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Development of a Beverage Concentrate from Garcinia atroviridis Fruit and Its Young Leaf: Formulation, Nutritional Composition, and Shelf-Life Stability
            ABSTRACT 

	Aims: To formulate a Garcinia atroviridis (asam gelugur) beverage concentrate with enhanced sensory acceptability and high hydroxycitric acid (HCA) content by balancing fruit acidity with young leaf extract, and to evaluate its nutritional composition and shelf-life stability.
Study design: A three-factor D-optimal mixture design was used to optimize the proportions of fruit juice, young leaf extract, and fructooligosaccharides (FOS). Sensory acceptance (7-point hedonic), viscosity, and HCA content were modeled. The optimized formulation was characterized for nutritional and physicochemical properties. An accelerated storage study assessed product stability.
Place and Duration of Study: Raw materials were sourced from Johor, Malaysia; laboratory work was conducted at Food Science and Technology Research Center MARDI from August 2022 to December 2023.
[bookmark: _GoBack]Methodology: A D-optimal mixture design (16 runs) used fruit juice (10–20% v/v), young leaf extract (50–70% v/v, 1:5 w/w), and FOS (5–10% w/v) as variables. Responses were HCA content, overall hedonic score, and viscosity. The optimized concentrate was pasteurized, packaged, and its composition analyzed by standard methods. Shelf-life was evaluated at 40 °C, 75% RH, for 4 weeks (~2 years ambient). 
Results: The optimized concentrate contained 62.7% fruit juice, 19.1% young leaf extract, and 10.0% FOS with high sensory acceptance (~5.5/7), viscosity score (~5.9/7), and HCA (~170.0 mg/100 mL). The product had pH ~2.00, 14.2 °Brix, was fat-free (<0.1 g/100 mL), and contained ~13.1 g/100 mL sugars. No microbial growth (<10 CFU/mL) occurred during storage. Minimal changes occurred in pH (1.93–2.00), °Brix (13.8–14.5), viscosity (17.6–24.4 mPa·s), and color brightness (L ~24). Sensory scores remained moderately liked (P=.05).
Conclusion: A G. atroviridis concentrate with optimized fruit, leaf extract, and FOS proportions was developed. The fat-free, HCA-rich product suggests potential weight-management benefits. It maintained its sensory acceptance and microbiological safety after 4 weeks of accelerated storage (~2 years ambient) without preservatives. This demonstrates the feasibility of formulating an acidic fruit concentrate with enhanced health attributes while maintaining consumer acceptability.
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1. INTRODUCTION 

