

	2. 
	Mint leaves chutney with rice (MCR)
	8.337
	7.08 ± 0.01*

	3. 
	Tamarind Rasam with rice (RR)
	4.721
	4.43 ± 0.01*

	4. 
	Red Amaranth Kadayal with rice (AKR)
	8.417
	7.79 ± 0.02*


*Significant difference at p<0.05 level.                                                                                       
Curry leaves chutney with rice (CLR) and mint leaves chutney with rice (MCR) recorded nearly identical iron levels of 8.39 and 8.34 mg per serving, respectively. The total iron content of the selected rice-based recipes (Table 4) ranged from 4.72 mg in tamarind rasam with rice (RR) to 8.42 mg in red amaranth kadayal with rice (AKR). These results are consistent with the high iron density of the principal leafy ingredients (curry leaves, 8.67 mg/100 g; mint leaves, 8.56 mg/100 g; and red amaranth, 7.25 mg/100 g) reported in the Indian Food Composition Tables. They also show that substituting iron-rich chutney- or kadayal-based accompaniments for plain rice increases the meal-level iron content. The agreement between the IFCT-derived values and the measured total iron values (CLR: 8.387 mg and 7.12 ± 0.02 mg/100 g; MCR: 8.337 mg and 7.08 ± 0.01 mg/100 g) indicates that household-scale preparation did not result in substantial iron loss, possibly because of the low water-to-solid ratio and the relatively short cooking time typical of these chutney–rice systems (Longvah et al., 2017).
AKR had the highest total iron content among the four recipes (8.417 mg per serving; 7.79 ± 0.02 mg/100 g), which is consistent with research showing that amaranth-rich preparations can increase the iron content of meals while retaining a bioaccessible iron fraction during in vitro digestion (Nyonje et al., 2021). Putri et al. (2024) found that the iron content of Amaranthus tricolor L. wet noodles ranged from 18.4 to 22.7 mg/100 g, with the higher values attributed to the addition of red spinach. In contrast, despite the high intrinsic iron concentration of tamarind (9.16 mg/100 g), RR had the lowest iron content (4.721 mg per serving; 4.43 ± 0.01 mg/100 g) because of the smaller serving mass and the limited amount of tamarind pulp (12 g).
Studies of tamarind-based rasam and functional rasam-type preparations, in which iron levels are moderate but the acidic nature of tamarind may improve iron solubility and bioaccessibility relative to other ingredients in the meal (Devarajan & Mohanmarugaraja, 2017), are consistent with the lower but nutritionally relevant iron content of RR (4.72 mg per serving). Mamatha and Prakash (2016) reported that up to 70% of iron was bioaccessible in iron-fortified tamarind-based rasam, compared with 30–37% in control formulations. This finding highlights the dual role of tamarind as a modest iron source and an acidity-mediated enhancer of iron absorption.
Table 5: In vitro Dialyzable Iron Fraction, Bioaccessible and Residual Iron Content of selected recipes
	Sample
	Dialyzable Iron Fraction (mg)
	Bioaccessible Iron (mg)
	Residual Iron (mg)

