


Physicochemical And Nutritional Characterization Of A Post-Operative Beverage Formulated With Rice (Oriza Sativa) Milk, Soy (Glycine Max) Milk, Doum (Hyphaene Thebaïca) Extract And Lemon (Citrus Limon) Juice Harvested From Benoué Valley In Cameroon
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ABSTRACT 
	
The objective of this study was to formulate a liquid food with high nutraceutical potential using rice (Oriza sativa) milk, soy (Glycine max) milk, doum (Hyphaene thebaïca) extract, and lemon (Citrus limon) juice. Twelve porridges were formulated using a simplex design with constraints. The physicochemical profiles of the most popular beverages and a traditional porridge (BT) regularly consumed were compared. The results show that porridges B12 (45%, 35%, 10%, 10%) and B6 (40%, 30%, 20%, 5%) were the most accepted. Significant differences (p < 0.05) were observed between the measured parameter values. The BT porridge stood out with a pH of 2.5, while porridges B12 and B6 had pH values of 5.5 and 5, respectively. The B12 mixture had higher levels of protein (9.48±0.08%), carbohydrates (37.01±0.01%), and fat (6.25±0.6%), with an energy value of 245.23±7.56 kcal/100 ml. Similarly, its Ca and Mg contents were the highest, at 66.02 ± 0.07 mg/100 g and 22.99 ± 0.08 mg/100 g, respectively. Porridge B6 showed higher levels of vitamin A (3.06±0.02 μg RE/100 g) and vitamin C (16.87±0.05 μg EAA/100 g). The B12 beverage stood out for its higher polyphenol (184.17 ± 2.61 mgEAG/100g) and tannin (8.87 ± 0.05 mgEC/100g) content compared to those of B6 and BT. The flavonoid content, however, was highest in B6 at 54.46 ± 0.46 mgE/100g. Drinks B12 and B6 appear to be sources of essential nutrients and bioactive compounds. Optimizing the ratio of the various components is necessary to improve nutrient absorption while preserving the antioxidant and functional properties of the formulated drinks.
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1. INTRODUCTION 

Eating is a vital need by providing the calories and minerals necessary for the body to function, food helps to satisfy physiological needs [1]. However, the development of certain chronic diseases has been accompanied by dietary changes [2]. The difficulty some patients experience in eating adequately has led to the development of new types of liquid foods capable of meeting nutritional needs throughout the treatment and convalescence period. Liquid foods thus allow for the maintenance of normal energy intake and the preservation of a patient's hydration, while protecting digestive structures and preventing digestive complications [3]. This is a temporary therapeutic approach designed to address specific medical needs. Liquid nutrients have higher bioavailability, ensuring more efficient absorption by the body [4]. However, this type of diet has a lower nutritional density than solid foods, especially when it consists solely of broths, filtered juices, and clear liquids. The main risks are protein deficiencies, which can lead to muscle wasting or fatigue, as well as micronutrient and fiber deficiencies. In Africa, surgical emergencies related to the management of non-communicable diseases and injuries represent a significant public health burden. Unfortunately, early postoperative mortality is increasing, with an overall annual mortality rate of 5 to 10 million [5]. Furthermore, the African Surgical Outcomes Study (ASOS) showed that despite a low risk profile for patients and low complication rates, patients in Africa were twice as likely to die after surgery as the global average. Ninety-five percent of deaths in this study occurred in the postoperative period, suggesting that many lives could be saved and the complication rate reduced through quality care [5]. This high-quality care involves providing the body with the nutrients it needs to aid rapid physical and psychological recovery [6]. A liquid diet rich in protein, carbohydrates, minerals, and antioxidants accelerates recovery, reduces pain, prevents complications, maintains fitness and mobility, supports the immune system, and prevents infections [7][8].  Several post-operative food products are offered by pharmaceutical and food companies, but these are inaccessible to impoverished patients in the cosmopolitan city of Lagdo in northern Cameroon, a major rice-producing center. Therefore, the patient's nutrition is left to families, who are generally uninformed about the principles of a high-quality liquid diet.
The approach of a nutritional strategy based on the valorization of local plant products with high nutraceutical potential deserves to be explored in order to improve the quality and cost of liquid nutrition for postoperative patients.