Consumers are increasingly seeking healthier beverages that provide functional benefits beyond basic nutrition. Functional beverages—ranging from enriched juices to fermented drinks—are marketed for positive effects on hydration, energy, immunity, digestion, and overall wellness (Panou and Karabagias, 2025). However, many commercial functional drinks contain high levels of added sugars and stimulants, which can undermine their health benefits by contributing to obesity and other issues. There is thus a demand for natural functional drinks that deliver bioactive compounds without excessive sugars or artificial additives. In this context, tropical fruit products and traditional herbs are gaining attention as sources of functional ingredients for novel beverages (Maleš et al., 2022).
Garcinia atroviridis Griff. ex T. Anders, locally known as ‘asam gelugur’ in Malaysia, is an example of a regional food with significant functional potential. G. atroviridis is a fruit-bearing tree native to Southeast Asia, where the dried ripe fruits are commonly used as a natural acidulant in cooking and as a folk remedy. Various parts of the plant are rich in bioactive constituents, notably the organic acid (-)-hydroxycitric acid (HCA) found abundantly in the fruit rind (Shahid et al., 2022). HCA has attracted considerable scientific interest for its anti-obesity and lipid-lowering effects. It acts as a competitive inhibitor of ATP citrate lyase, an enzyme critical in de novo fatty acid synthesis, thereby potentially reducing lipogenesis and promoting fat oxidation (Baky et al., 2022). Animal studies have shown that G. atroviridis fruit juice or extracts can reduce body weight gain, lower LDL cholesterol, and improve metabolic profiles in high-fat-diet models. For example, daily supplementation with Garcinia juice significantly lowered rat serum cholesterol and body weight compared to controls (Lim et al., 2020). Furthermore, G. atroviridis fruit extracts have demonstrated antidiabetic potential by inhibiting carbohydrate-digesting enzymes (α-amylase, α-glucosidase) and enhancing glucose uptake in muscle cells in laboratory models (Shahid et al., 2024). These findings support the traditional use of asam gelugur for weight management and cardiovascular health.
Beyond the fruit, the young leaves (‘pucuk’) of G. atroviridis contribute a diverse profile of phenolic compounds and flavonoids, enhancing the plant’s overall antioxidant capacity (Lubis et al., 2023). Prior research confirms the substantial antioxidant properties of Garcinia leaf extracts; for example, the methanolic extract of the leaf has been shown to improve antioxidant effects and stress resistance in C. elegans (Chuaijit et al., 2024) and exhibits strong antioxidant activity comparable to ascorbic acid (Lubis et al., 2023). While the antioxidant capacity of G. atroviridis extracts is often rated moderate compared to other Garcinia species (Chew & Lim, 2018), its inclusion still contributes measurably to the total phenolic content (TPC) and free-radical scavenging ability (Shahid et al., 2022).
Despite its functional richness, direct utilization of G. atroviridis in beverages is challenging due to its extreme natural acidity (pH < 3), which renders the pure juice unpalatably sour. To achieve high consumer acceptance while maintaining a low-sugar profile, this formulation incorporated fructooligosaccharides (FOS). FOS is a prebiotic fiber that offers mild sweetness, is low in calories, and provides recognized health benefits, including supporting beneficial gut microbiota (Fernandes, 2025).
The systematic development required Response Surface Methodology (RSM) using a D-optimal mixture design to navigate the complex interdependencies between the three primary formulation variables: Garcinia fruit juice (acidity/HCA source), Garcinia leaf extract (antioxidant source), and FOS (sweetener/prebiotic fiber). RSM allows for the efficient identification of the formulation optimizing both sensory qualities (palatability) and functional targets (HCA content). Finally, commercial viability mandates confirming the product’s long-term safety and quality retention. Thus, a rigorous shelf-life study was undertaken, monitoring microbiological, physicochemical, and sensory stability under accelerated thermal conditions in a climatic chamber set at 40 °C and 75% RH.
In summary, the objectives of this research were: (1) to develop a functional beverage concentrate integrating G. atroviridis fruit and leaf extracts, sweetened with FOS; (2) to statistically optimize the formulation using RSM for maximal sensory acceptance and HCA content; and (3) to characterize the optimized product’s nutritional profile and evaluate its stability and safety over a medium-term storage period.

2. material and methods 

[bookmark: _Hlk212360447]2.1 Raw Material Preparation

[bookmark: _Hlk212360581]Ripe fruits of Garcinia atroviridis (approximately 5–7 months old, fully mature) and young leaves (‘pucuk’) were harvested from a farm in Johor, Malaysia. The fruit juice/puree was obtained after washing the fruit and blanching them in boiling water at 95 °C for 2–3 minutes, a step intended to soften the fruit and potentially concentrate the high HCA content (Hussain Zaki et al., 2024). The young leaf extract was prepared by simmering the leaves in water (1:5 w/v ratio) at 90–95 °C for 60 minutes, a thermal extraction process optimized in preliminary studies for maximizing the yield of water-soluble phenolics. The extracted liquid was filtered through muslin to remove leaf solids. Food-grade FOS (approx. 95% purity) and xanthan gum were sourced commercially. All other chemicals (for analysis) were of analytical grade.

[bookmark: _Hlk212362465]2.2 Experimental Design and Optimization

2.2.1 D-optimal Mixture Design Parameters

[bookmark: _Hlk212361028]The formulation optimization was executed using a three-factor, three-level D-optimal mixture design RSM. The three independent variables tested were: i) G. atroviridis young leaf extract (50–70%); ii) G. atroviridis fruit juice (10–20%); and iii) FOS (5–10%), all expressed as percentage by weight. A total of 16 experimental runs, including three center points, were evaluated. Xanthan gum was maintained at a constant 0.2% w/w in all trials to provide minimal stabilization and texture improvement. The mixtures were homogenized and pasteurized at 90 °C for 10 min, then cooled to ~60 °C and filled into 100 mL sterile glass bottles for analysis.

