


Microbial Safety, Antioxidant Capacity, and Physicochemical Changes in Pasteurized Mint- and Vernonia amygdalina-flavored Pineapple-Cucumber Juice Blend stored at Ambient Temperature



ABSTRACT
Aims: The rising demand for naturally preserved functional beverages has sparked research into indigenous botanicals as preservatives and flavorings. This study evaluated the microbiological safety, antioxidant capacity, and physicochemical stability of four formulations of pasteurized pineapple-juice blends that contained mint (Mentha spp) and bitter leaf (Vernonia amygdalina Del.) extracts.
Study Design: This research is presented as an original article. The design was a completely randomized experimental design. Juice samples: A (control) (100% pineapple-cucumber), B (95% pineapple-cucumber:5% bitter leaf extract), C (95% pineapple-cucumber:2.5% of mint and bitter leaf extracts, each), and D (95% pineapple-cucumber:5% mint leaf extract) were stored (280C) for 21 days. 
Place and Duration of Study: Food Science and Technology Laboratory, Chukwuemeka Odumegwu University, Anambra State, Nigeria. Juice formulation, storage, and analysis were completed within 21 days, in June, 2025.
Methodology: Microbiological (total plate count [TPC], total yeast count [TYC], total coliform count [TCC], and total bacterial count [TBC]); antioxidant capacity (DPPH [2,2-diphenyl-1-picrylhydrazyl] and FRAP [Ferric Reducing Antioxidant Power]), and physicochemical parameters (pH and Total titratable acidity [TTA]) were evaluated. Data analysis was performed using a one-way ANOVA; means separated using LSD (p< .05). 
Results: All formulations satisfied post-pasteurization standards with TPC below 50 CFU/ml on day 0. By day 21, Sample B recorded the lowest microbial counts (TPC, TYC, and TCC = 250, 220, and 220, respectively), while the control recorded the highest. TCC exceeded the mandatory zero-coliform Nigeria’s NAFDAC [National Agency for Food and Drug Administration and Control] standard in all formulations beyond day 7. DPPH and FRAP activity were higher in all composite formulations on day 1, with sample B as the highest. pH decreased, and TTA declined progressively across all samples during storage. Sample B recorded the sharpest TTA reduction (1.05% to 0.25%), while the control was most stable (1.06 to 0.72%).
Conclusion: Sample B showed the most favorable and, optimal profile for pilot-scale development. 
Keywords: Vernonia amygdalina; Mentha spp; Functional juice; pasteurization; antioxidant activity; Nigeria; ambient storage. 
1. INTRODUCTION
The global demand for functional, clean-label, naturally preserved beverages derived from whole fruits, vegetables, and medicinal plants has grown tremendously. This is driven by consumers' awareness of the relationship between consuming functional foods and disease prevention (Granato et al., 2020). Phytochemical-rich plant foods are classified as functional because their bioactive compounds, such as polyphenols, carotenoids, flavonoids, and ascorbic acid, can delay or prevent the onset of chronic or infectious diseases (Nwagbo et al., 2025). The consumption of functional beverages is a growing trend in Nigeria, and other low- and middle-income countries, where people prioritize preventive medicine using locally available traditional foods (Chude et al., 2021). The preservation of these beverages without synthetic additives makes them appealing to health-conscious consumers (Ogundele et al, 2019). 
Pineapple (Ananas comosus L.) and cucumber (Cucumis sativus L) are tropical fruits used in fruit juice production for their moisture content and natural sweetness. Pineapple contains bromelain, manganese, phenolic acids, flavonoids, terpenoids, and ascorbic acid with antioxidant, anti-inflammatory, and antimicrobial properties (Farombi and Owoeye, 2011}, while cucumber contains cucurbitacins and flavonoids (Rathore et al., 2018). Bitter leaf (Vernonia amygdalina Del) is an extensively studied indigenous West African medicinal plant, known for its hepatoprotective, antidiabetic, antimalarial, and antioxidant properties, attributable to its rich saponins, alkaloids, sesquiterpenoid lactones, and polyphenolic contents (Nwanio, 2005; Ejoh et al., 2005). Mint (Mentha spp) is a globally recognized culinary and medicinal herb with established antimicrobial, antioxidant, and flavoring properties. The flavoring properties are attributable to essential oil components, especially rosmarinic acid, menthol, and luteolin, with demonstrated utility in natural beverage preservation (McKay and Blumberg, 2006; Burt, 2004; Mahendran et al., 2021). 
Fruit- and vegetable-based beverages are inherently high-moisture, nutrient-rich products with near-neutral pH (Okpalanma et al., 2025), conditions that encourage microbial, enzymatic, and oxidation deterioration (Sanchez-Moreno et al., 2011; Rawson et al., 2011). Pasteurization inactivates enzymatic and microbial activity in such beverages and maintains antioxidant integrity (Fellows, 2019). However, its preservation effectiveness is influenced by post-processing storage conditions, like temperature, light, packaging material, and time (Nayak et al., 2015; Bchir et al., 2012). With the average Nigerian hot tropical temperature of 290C and a prevalent poor power supply, the storage stability of pasteurized functional juice products remains a critical concern (Adekunle and Oyewole, 2020).  
While the functional properties of individual and binary blends of pineapple, cucumber and bitter leaf have been studied (Farombi and Owoeye, 2011; Adegoke et al, 2016), no published data exists on pineapple-cucumber juice blends with mint and bitter leaf as flavoring and preservation agents. Again, most shelf-life studies of vegetable-fruit juice beverages were conducted under refrigerated conditions, which do not reflect tropical ambient storage realities (Adekunle and Oyewole, 2020; Okwu and Emenike, 2006). There is also a paucity of systematic multi-parameter quality studies of microbiological safety, antioxidant retention, and physicochemical stability over a defined ambient storage period in this context. The current study addresses this gap by examining the microbiological, antioxidant, and physicochemical profiles of pasteurized mint-and-bitterleaf-flavored pineapple-cucumber juice blends stored at 280C for 21 days. The findings are intended to be useful to functional beverage processors and regulatory bodies in Nigeria.  