2. material and methods 

2.1- Study Site
Lagdo council is located 65 km from Garoua, in the North Region of Cameroon. It is situated at 09°03'440.4" North and 13°39'335.5" East and covers an area of ​​2250 km² with 167 villages. It is bordered to the north by the Communes of Ngong and Bibemi, to the south by the Communes of Tcholiré and Poli, to the east by the Communes of Rey-Bouba and Bibémi, and to the west by the Commune of Ngong. It is one of the most populated communes in the Benoué department with 205,838 inhabitants. The population density reaches 70 inhabitants/km² in some areas and is composed mainly of young people aged 0 to 20 (54.25 %) and elderly people over 51 (8.89 %).
2.2- Sampling and Survey Procedure
The survey was conducted in the town of Lagdo, Benoué Division, North Region of Cameroon, as part of the "Valuation of Investments in the Benoué Valley" project, led by the VIVA-BENOUE Project. Individuals who had undergone at least one surgical operation in the past 5 years, healthcare personnel, and those who had ever acted as caregivers for a surgical patient were eligible for this survey. The sample size was determined using the Cochrane formula (1), with an eligible population of 410 obtained from 38 surgical patients, 12 healthcare personnel, and 360 caregivers.
 (
(1)
)

t = 95% confidence level (1.96)
y = margin of error (5%)
N = Total eligible population size (410)
P = Maximum uncertainty proportion (0.5)
Therefore, 168 individuals were included using a conversational approach based on a questionnaire focused on dietary habits and practices adopted during the postoperative period, namely:
- The type of food consumed by postoperative patients
- The frequency of consumption
- The duration of consumption
2.3- Production of the nutraceutical beverage
The beverage is obtained from rice milk, soy milk, doum pulp extract, and lemon juice
2.3.1- Rice Milk Production
Rice milk was obtained from cooked rice. 250g of rice, washed in clean water, was cooked in 750 ml of water. After cooking, 250 ml of rice mixed with 500 ml of water was mashed using a blender for approximately 6 minutes. The resulting paste was then diluted with another 500 ml of water to obtain a smooth rice milk.
2.3.2 - Soy Milk Production
350g of clean soybeans were soaked in 1 liter of clean water for 8 to 12 hours at room temperature. The beans and three liters of water were then mashed in a blender. The resulting mixture was brought to a boil, stirring constantly. The boiling was maintained for 5 minutes, and the foam produced was skimmed off with a slotted spoon. Milk is obtained after filtering the liquid using a very fine cloth.
2.3.3 - Production of Doum Extract
The hard shell of the doum fruit is broken by crushing, and the pulp is obtained by grating. This pulp is then thoroughly dried, ground, and sifted to obtain a fine powder. The extract is obtained by heating 100 g of powder in 1 liter of water at 75°C for approximately 45 minutes, followed by filtration. 
2.3.4 - Production of Lemon Juice
Lemon juice is obtained by pressing lemon slices. The resulting juice is filtered to remove any pulp residue.
2.3.5 - Beverage Formulation
A simple mixing design with constraints was used to formulate the porridges. The minimum and maximum limits of the various constraints were chosen based on the expected nutritional, technological, and sensory objectives. Rice milk (x1), representing the base of the porridge, was present at 40 to 70%; soy milk (x2), due to its protein content, was present at 20 to 40%; doum extract (x3), due to its mineral and antioxidant content, was present at 5 to 20%; and lemon juice (x4), due to its high acidity during preservation, was present at 5 to 10%.



Table 1: Post-operative formulation of beverages
	Porridge
	Rice Milk (%) (x1)
	Soy Milk (%) (x2)
	Doum Extract (%) (x3)
	Lemon Juice (%) (x4)

	P1
	60
	25
	10
	5

	P2
	55
	30
	10
	5

	P3
	50
	35
	10
	5

	P4
	45
	35
	15
	5

	P5
	40
	35
	20
	5

	P6
	40
	30
	20
	10

	P7
	55
	25
	15
	5

	P8
	55
	20
	20
	5

	P9
	60
	20
	15
	5

	P10
	50
	30
	10
	10

	P11
	50
	25
	15
	10

	P12
	45
	35
	10
	10



2.4 Sensory Evaluation of the Servings
Sensory analysis was conducted to assess the organoleptic acceptability of the formulated product. Although the product was intended for individuals who had undergone surgery, the panel consisted of 30 healthy, untrained male and female volunteers. These individuals were selected based on the reliability of their senses. The evaluation focused on five attributes: color, flavor, texture, taste, and overall appreciation. Each taster rated the samples using a 9-point structured hedonic scale, ranging from 1 (Extremely unpleasant) to 9 (Extremely pleasant) [9]. The samples were coded and presented to each panelist in a different order. The tasting sessions took place in a controlled, quiet, well-lit environment at room temperature. Participants were asked to rinse their mouths with water between each sample to avoid any taste interference.