[bookmark: _Hlk212362119]2.2.2 Response Variables and Analytical Methods

[bookmark: _Hlk212362207]Three key responses were measured for each RSM trial: - Overall acceptance – determined by sensory evaluation using a 40-member untrained panel. Panelists rated overall liking of each sample on a 7-point hedonic scale (1 = “dislike very much”, 7 = “like very much”). Testing was done in a sensory lab with samples coded and presented in random order; water was provided for palate rinsing between samples. - Viscosity score – panelists also rated the perceived thickness/viscosity on a 7-point intensity scale (1 = “much too thin”, 7 = “much too thick”) with 4 being just about right. This score helped gauge mouthfeel differences due to varying FOS levels. - HCA content – the concentration of (-)-hydroxycitric acid in each sample was quantified. An HPLC analysis adopted from Md Ariff et al. (2024) was performed (after appropriate dilution of the concentrate) using a reversed-phase C18 column and UV detection at 210 nm, with external calibration using an authentic HCA standard. Results were expressed in mg of HCA per 100 mL of concentrate.

2.2.3 Statistical Analysis and Optimization Criteria

Quadratic models were fitted to the response data and analyzed using ANOVA to assess significance. The optimization sought the formulation combination that maximized overall sensory acceptance, attained an HCA content of 130 mg/100 mL, and ensured the viscosity score remained within the acceptable range of 5.1–5.9. P values were reported as italicized and capitalized. These data analyses were performed by Design Expert 13.0 software.

[bookmark: _Hlk212362636]2.3 Product Preparation and Processing

[bookmark: _Hlk212362746]The optimized formula was prepared on a pilot scale. The mixture was pasteurized by heating to 90 °C and holding for 10 minutes. The concentrate was hot-filled into pre-sterilized aluminum foil sachets while maintaining a fill temperature greater than 80 °C. A necessary post-pasteurization step was performed by submerging the sealed sachets in boiling water for 5 minutes, followed by rapid cooling. This dual thermal process, combined with the use of oxygen-impermeable aluminum sachets, was specifically chosen to achieve commercial sterility and minimize oxidative degradation of HCA and phenolics, ensuring robust long-term stability without the need for synthetic additives.


[bookmark: _Hlk212363849]2.4 Analytical Methods

[bookmark: _Hlk212362994]2.4.1 Proximate and Nutritional Analysis (AOAC Methods)

The optimized concentrate was analyzed for basic nutritional composition. Moisture content was measured by oven drying at 105 °C to constant weight (AOAC 931.04). Protein was determined by the Kjeldahl method (AOAC 988.05; N×6.25). Fat was determined by Soxhlet extraction (AOAC 963.15). Ash was measured by incineration at 550 °C (AOAC 942.05). Total carbohydrates were calculated by difference (100 – [moisture+protein+fat+ash]). Total sugars (sum of glucose, fructose, sucrose; FOS not fully measured by this method) were analyzed by the Lane-Eynon titration (AOAC 968.28). Energy was calculated using Atwater factors (4 kcal/g for protein & carbs, 9 kcal/g for fat). Additionally, sodium was measured with an atomic absorption spectrophotometer (AOAC 968.08) to gauge salt content.

2.5 Shelf-Life Stability Protocol and Evaluation

The storage stability of the packaged G. atroviridis concentrate was monitored over a period of 4 weeks using an accelerated shelf-life testing protocol. The samples were kept in a climatic chamber under specific stress conditions: 40 °C and 75% relative humidity (RH). This accelerated method shortens the study time, where one week of storage in the climatic chamber is considered equivalent to six months of storage at room temperature. Samples were analyzed at weekly intervals for physicochemical and microbiological stability, and at 0, 2, and 4 weeks for sensory quality.

2.5.1 Physicochemical Analysis

[bookmark: _Hlk212364839]The pH of homogenized samples was measured at room temperature (25 ± 2 °C) using a digital pH meter (Hanna Instruments, USA) calibrated with standard buffer solutions (pH 4.0 and 7.0). Total soluble solids (TSS) were measured using a digital refractometer and expressed as °Brix (Atago, Japan). Viscosity was measured with a Brookfield viscometer (spindle #2, 60 rpm, 25 °C) and reported in mPa.s. it reflect consistency; significant changes could imply hydrocolloid breakdown or other colloidal changes. Color measurement was performed with a Minolta Chromameter (Konica Minolta, Japan) calibrated with a white standard plate, and results were expressed in CIE L, a, b values representing lightness, redness, and yellowness, respectively. All measurements were conducted in triplicate, and mean values were used for statistical analysis.