2. MATERIALS AND METHODS
2.1 Raw Materials Procurement and Authentication
The researchers procured fresh bitter leaf (Vernonia amygdalina Del), cucumber (Cucumis sativus L.), ripe pineapple (Ananas comosus L. Merr.), and fresh mint leaves (Mentha spicata L.) from Eke Awka, Awka South LGA, Anambra State. Plant materials were visually screened for freshness, absence of visible damage or mold, and then authenticated by Crop Scientists at the Department of Crop Science and Horticulture, Chukwuemeka Odumegwu Ojukwu University, Igbariam Campus. Potable water was used throughout all processing steps.
2.2 Juice Formulation Pre-processing
All raw materials were washed under running potable water. The bitter leaf and mint leaves were each blanched at 800C for 2 minutes to reduce bitterness, inactivate enzymes, and lower microbial load, then cooled in cold portable water (Farombi and Owoeye, 2011). The pineapple was peeled, cored, and sliced; cucumber was washed and trimmed without the skin to retain chlorophyll and polyphenols (Lim, 2012). Juices were extracted from pineapple and cucumber using a fruit juice extractor (HR1869, Philips). The mint and bitter leaves were blended with portable water at 1:5 w/ ratio and strained through double-layered muslin cloth to yield aqueous extracts. All materials were stored in sterile glass containers at 4°C until blended. Four juice formulations were prepared as described in Table 1. 
Table 1: Formulation of Pasteurized Pineapple-Cucumber Functional Juice Flavored with Mint and Bitterleaf
	Formulation (100%)
	B
	C
	D
	Control