2.5 - Physicochemical Analyses 
Physicochemical analyses were performed on samples of the most popular beverages and the traditional drink. The pH was determined using a pH meter (CyberScan pH meter, Malaysia), and the Brix level was determined using a portable, multifunctional ATC refractometer (RHB 90, Shenzhen). Total sugar content was obtained using the method [10]. Lipid content was determined using method [11]. Protein content was determined using  the method of[12]. The energy value of each sample was obtained by multiplying the carbohydrate, lipid, and protein content by factors of 4, 9, and 4, respectively, as recommended by [13]. Vitamin C was determined using the method described by [14]. Vitamin A was determined using an indirect method based on the quantification of provitamin A carotenoids and their subsequent conversion to vitamin A equivalent, as referenced by the Codex Alimentarius (Guidelines on Nutrition Labelling). Total polyphenols were determined using the method [15],  total flavonoids using the method [16], and total tannins using the method of [17]. Phytates were determined using the method of [18]. Iron and calcium levels were determined using the methods of [19] and the titrimetric method described by [20].
2.6 - Statistical Analysis
The data from this survey were processed using Sphinx 4.5 software. Simple descriptive statistics were performed, including the calculation of frequencies and percentages. All measurements of physicochemical parameters were taken in triplicate. Results were expressed as mean ± standard deviation, and comparisons between dependent variables were determined by analysis of variance (ANOVA) using Statgraphics 3.0 software. Statistical differences with a probability value less than 0.05 (P < 0.05) were considered significant.


3. results and discussion

3.1 - Dietary Practices After Surgery
Figure 1 shows the most commonly consumed foods by the Lagdo population after surgery. The main foods are: a light traditional tamarind porridge (59%), fish broth (35%), and rice (4%). This diet is often accompanied by seasonal fruits such as oranges (33%), mangoes (19%) and French apples (21%). This dietary pattern is justified on the one hand by traditional local practices which favored a porridge made from corn flour, peanut paste and fermented cow's milk or tamarind and on the other hand by the availability of rice and fish (the city of Lagdo has a hydroelectric dam which promotes fishing and rice cultivation) and medical prescriptions related to the nutritional needs of the surgical patients.
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Figure 1: characteristics of postoperative nutrition in the city of Lagdo
3.2- Hedonic Tasting Test 
To conduct this study, an organosensory analysis was performed on 30 untrained participants, who were divided according to their age and sex. 
- Distribution of tasters by sex and age 
The 30 untrained tasters who constituted the organosensory analysis sample were 40% female and 60% male, as shown in Figure 2. 
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2
: Distribution of tasters by gender and age
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The participants were divided into 5 age groups: under 20, between 20 and 30, between 30 and 40, between 40 and 50, and between 50 and 60. One female taster aged between 15 and 20 years was registered, along with 14 tasters aged between 20 and 30 years (6 female and 8 male), 7 tasters aged between 30 and 40 years (2 female and 5 male), 5 tasters aged between 40 and 50 years (3 female and 2 male), and finally, 3 male tasters aged between 50 and 60 years, as shown in Figure 2.


Figure 3: Organoleptic characteristics of the formulated nutraceutic beverages

The following radar chart represents the sensory criteria of the twelve nutraceutical beverage formulations. Each sensory criterion is represented by a separate line, and the point of intersection with the beverage axis represents the sensory score obtained for that nutraceutical beverage. From this assessment of the formulated drinks, focused on the sensory descriptors "color, texture, and taste", it appears that drinks 12, 11 and 6 are the best appreciated with scores of 18/20 (P12) and 15/20 (P11 and P6).
The three descriptors—color, texture, and taste—are positively correlated, as shown in Figure 4. The formulations are organized into two main components, F1 and F2, which explain 74.98% of the variability between the different formulations, with 47.56% for F1 and 27.42% for F2. The variables of texture and color are those that justify the overall acceptability of the beverage. These two variables are based on the levels of soy milk and lemon juice included in the formulation. Beverages P12, P11, and P6 are the most appreciated for their taste and texture compared to the other beverages. However, beverages B11 and B6 have a similar degree of dissimilarity, thus justifying the selection of one of them for a physicochemical and microbiological comparison with the traditional porridge regularly consumed by surgical patients in the city of Lagdo.