[bookmark: _Hlk212364893]2.5.2 Microbiological Analysis

[bookmark: _Hlk212364965]Microbiological stability was assessed by determining the Total Plate Count (TPC), Total Coliform, E. coli, Total Yeast and Mould (Y&M) counts, and Staphylococcus aureus counts. Results were expressed as colony-forming units per milliliter (cfu/ml).

2.5.3 Sensory Evaluation

A consumer panel of 40 panelists was recruited to evaluate the sensory attributes of the Garcinia atroviridis beverage concentrate. The attributes evaluated included color, aroma, viscosity, sour taste, sweet taste, taste balance (sour-sweet), and overall acceptability. A 7-point hedonic scale was used, where 1 represented "dislike extremely" and 7 represented "like extremely."

2.6 Statistical Analysis

All analyses were performed in triplicate, and the results were expressed as the mean ± standard deviation (SD). Data from the storage stability study were subjected to appropriate statistical analysis (e.g., ANOVA, followed by post-hoc tests) to determine significant differences between storage periods. Statistical significance was set at P=.05. These analyses were performed using MINITAB 16.0.


3. results and discussion

[bookmark: _Hlk212548399]3.1 Optimization of Beverage Concentrate Formulation via RSM

Optimization of the formulation, which required balancing extreme acidity and palatability, was achieved using a D-optimal mixture Response Surface Methodology (RSM) design. The 16 experimental runs, derived from the factor level combinations, resulted in ranges for HCA content (39–162 mg/100 mL), viscosity score (5.1–5.9), and overall acceptance scores (4.0–5.8) (Table 1). Data points identified as outliers were removed prior to statistical analysis. The resulting statistical models, developed through the RSM process, rigorously quantified factor effects, which are detailed in the Analysis of Variance (ANOVA) results (Table 2).
[bookmark: _Hlk212368154]
Table 1. HCA content, viscosity, and overall acceptance score of 16 combinations factors levels generated by D-optimal mixture design RSM

	Run
	Factor 1
	Factor 2
	Factor 3
	Response 1
	Response 2
	Response 3

	
	G.atroviridis young leaf extract (%) 
	G.atroviridis fruit juice (%) 
	FOS (%)
	Overall acceptance score
	Viscosity score
	HCA content

	1
	50.00
	20.0
	5.0
	4.1
	5.1
	39.4

	2
	50.00
	10.0
	5.0
	5.3
	5.6
	147.0

	3
	70.00
	20.0
	10.0
	5.4
	5.7
	85.1

	4
	50.00
	15.0
	7.5
	5.4
	5.7
	67.7

	5
	50.00
	20.0
	10.0
	4.9
	5.2
	113.0

	6
	60.00
	15.0
	5.0
	4.8
	5.6
	89.3

	7
	70.00
	10.0
	5.0
	4.7
	5.6
	98.4

	8
	70.00
	20.0
	5.0
	4.0
	5.6
	162.0

	9
	50.00
	10.0
	10.0
	4.0
	5.6
	36.0

	10
	60.00
	15.0
	5.0
	4.4
	5.5
	124.0

	11
	60.00
	10.0
	10.0
	5.9
	5.7
	67.7

	12
	60.00
	20.0
	7.5
	4.6
	5.6
	133.0

	13
	70.00
	10.0
	5.0
	4.9
	5.5
	63.0

	14
	60.00
	12.5
	7.5
	5.8
	5.9
	63.1

	15
	50.00
	20.0
	5.0
	4.0
	5.1
	58.2

	16
	70.00
	15.0
	7.5
	5.0
	5.6
	64.4




[bookmark: _Hlk212548872]Table 2. Summary of ANOVA for D-optimal Mixture Design Responses

	Response
	Model Fit 
(P-Value)
	Model (Lack of fit)
(P = .05)
	Model (R2)
	Significant Linear Factors 
(P = .05)
	Significant Interactions (P = .05)

	Overall Acceptance
	0.0013
	0.9240
	0.969
	B and C
	None

	HCA Content
	0.0151
	0.9346
	0.914
	B
	AB and BC

	Viscosity Score
	0.0057
	0.1355
	0.943
	B and C
	AB


[bookmark: _Hlk212369260]*A=G.atroviridis young leaf extract, B=G.atroviridis juice, C=FOS