	CLR
	2.12 ± 0.04a
	2.08±0.01a
	2.22 ± 0.01a

	CLR + FJ
	2.22 ± 0.01b
	2.16 ± 0.01b
	2.30 ± 0.02b

	CLR + CU
	2.30 ± 0.02c
	2.24 ± 0.01d
	2.51 ± 0.02d

	CLR + FJ + CU
	2.24 ± 0.02b
	2.19 ± 0.01c
	2.40 ± 0.02c

	MCR
	2.02 ± 0.01a
	2.08 ± 0.01a
	2.09 ± 0.02a

	MCR + FJ
	2.06 ± 0.01b
	2.13 ± 0.01b
	2.18 ± 0.01b

	MCR + CU
	2.13 ± 0.01d
	2.33 ± 0.01d
	2.24 ± 0.01c

	MCR+ FJ + CU
	2.10 ± 0.01c
	2.19 ± 0.01c
	2.20 ± 0.01b

	RR
	1.30 ± 0.01a
	1.35 ± 0.00a
	1.30 ± 0.05a

	RR + FJ
	1.36 ± 0.01b
	1.37 ± 0.00a.b
	1.41 ± 0.02b

	RR + CU
	1.49 ± 0.01d
	1.44 ± 0.01c
	1.46 ± 0.00b

	RR + FJ + CU
	1.45 ± 0.01c
	1.41 ± 0.05b,c
	1.44 ± 0.00b

	AKR
	2.34 ± 0.01a
	2.39 ± 0.01a
	2.40 ± 0.02a

	AKR + FJ
	2.42 ± 0.01b
	2.44 ± 0.01b
	2.46 ± 0.01b

	AKR + CU
	2.52 ± 0.01d
	2.52 ± 0.02c
	2.53 ± 0.01c

	AKR + FJ + CU
	2.48 ± 0.01c
	2.50 ± 0.01c
	2.51 ± 0.01c


a,b,c,d denotes the significant difference at p<0.05 level.
Table 5 presents the dialysable, bioaccessible, and residual iron fractions for the four rice-based dishes—Curry Leaves Chutney with Rice (CLR), Mint Leaves Chutney with Rice (MCR), Tamarind Rasam with Rice (RR), and Red Amaranth Kadayal with Rice (AKR)—under four treatment conditions: control (base recipe only), fruit juice addition (FJ; Emblica officinalis juice), curd addition (CU), and combined FJ + CU treatment. The data show that the addition of FJ, CU, or FJ + CU shifted iron partitioning towards the bioaccessible and dialysable fractions. This suggests that both the acidic, ascorbate-rich juice and the curd improved iron solubilisation and dialysability from the rice-based matrices under simulated gastrointestinal conditions. Across all recipes, the CU-treated samples consistently showed the highest bioaccessible and in vitro dialysable iron values, indicating that curd-associated pH and metabolite effects were greater than the effect of fruit juice acidity alone in mobilising iron from cereal–legume–leaf meal matrices (Pawale et al., 2025; Zhang et al., 2021).
The dialysable iron fraction (2.1–2.2 mg) and bioaccessible iron level (2.08 mg) in the CLR and MCR control samples were comparable, indicating similar iron-density profiles and matrix compositions in the two leafy chutney–rice systems. The ferric-reducing and chelating activities of ascorbic acid and organic acids from Emblica officinalis, which can convert Fe³⁺ to the more soluble Fe²⁺ form and partially mitigate binding to phytate-rich residues, are consistent with the small but significant increases in bioaccessibility and the dialysable iron fraction observed following FJ addition (Zhang et al., 2021; Hassan et al., 2025; Kalantre et al., 2026).
The proposition that curd-derived probiotics improve iron solubilisation by lowering intestinal pH and increasing ferric-reducing activity is supported by the significantly greater increases observed with CU treatment. CLR + CU recorded 2.24 mg of bioaccessible iron and 2.30 mg of dialysable iron, whereas MCR + CU attained 2.33 mg of bioaccessible iron and 2.13 mg of dialysable iron (Rusu et al., 2020; Ciont et al., 2025). The combined FJ + CU treatment produced intermediate values that were higher than those of the control and FJ-only treatments but lower than those of CU alone. This pattern suggests a non-additive interaction between the two treatments (Sun et al., 2024; Hu et al., 2024).
For RR, the lower absolute bioaccessible and dialysable iron fractions (1.3–1.4 mg in the control) reflect the lower baseline total iron content (4.72 mg per serving); however, the same directional pattern was observed. FJ, CU, and FJ + CU increased both fractions, with CU again producing the largest effect. This finding suggests that curd enhanced iron solubilisation even in a tamarind-dominated rasam matrix, in which the iron content was lower and the acid load was already high. This effect may be associated with modification of the physicochemical environment at the interface between the liquid rasam and the rice grains. The CU-enriched sample (AKR + CU) reached the highest values (2.52 mg for each fraction), supporting the role of curd in enhancing the dialysable iron fraction under simulated gastrointestinal conditions. AKR, which had the highest total iron content (8.417 mg per serving), also showed the largest absolute bioaccessible and dialysable iron values.
Despite simulated gastric and intestinal digestion, a small but consistent fraction of iron remained in the residual solid fraction across all recipes, suggesting that not all iron was released from the phytate- and fibre-rich cereal–legume–leaf matrix. Rather than being fully precipitated or strongly chelated, iron may have persisted in a more soluble or weakly bound form within the digestible matrix, as indicated by the modest increase in residual iron observed in CU-treated samples. This behaviour may be associated with probiotic-mediated pH regulation and the production of microbial metabolites, such as organic acids, which support iron solubility and reduce precipitation during the intestinal phase (Skrypnik et al., 2019; Vonderheid et al., 2019; Bermúdez-Humarán et al., 2024).