	Cucumber juice
	30
	30
	30
	30

	Pineapple juice
	45
	45
	45
	50

	Lemon juice
	5
	5
	5
	5

	Date syrup 
	10
	10
	10
	10

	Ginger extract
	5
	5
	5
	5

	Mint extract
	0
	2.5
	5
	0

	Bitter leaf extract
	5
	2.5
	0
	0


Means ± SD within the same row with the same superscript are not significantly different.
Key: Control = 100% Pineapple-Cumber Juice; 0% mint and 0% bitter leaf; Sample B=95% Pineapple-Cumber Juice; 0% mint and 5% bitter leaf; Sample C=100% Pineapple-Cumber Juice; 2.5% mint and 2.5% bitter leaf; Sample D= 100% Pineapple-Cumber Juice; 5% mint and 0% bitter leaf.
2.4 Pasteurization and Storage
Each juice formulation was pasteurized at 720C for 15 seconds in a water-bath pasteurizer. consistent with Codex Alimentarius (2005) and validated in similar studies (Fellows, 2019). Immediately after pasteurization, samples were hot-filled into sterilized, 250 ml amber glass bottles, sealed, labeled, and cooled to ambient temperature. Each juice formulation was filled in 7 different bottles to ensure single-use after opening.
The samples were stored at ambient temperature (28 ± 1°C) and away from direct sunlight for 21 days. Withdrawals were made aseptically on days 1, 3, 7, 14, and 21 for microbiological and physicochemical analyses, and on days 1 and 15 for antioxidant analysis. Storage temperature was monitored twice daily using a calibrated digital thermometer.
2.5 Microbiological Analysis
Microbiological quality was analyzed using standard plate count methods (APHA, 2001). Total plate count (TPC) was enumerated on plate count agar (PCA; Oxoid, UK) incubated at 37 °C for 48 hours. Total yeast count (TYC) was determined on Potato Dextrose Agar (PDA; Oxoid, UK) acidified with 10% tartaric acid, incubated at 25 °C for 72-120 hours. Total coliform count (TCC) was assessed by the Most Probable Number method using MacConkey broth, confirmed on Brilliant Green Bile Broth (BGBB) at 370 °C for 48 hours. Total bacterial counts were determined by the pour plate method on nutrient agar (NA; Oxoid, UK), with incubation at 37 °C for 24-48 hours. All counts were expressed as colony-forming units per milliliter (CFU/ml).
2.6 Antioxidant Activity 
The DPPH (2,2-diphenyl-1-picrylhydrazyl) radical scavenging assay was performed according to the method of Brand-Williams et al. (1995), as modified by Mensor et al. (2001). Briefly, 0.5 mL of each juice blend was added to 3.0 mL of a 0.004% methanolic DPPH solution, vortexed, and allowed to stand in the dark at room temperature for 30 minutes. Absorbance was measured at 517 nm, as percentage inhibition (%) and calculated as:

The FRAP assay was performed as described by Benzie and Strain (1996). The FRAP reagent, made up of 300 mM acetate buffer (pH 3.6), 10 mM TPTZ (2,4,6-tripyridyl-s-triazine) solution in 40 mM HCl, and 20 mM FeCl3.6H2O in a ratio of 10:1:1 (v/v/v), was freshly prepared. A 150 µL aliquot of each sample was mixed with 2,850 µL of FRAP reagent, incubated at 370 °C for 4 minutes and absorbance read at 593 nm. Results were expressed as µmol FeSO4 equivalents using a standard calibration curve.
2.7 Physicochemical Analysis
The pH was measured directly on days 1, 3, and 15 using a pre-calibrated digital pH meter (calibrated with pH 4.0 and pH 7.0 buffer solutions).
Total Titratable Acidity (TTA) was determined by the AOAC (2016) titrimetric method: 10 mL of each sample was titrated against 0.1 N NaOH using phenolphthalein indicator to a persistent pink endpoint, and TTA was expressed as percentage citric acid equivalent (g/100 mL), since citric acid is the predominant organic acid in pineapple-based blends (Lim, 2012). All determinations were done in triplicates. 
2.8 Data Analysis
Data were expressed as mean ± standard deviation (SD) of three independent replications (n = 3). One-way ANOVA (Analysis of Variance) was applied using IBM SPSS Statistics Version 26.0 (IBM Corp., Armonk, NY, USA). Where ANOVA indicated significant differences, the Least Significant Differences (LSD) post hoc test was used for pairwise comparisons. The significant threshold was p<0.05. Graphical representation was performed using Microsoft Excel 2019.