The quadratic model showed an excellent fit for all responses after deleting the outliers of the data in Table 1. All the P-values were less than 0.05; and the lack of fit was not significant (P > .05) (Table 2). These results implies that the model terms are good and fit. 
For Overall Acceptance, a quadratic model (2FI interaction model) was significant P = 0.0013) with R² = 0.969. The ANOVA showed that fruit juice (Factor B) and FOS (Factor C) had significant positive linear effects on acceptance (P = .05), whereas leaf extract (Factor A) had no significant linear effect. Interaction terms AB and BC showed not significant at P=.05, though BC was marginal. These results indicate that increasing the proportion of fruit juice and FOS independently led to higher liking scores, while varying leaf extract in the tested range (50–70%) did not markedly change acceptance. The lack of a significant A effect suggests that the panel tolerated the presence of leaf extract up to 70%, perhaps because its flavor was masked by the dominant sourness of the fruit or balanced by FOS. The insignificant AB and BC interactions imply that the positive effects of fruit juice and FOS on taste were roughly additive and did not negatively interfere with each other or with leaf extract. The model had no significant lack-of-fit and excellent fit statistics (R² = 0.969); indicating it could reliably predict acceptance within the design space.
For Viscosity Score, the ANOVA also indicated a significant model (P = 0.0057, R² = 0.9426). In contrast to overall liking, viscosity perception was influenced by all three factors to some extent. Fruit juice (B) and FOS (C) again showed significant linear effects, and notably, the interaction AB (fruit × leaf) was significant. The coefficient signs (not shown in table) suggested that higher FOS (up to 10%) increased the perceived thickness (which is expected, as FOS adds solids and slight body) (Fernandes, 2025), while higher fruit juice (replacing water) also slightly increased thickness due to natural soluble solids. The AB interaction implied that the effect of leaf extract on viscosity depended on the level of fruit juice: at high fruit juice, increasing leaf extract made the product slightly thinner (possibly because leaf extract is mostly water and has less soluble solids than fruit puree), whereas at low fruit juice, viscosity was uniformly low regardless of leaf. Overall, all formulations’ viscosity scores remained in an acceptable range (5–6 out of 7, near the ideal), but this analysis helped ensure the optimized formula would not be too thin or too thick. 
[bookmark: _Hlk212384131]For HCA Content, the model was also significant (P = 0.0151, R² = 0.9138). As expected, the fruit juice (Factor B) had a significant positive effect on HCA because the fruit is the primary source of HCA. The leaf extract (Factor A) did not show a significant linear effect – interestingly, the young leaf extract itself contributed relatively little HCA compared to the ripe fruit, which aligns with reports that HCA is concentrated in the fruit rind Chew and Lim, 2018). FOS (Factor C) had no significant effect on HCA (as expected, being an inert sugar), but there were significant interaction effects: AB (young leaf extract × juice) and BC (juice × FOS) were both significant. The AB interaction was strongly positive, indicating that the combination of high leaf extract and high fruit juice yielded HCA content higher than the sum of their individual contributions. This could be due to experimental variation or perhaps an extract effect on extraction of HCA from the fruit pulp matrix. The BC interaction was negative – at higher FOS levels, the marginal gain in HCA from increasing fruit juice was slightly less. One possible explanation is dilution: adding FOS (while keeping total solids constant) replaced some fruit content, thus beyond a point, increasing fruit juice under high FOS conditions didn’t raise HCA as efficiently. Nonetheless, the maximum HCA measured (162 mg/100 mL) occurred in a run with the highest fruit (20%) and high leaf (50%) at low FOS, whereas a similarly high HCA (147 mg) was seen with fruit 10% + leaf 50% at low FOS (Run 2), suggesting variability.  