Fig.1: Percentage of In vitro Dialyzable Iron Fraction, Bioaccessibility and Residual Iron Content of selected recipes
Figure 1 shows the percentage distribution of dialysable, bioaccessible, and residual iron in the selected recipes. The percentages of dialysable and bioaccessible iron in CU-treated samples were significantly greater than those in the corresponding control samples. RR + CU, CLR + CU, and MCR + CU showed high percentage bioaccessible iron values, suggesting that CU supplementation enhanced iron release during simulated gastrointestinal digestion. Improved mineral solubilisation and reduced interactions with inhibitory substances in the food matrix may have contributed to the increased iron release (Shahidi & Pan, 2022; Punetha et al., 2026). According to Dini (2026), fermentation-derived organic acids and probiotic activity improve iron solubility by lowering pH and maintaining iron in a soluble form throughout digestion. Liu et al. (2026) further reported that lactic acid bacterial fermentation increased the antioxidant activity of wheat germ extract during in vitro and in vivo digestion.
Similarly, the dialysable iron fraction increased in CU-treated samples, indicating that a greater proportion of iron diffused across the dialysis membrane and remained potentially available for absorption under simulated gastrointestinal conditions. All treatments showed modest residual iron values, indicating that only a small proportion remained in the residual fraction after digestion. The modest increase in residual iron observed in CU-treated samples suggests that some iron may have remained loosely bound rather than being fully precipitated. This phenomenon may be associated with probiotic-mediated pH modulation and microbial metabolite production, which can reduce iron precipitation and enhance mineral stability during digestion.


Fig.2: Mass Balance
The mass-balance analysis shown in Figure 2 yielded iron recovery values ranging from 87.43% to 99.10% across the formulations. These values indicate that most of the iron was recovered during in vitro digestion and quantification. CU-supplemented samples generally showed marginally higher recovery than their corresponding control samples, indicating greater iron retention within the measured fractions. This increase may be associated with improved iron solubilisation and stability in the simulated gastrointestinal environment. Comparable recovery ranges have been considered acceptable in mineral bioaccessibility studies using simulated digestion models (Affonfere et al., 2023; Bawiec et al., 2026).
Small deviations above or below complete recovery may result from matrix interference, analytical variability, or differences in extraction efficiency during digestion. Nevertheless, the mass-balance data indicate that the distribution of iron among the dialysable, bioaccessible, and residual fractions was largely accounted for by the digestion and dialysis procedures. These results provide further evidence that CU treatment preserved iron in soluble and recoverable forms during digestion. The greater iron recovery observed in treated samples may support the development of food formulations intended to improve in vitro iron dialysability, although further validation using cell-culture, animal, or human studies is required.
Conclusions
The simulated gastrointestinal digestion findings demonstrate that both the food matrix and the added treatment influenced the distribution of iron among the dialysable, bioaccessible, and residual fractions. Curd supplementation generally resulted in the highest dialysable and bioaccessible iron values across the four rice-based foods. Red amaranth kadayal with rice produced the greatest absolute iron release, consistent with its higher total iron content, whereas tamarind rasam with rice showed the lowest values. Emblica officinalis juice produced modest improvements compared with the respective controls, while the combined juice-and-curd treatment did not surpass curd alone. Mass-balance recovery remained within 87.43–99.10%, indicating that most of the measured iron was accounted for across the collected fractions. These results are restricted to the applied in vitro digestion and dialysis model and should not be interpreted as evidence of intestinal absorption or clinical benefit. Further validation using chemically characterised ingredients and biological models is required before dietary or health implications can be established.
Limitations
This study was conducted using an in vitro gastrointestinal digestion and dialysis model; therefore, the findings represent iron bioaccessibility and dialysability under simulated conditions rather than actual human absorption. The results were also limited to the selected rice-based recipes and the specific quantities of Emblica officinalis juice and curd used. Further studies using cell-based, animal, or human models are needed to confirm the physiological relevance of these findings.
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