Figure 4: PCA distribution of the studied parameters

3.3 - Physicochemical Profile of P12, P6, and Traditional (TP) Beverages
Traditional (PT) porridge was obtained from five housewives who had at least once contributed to feeding a surgical patient. Samples were collected and transported to the laboratory for analysis. Table 2 presents some biochemical characteristics of the formulated (P12 and P6) and traditional (PT) beverages obtained from the selected housewives.
The pH of a food is crucial as it determines its safety, shelf life, taste, and overall quality. P12 and B6 drinks have pH values ​​of 5.5 and 5, respectively. The pH of traditional porridge (2.5) gives it a more acidic taste and better shelf life than P12 and P6 drinks. However, in postoperative nutrition, the food is chosen to be easily digestible and non-irritating [21]. pH values ​​closer to neutral are more suitable. Table 2 shows that P12 and P6 drinks, due to their pH, are preferable to traditional porridge.
Total protein content varies significantly (p < 0.05) from one experimental drink to another. The traditional drink is the richest in protein, with 12.83 ± 0.06%. After surgery, protein requirements increase. All the drinks have protein levels close to those of postoperative drinks found on the market (ORAL IMPACT NESTLE). The minimum recommended values ​​of 9 to 10 g/100 ml are met by soy. The higher protein content of traditional porridge is thought to come from the cow's milk typically used as an ingredient. However, according to [22], commercial protein drinks generally contain 10 g of protein per 237 ml serving.
The total carbohydrate content indicates the total amount of sugars in the nutraceutical drink. It represents the sugars naturally present in the various raw materials. These sugars play a primarily energetic role for the body and contribute to protein anabolism [23]. The P12 drink has a higher sugar content (37.81 ± 0.12%) and is significantly different (P < 0.05) from those of the P6 and traditional PT drinks. Although carbohydrates provide energy necessary for healing, muscle support, brain function, and nerve activity (Apollo Spectra, 2024), postoperative drinks have lower carbohydrate contents than our three experimental drinks [24]; [25]; [26]. Indeed, values ​​below 5g/100ml are ESPEN recommendations to avoid digestive irritation and promote healing.
Fats are nutrients that aid in the absorption of nutrients such as fat-soluble vitamins (A, D, E, K) and help reduce postoperative inflammation and improve recovery (ApolloSpectra, 2024). P12 and P6 drinks have lipid content values ​​of 6.23 ± 0.76 g/100g and 5.76 ± 0.32 g/100g, respectively, slightly higher than that of PT, which has a value of 4.64 ± 0.71 g/100g. The presence of soja in the formulation allows for a higher lipid level compared to traditional porridge. However, further enrichment of the drinks is necessary to reach the values ​​of at least 10 %, in accordance with ESPEN (European Society for Clinical Nutrition and Metabolism) and ERAS (Enhanced Recovery After Surgery) recommendations.
Like protein, the caloric energy from beverages aids in tissue repair and helps prevent muscle loss. P12 beverage offers a higher energy value (245.23 ± 7.56 kcal/100 ml) and is significantly different from the other P6 and TP beverages. This difference is related to the quantities of raw materials used in the various formulations. High values ​​of carbohydrates, proteins, and lipids provide a substantial energy value.
Table 2: Variation in pH, total protein, total carbohydrates, total lipids, and energy values ​​of the experimental beverages
	Porridge
	pH
	Proteins (%)
	Carbohydrates (%)
	Fats 
(%)
	Energy
(kcal/100mL)