3.1.2 Validation of the Optimal Formulation

Using the regression models, we performed a numerical optimization with goals set as follows: Overall acceptance = maximize, HCA content = maximize, Viscosity score = in range (to avoid extreme thickness/thinness). The solution with highest desirability was at A = 60.7% leaf extract, B = 18.1% fruit juice, C = 10.0% FOS, with a desirability of 0.890 (on a 0–1 scale). This formulation was chosen as the optimum. The model predicted for this point: Overall acceptance = 5.492 (approximately “like moderately”), viscosity score = 5.90 (slightly above “just right”, indicating a mildly thick but acceptable body), and HCA content = 162.0 mg/100 mL. This optimally balanced point reflects the trade-offs: a moderate amount of fruit (19.1%) is sufficient to confer good flavor and high HCA while avoiding excessive sourness, the leaf extract (62.7%) provides additional functional compounds without harming taste, and FOS at the maximum 10% ensures sweetness and mouthfeel that improve acceptance. The inclusion of 0.2% xanthan (constant in all trials) contributed to stability and viscosity without needing to be part of the optimization.

[bookmark: _Hlk212548669]Validation confirmed the model’s robust predictive power: the actual overall acceptance score was 5.49±0.77, slightly exceeding the predicted value, while the sensory score was almost the same as predicted (5.91±0.78). Crucially, the final measured HCA content was 170±0.24 mg/100 mL, surpassed the predicted concentration and providing a potent dose of the key anti-obesity compound (Lim et al., 2020). This high HCA content is consistent with research showing that optimized pre-treatment methods, such as blanching, can effectively concentrate HCA in Garcinia fruit extracts (Hussain Zaki et al., 2024).

3.2 Proximate and Nutritional Composition 

The optimized concentrate’s nutritional composition are summarized in Table 3. 

[bookmark: _Hlk212561096]Table 3. Nutritional composition of optimized Garcinia atroviridis beverage concentrate 

	Nutrient
	Value (per 100 mL)

	Moisture
	88.6 g

	Protein
	0.1 g

	Fat
	ND (<0.1 g)

	Ash (minerals)
	0.6 g

	Total Carbohydrates
	11.0 g

	Total sugars
	13.1 g

	Sodium (Na)
	8.1 mg

	Energy
	44 kcal

	Hydroxycitric Acid (HCA)
	170 mg



The product is principally made of the fruit and leaf extracts (together nearly 82% of the formula) with FOS as the only significant caloric sweetener (10%). The remaining ~10% is the added water plus a small amount of gum. According to proximate analysis, the moisture of the concentrate was 88.6%, reflecting it is a concentrated syrup-like liquid but not as high in solids as typical cordials (which are >50% sugar syrup). The total carbohydrate content is 11.0 g/100 mL, of which measured total sugars (glucose, fructose, sucrose) are 13.1 g/100 mL. The slight discrepancy – sugars exceeding total carbs – is likely due to analytical limitations; FOS may not be fully captured in “total sugars” but contributes to refractometric solids, and the difference method for carbs could under-estimate due to organic acid mass (Wadhwa et al., 2022). Regardless, the product is low in sugars compared to regular fruit syrups, which often exceed 50 g/100 mL; our use of FOS replaces much of that sugar. Protein is negligible at 0.1 g/100 mL, and fat is not detectable (<0.1 g), as expected for fruit-based beverages. Ash content of 0.6% indicates some mineral contribution from the fruit and leaves (e.g., calcium, potassium); sodium is only 8.1 mg/100 mL, indicating no significant salt addition. The energy content is 44 kcal per 100 mL, which is modest – for a realistic serving (say 30 mL concentrate diluted in water) it would be only ~13 kcal, making it very diet-friendly. The measured HCA concentration of approximately 170 mg/100 mL provides a substantial, functional dosage. This HCA concentration, delivered in a food matrix, positions the product as a viable alternative to Garcinia supplements for individuals seeking support for lipid metabolism and weight management (Andueza, 2021). Furthermore, the combination of HCA (for fat metabolism), the inferred high polyphenol content from the leaf extract (for antioxidant support), and the FOS (for gut health) results in a beverage that offers a comprehensive spectrum of functional benefits. The inclusion of the Garcinia leaf extract is particularly beneficial, as leaves are rich in phenolics and flavonoids (Chuaijit et al., 2024), contributing to antioxidant activity which, while moderate compared to other species, is nutritionally relevant 
3.3 Shelf-Life Stability Analysis Under Accelerated Conditions 

[bookmark: _Hlk212561039]The stability study rigorously assessed the product's performance over 4 weeks under accelerated conditions (40 °C, 75% RH); which equal to 2 years of storage at ambient temperature.

[bookmark: _Hlk212564663]3.3.1 Physicochemical Stability (pH, Total soluble solids, Viscosity, Color)

Physicochemical parameters exhibited strong stability, indicating minimal chemical degradation over time (Table 4).

[bookmark: _Hlk212564797]Table 4. Physicochemical properties of the Garcinia atroviridis concentrate during accelerated storage

	Week
	Physicochemical parameters*

	
	pH
	Total soluble solid (oBrix)
	Viscosity (mPa.s)
	Color

	
	
	
	
	L*
	a*
	b*

	0
	2.00±0.01a
	13.77±0.06a
	20.06±0.07a
	24.03±0.04a
	4.69±0.07a
	5.52±0.17a

	1
	1.93±0.01b
	14.21±0.06b
	17.56±0.12b
	26.14±0.07b
	2.42±2.40a
	5.07±0.24a

	2
	1.90±0.01c
	14.51±0.17c
	22.29±0.17c
	23.71±0.01c
	1.88±0.04a
	4.26±0.02b

	3
	1.95±0.01b
	14.11±0.04bd
	24.44±0.30d
	23.90±0.07d
	3.34±0.05a
	3.29±0.04c

	4
	2.00±0.01a
	14.22±0.02be
	22.55±0.16e
	23.20±0.01e
	3.47±0.04a
	2.44±0.03d


*Values are mean ± SD (n=3). Different superscript alphabets in the same column indicate significant different.

[bookmark: _Hlk212562176][bookmark: _Hlk212562236][bookmark: _Hlk212564725]The physicochemical analysis revealed significant fluctuations in most parameters during accelerated storage (Table 4). The pH showed statistically significant differences between weeks, dropping from the initial 2.00 to a minimum of 1.90 at week 2, before returning to 2.00 by week 4. This pattern confirms the strong buffering capacity of the organic acids, with the final acidity matching the initial state, which is crucial for safety (Shahid et al., 2022). The total soluble solid (TSS) was 13.8 ± 0.1 initially, reflecting soluble solids from FOS and fruit (including sugars and acids). It also exhibited significant changes. Starting at 13.77 °Brix, the TSS significantly increased to 14.51 °Brix by week 2, suggesting minor moisture loss or slight FOS hydrolysis into monosaccharides, which are generally more soluble. The TSS then settled to 14.22°Brix at week 4, remaining significantly higher than the initial value. The viscosity of the concentrate was 20.06 ± 0.07 mPa·s, indicating a slightly syrupy consistency. For comparison, water has ~1 mPa·s; so this product is ~20 times thicker than water, but still much thinner than honey or typical syrup. Viscosity demonstrated the most dynamic and statistically distinct variation, with every week being significantly different from the previous one. It decreased significantly at week 1 (17.56 mPa.s) but then sharply and significantly increased to a peak at week 3 (24.44 mPa.s), suggesting complex changes in the hydrocolloid and sugar chemistry under thermal stress. The significant rise in viscosity may indicate minor aggregation or molecular interaction of xanthan gum or FOS degradation products (Zeng et al., 2021). The color of the fresh concentrate was described by L* (lightness) = 24.03, a* (redness) = 4.69, b* (yellowness) = 5.52. This indicates a moderately dark, yellow-orange hue with a slight reddish tint. The color values showed statistically significant shifts over time, but a* remained unchanged. This is most probably due to the contribution of more than 60% leaf extract (which is reddish pink) in the concentrate. The significant decrease in L* from week 1 (26.14) to week 4 (23.20) indicated that the concentrate became significantly darker, suggesting non-enzymatic browning common in high-acid environments. Similarly, the significant and continuous drop in b* from 5.5 to 2.44 confirms a degradation of yellow pigments, shifting the color profile toward a duller brown hue. 


[bookmark: _Hlk212565281]3.3.2 Microbiological Safety

[bookmark: _Hlk212565174]The microbiological analysis, detailed in Table 5, demonstrated perfect stability. No microbial growth was detected in any test, including Total Plate Count, E. coli, Coliforms, or Yeasts & Molds, at any point during the 4-weeks storage period. This finding emphatically confirms that the intrinsic acidity (pH approx. 2.00) provides complete inhibition of bacterial and fungal spoilage, even under accelerated thermal stress. The successful processing method (dual pasteurization) coupled with the anaerobic barrier packaging ensures commercial sterility and allows the product to achieve an extended shelf life without chemical preservatives.