	P12
	5.5
	9.48±0.06b
	37.81±0.12a
	6.23±0.76a
	245.23 ±7.56a

	P6
	5
	9.08±0.16c
	31.81±0.19b
	5.76±0.32ab
	214.59 ±4.28b

	TP
	2.5
	12.83±0.06a
	22.55±0.44c
	4.64±0.71b
	183.28 ±8.39c


a, b, c…: For each column, values ​​with the same lowercase letter as a superscript are not significantly different (p<0.05). B6: formulation 40% rice milk, 30% soy milk, 20% doum extract, 10% lemon juice; B12: formulation 45% rice milk, 35% soy milk, 10% doum extract, 10% lemon juice; BT: traditional porridge
3.4- Vitamin and mineral profile of nutraceutical drinks (P12 and P6) and traditional porridge (TP)
The table below presents the vitamin A and C, calcium, and magnesium content of the different formulated and traditional drinks. It shows that drink P6, with 3.06 ±0.02 µg RE/100g and 16.87 ±0.55 mg EAA/100g, is the richest in vitamins A and C, respectively. Statistical analysis shows a significant difference (P < 0.05) between the beverages. P12 beverage, however, is the most abundant, with higher levels of calcium (66.02 ± 0.07 mg/100g) and magnesium (46.15 ± 0.13 mg/100g). These vitamins play an important role in tissue and skin regeneration and may also contribute to red blood cell production and the repair of tendons and ligaments [27]; [28]. After surgery, the need for calcium and magnesium increases, and fortified beverages such as those containing P12 and P6 may help improve this intake compared to traditional porridge. These minerals are important for wound healing and proper postoperative bodily function. Magnesium also plays a significant role in muscle relaxation and stress reduction [29], which can be beneficial before and after surgery.

Table 3: Vitamin and mineral profile of formulated and traditional beverages
	Porridge
	Vit A (µgER/100g)
	Vit C (mgEAA/100g)
	Ca (mg/100g)
	Mg (mg/100g)

	P12
	2.64±0.03c
	15.25±0.41b
	66.02 ± 0.07a
	22.99 ± 0.08a

	P6
	3.06±0.02a
	16.87±0.55a
	46.13  ± 0.06c
	17.02 ± 0.06b

	TP
	2.85±0.01b
	10.97±0.33c
	46.15 ± 0.13b
	16.78 ± 0.20b


a, b, c…: For each column, values ​​with the same lowercase letter as a superscript are not significantly different (p<0.05). P6: formulation 40% rice milk, 30% soy milk, 20% doum extract, 10% lemon juice; P12: formulation 45% rice milk, 35% soy milk, 10% doum extract, 10% lemon juice; TP: traditional porridge.
The phenolic and antinutritional compounds of formulated drinks P12 and P6, as well as those of the postoperative traditional porridge, represented by polyphenols, flavonoids, tannins, and phytates, are shown in the table below. Their significant value due to their antioxidant properties and potential health benefits is well established [30]; [31]; [32]. P12 stands out with the highest polyphenol content (184.17 ± 2.61 mg EAg/100g). Flavonoid content, however, is higher in P6 (54.46 ± 0.42 mg EAg/100g). A significant difference (P < 0.05) was observed between the values ​​of the three drinks. Their presence in postoperative nutraceutical drinks helps to soothe the body's natural inflammatory response and combats free radicals generated by surgical stress, while simultaneously strengthening the body's natural defenses [30]; [33]. The tannin content is higher in the P12 beverage (8.87 ± 0.95 mg EC/100g) than in the other two. While beneficial due to their vasoconstrictive action, their astringent effect can be unpleasant and may interfere with certain nutrients [34]; [35].  Phytates, regardless of their concentration in the different beverages, should be avoided because they reduce the absorption of essential minerals [36] ; [37] ; [38]. Table 4 shows that beverage P2 contains the highest amount (5.09 ± 0.04 mg/100g), followed by beverages TP (4.23 ± 0.07 mg/100g) and B6 (3.74 ± 0.08 mg/100g).

Table 4: Bioactive compounds of the experimental beverages
	Porridge
	Polyphenols
(mgEAg/100g)
	Flavonoids
(mgEQ/100g)
	Tannins
(mgECa/100g)
	Phytates
(mg/100g)

	P12
	184.17±2.61a
	39.67±0.69c
	8.87±0.95a
	5.09±0.04a

	P6
	99.03±1.53c
	54.46±0.42a
	5.87±0.09b
	3.74±0.08c

	TP
	135.32±3.23b
	43.82±0.56b
	4.03±0.25c
	4.23±0.07b


a, b, c…: For each column, values ​​with the same lowercase letter as a superscript are not significantly different (p<0.05). P6: formulation 40% rice milk, 30% soy milk, 20% doum extract, 10% lemon juice; P12: formulation 45% rice milk, 35% soy milk, 10% doum extract, 10% lemon juice; TP: traditional porridge.