[bookmark: _Hlk212565472]Table 5. Microbiological analysis of the concentrate during storage 
	Week
	Microbiological analysis (cfu/ml)

	
	Total plate count 
(TPC)
	E. coli
	Total coliform
	Total yeast & mould
(Y&M)
	Staphylococcus aureus

	0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.00 x 10

	1
	<1.0
	<1.0
	<1.0
	<1.0
	<1.00 x 10

	2
	<1.0
	<1.0
	<1.0
	<1.0
	<1.00 x 10

	3
	<1.0
	<1.0
	<1.0
	<1.0
	<1.00 x 10

	4
	<1.0
	<1.0
	<1.0
	<1.0
	<1.00 x 10














3.3.3 Sensory Acceptability During Storage

Sensory results corroborated the instrumental data, demonstrating high organoleptic quality retention across the test period (Table 6). However, unlike the physicochemical data which showed statistically significant changes throughout, the sensory data revealed a temporary, yet statistically significant, improvement in key taste attributes at the 2nd week of storage. The Tukey test indicated statistically significant differences over time for sourness (P <.05), sweetness (P <.05), sour-sweet balance (P <.05), and overall acceptance (P <.05). For sourness and overall acceptance, the mean score at the 2nd week (6.00±0.81 and 5.98± 0.82, respectively) was significantly higher (P <.05) than the fresh (0 week) scores (5.35±0.70 and 5.40±0.77). Similarly, sweetness and sour-sweet balance showed a significant improvement at the 2nd week (5.95±0.88 and 5.83±0.87, respectively) compared to the initial state (5.08±0.76 and 4.85±0.81). This peak acceptability at the 2nd week suggests a beneficial flavor maturation period, where components—such as the organic acids and FOS sweetness—integrated to achieve a more complex and satisfying profile. By the 4th week, scores for all attributes, including overall acceptance (5.43±0.87), had returned to levels statistically comparable to the initial (0 week) scores, indicating the product maintained high, stable quality for the duration of the accelerated study. Attributes like color, aroma, and viscosity showed no statistically significant differences over the 4-week period, remaining highly acceptable, which is consistent with the minimal visual degradation noted in the physicochemical analysis (Table 4).
Table 6. Sensory attribute scores of the concentrate during storage* 

	Sensory Attribute
	0 week (Fresh)
	2nd week
	4th week

	Color (appearance)
	5.93±0.89a
	6.13±0.76a
	6.03±0.75a

	Aroma
	5.55±0.74a
	5.80±0.77a
	5.75±0.79a

	Viscosity (mouthfeel)
	5.75±0.86a
	6.10±0.87a
	5.80±0.78a

	Sourness (taste)
	5.35±0.70a
	6.00±0.81b
	5.45±0.77a

	Sweetness (taste)
	5.08±0.76a
	5.95±0.88b
	5.25±0.80ac

	Sour-Sweet Balance
	4.85±0.81a
	5.83±0.87b
	5.25±0.84ac

	Overall Acceptance
	5.49±0.77a
	5.98±0.82b
	5.43±0.87ac


*Values are mean ± SD (n=40). Different superscript alphabets in the same row indicate significant different.


4. Conclusion

A functional Garcinia atroviridis beverage concentrate was successfully developed and optimized using D-optimal mixture design RSM, yielding a product that strategically balances high sensory appeal with enhanced functional attributes. The optimization maximized consumer acceptance while delivering a potent concentration of hydroxycitric acid (approx. 170 mg/100 mL). The final concentrate has outstanding nutritional compositions with moderate calorie and total sugars. The product exhibited excellent shelf-life stability under accelerated storage conditions (40 °C, 75% RH) over the 4 weeks test period (equal to 2 years in actual time). While physicochemical analysis showed statistically significant changes in viscosity and color parameters, the high intrinsic acidity (pH approx. 2.0) and effective processing ensured complete microbiological safety and minimal sensory degradation. This work demonstrates the feasibility of valorizing an underutilized traditional resource into a stable, palatable, and health-promoting functional food ingredient, contributing valuable data for future product innovation in the Asian food science sector. Future efforts should concentrate on the clinical investigation into the in vivo efficacy of the HCA and FOS combination.
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