The PCA performed on the 13 parameters analyzed for each beverage identified two main components (F1 and F2) that explain 100% of the total variance in the data. Figure 5 shows the grouping of the different characteristics of the beverages studied. P12 drink is characterized by a higher pH and high levels of total carbohydrates, total fats, energy, calcium, magnesium, total polyphenols, tannins, and phytates, while the traditional drink (TP) is characterized by a higher protein content. P6 drink, on the other hand, is characterized by high levels of flavonoids, vitamin A, and vitamin C.


Figure 5: grouping of parameters of the different beverages studied 

Analysis of the correlations between the physicochemical and nutritional parameters of the different beverages (Table 5) revealed significant relationships between pH, macronutrients, micronutrients, and the bioactive compounds of the formulated drinks. A negative correlation between pH and protein suggests that a decrease in pH induced by the addition of lemon juice promotes the denaturation and precipitation of plant proteins, leading to a reduction in their apparent solubility [39]; [40]. The negative correlation between protein and flavonoids can be attributed to the formation of protein-polyphenol complexes, resulting from hydrogen and hydrophobic interactions that limit the availability of free proteins [41]; [42]. Vitamin A showed a negative correlation with polyphenols, which could be linked to oxidation phenomena and interactions that reduce the stability and bioavailability of fat-soluble vitamins in the presence of high concentrations of phenolic compounds [43]; [44]. A negative correlation between magnesium and polyphenols was also observed. This result is explained by the ability of polyphenols, particularly tannins and phytates, to chelate divalent minerals, leading to a decrease in their bioavailability [45]; [46].

Table 5: Pearson’s correlation matrix
	
	pH
	Prot
	Carbo
	Fats
	Energ
	Vit A
	Vit C
	Ca
	Mg
	Polyph
	Flavo
	Tan
	Phyt

	pH
	1
	
	
	
	
	
	
	
	
	
	
	
	

	Prot
	-0.968
	1
	
	
	
	
	
	
	
	
	
	
	

	Carbo
	0.970
	-0.878
	1
	
	
	
	
	
	
	
	
	
	

	Fats
	0.991
	-0.925
	0.994
	1
	
	
	
	
	
	
	
	
	

	Energy
	0.935
	-0.817
	0.993
	0.975
	1
	
	
	
	
	
	
	
	

	Vit A
	0.239
	0.012
	0.467
	0.368
	0.567
	1
	
	
	
	
	
	
	

	Vit C
	0.092
	-0.339
	-0.152
	-0.044
	-0.266
	-0.945
	1
	
	
	
	
	
	

	Ca
	0.875
	-0.726
	0.966
	0.933
	0.990
	0.679
	-0.401
	1
	
	
	
	
	

	Mg
	0.308
	-0.060
	0.529
	0.434
	0.624
	0.997
	-0.919
	0.730
	1
	
	
	
	

	Polyph
	-0.156
	-0.097
	-0.390
	-0.288
	-0.495
	-0.996
	0.969
	-0.614
	-0.988
	1
	
	
	

	Flavo
	0.911
	-0.985
	0.784
	0.847
	0.706
	-0.183
	0.494
	0.598
	-0.112
	0.266
	1
	
	

	Tan
	0.628
	-0.413
	0.798
	0.727
	0.862
	0.906
	-0.717
	0.926
	0.934
	-0.866
	0.251
	1
	

	Phyt
	0.655
	-0.444
	0.818
	0.751
	0.880
	0.890
	-0.693
	0.939
	0.921
	-0.848
	0.285
	0.999
	1


Prot : proteins ; Carbo : Carbohydrates ; Vit A : Vitamin A ; Vit C : Vitamin C ; Ca : Calcium ; Mg : Magnesium ; Polyph : Polyphenols ; Flavo : Flavonoids ; Tan : Tannins ; Phyt : Phytates

4. Conclusion

The study highlights a trade-off between nutritional benefits and antinutritional factors. The presence of polyphenols, flavonoids, vitamin C, and carotenoids gives the B12 beverage significant antioxidant potential, which helps prevent oxidative stress and protect cells from free-radical damage. However, the acidification caused by lemon juice and the high polyphenol content may reduce the bioavailability of proteins and certain minerals, particularly magnesium and calcium. The coexistence of tannins and phytates also suggests that the absorption of certain micronutrients could be limited if the beverage is consumed in large quantities or as the sole dietary source. To maximize health benefits, it would be advisable to optimize the ratio of acidic components to polyphenols and proteins. These adjustments would improve nutrient absorption while preserving the beverage’s antioxidant and functional properties.
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