3. RESULTS AND DISCUSSIONS
 3.1 Microbiological Stability 
3.1.1 Total Plate Count
All microbial counts are expressed in CFU/ml. The TPC of all four formulations was below 50 CFU/ml on Day 0 (Fig 1), confirming that pasteurization was effective in reducing the initial vegetative microbial population to negligible levels. TPC increased progressively across all formulations during the 21-day storage period at 280 °C, with statistically significant differences (p<0.05) among samples from day 7. By Day 21, the control recorded the highest TPC of approximately 1000 CFU/ml. Sample B recorded the lowest count at approximately 250 CFU/ml; Samples C and D recorded intermediate values of approximately 500 CFU/ml and 770 CFU/ml, respectively. The resulting inhibition rank order was: sample B > sample C > sample D> control. All 4 formulations remained within the NAFDAC/ICMSF (NAFDAC, 2023; ICMSF, 2002) maximum total viable count threshold of 106 CFU/mL throughout the study period, indicating formal compliance at all time points assessed. However, the trajectory of the control, rising from below 50 CFU/ml to 1000 CFU/ml by day 21, suggests that continued ambient storage beyond this period would likely breach this threshold. The fourfold reduction in TPC achieved by sample B (250 CFU/ml by day 21) relative to the control could be attributed to Vernonia amygdalina's antimicrobial phytochemicals. Vernonia amygdalina’s sesquiterpene lactones, vernoniosides, alkaloids, and phenolic acids have been reported to disrupt microbial cell membrane integrity and inhibit key respiratory enzymes in both Gram-positive and Gram-negative organisms (Igile et al., 1994; Nweze and Eze, 2009). The progressive rise in TPC across all formulations reflects the survival and proliferation of thermoduric spore-forming organisms that resist pasteurization temperatures (Beuchat, 2002). The National Agency for Food and Drug Administration and Control (NAFDAC) has microbiological limits for food safety and quality. For Total plate count (TPC), the acceptable levels for ready-to-eat foods, including fruit juices, are <105 CFU/g. Higher counts indicate contamination or poor handling (NAFDAC, 2003). 
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Fig 1: Total plate count of Pasteurized Mint-flavored and Bitterleaf-flavored Pineapple-Cucumber Juice during 21 Days Storage (280C)
Control (100% pineapple-cucumber juice), Sample B (95% pineapple-cucumber juice and 5% bitter leaf extract), Sample C (95% pineapple-cucumber juice and 2.5% of mint and bitter leaf extracts), and Sample D (95% pineapple-cucumber juice and 5% mint leaf extract). 
3.1.2 Total Yeast Count
[bookmark: _Hlk226145125]The TYC (Fig 2) was negligible on day 0 across all formulations, confirming effective elimination of all predominant yeast populations by pasteurization. However, the yeast population increased steadily throughout storage. By Day 21, the control approached 1000 CFU/mL, near or exceeding the ICMSF (2000) maximum total fungal count guidelines of 103-104 CFU/mL for packaged juice. This raises concerns about prolonged microbial safety. Sample B maintained the lowest TYC (220 CFU/mL), well within acceptable limits, followed by sample C (450 CFU/mL) and sample D (680 CFU/mL). The rank order mirrored TPC results.  The antifungal efficacy of bitter leaf in sample B is consistent with reports that its flavonoid and saponin fractions inhibit ergosterol biosynthesis and compromise fungal cellular permeability (Ejoh et al, 2005). The gradual rise in yeast count across all formulations reflects the thermal tolerance of yeast ascospores and the limited sustained antifungal activity of botanical extracts against surviving spore populations at ambient temperature (Pitt & Hocking, 2009). The NAFDAC limit for Total yeast count is 103 – 104 CFU/g. A higher count indicates spoilage risk (NAFDAC,2003). 

Figure 2: Total Yeast Count (CFU/ml) of Pasteurized Mint-flavored and Bitter leaf-flavored Pineapple-cucumber Juice during 21 Days of Storage at 280C 
Control (100% pineapple-cucumber juice), Sample B (95% pineapple-cucumber juice and 5% bitter leaf extract), Sample C (95% pineapple-cucumber juice and 2.5% of mint and bitter leaf extracts), and Sample D (95% pineapple-cucumber juice and 5% mint leaf extract). 
3.1.3 Total Coliform Count
The TCC results (Figure 3) carry the greatest regulatory significance of all four microbiological parameters. On day 0, coliforms were absent (<1 CFU/ml) in all formulations, confirming post-pasteurization compliance with the NAFDAC/SON standard mandating the complete absence of coliforms in pasteurized packaged juices (NAFDAC, 2003; ICMSF, 2002). However, from day 7 onwards, coliforms became detectable in all samples. By day 21, the control had accumulated approximately 1000 CFU/ml, sample B approximately 229 CFU/ml, sample C approximately 460 CFU/ml, and sample D, approximately 620 CFU/ml. The detection of coliforms beyond day 7 in all formulations constitutes a regulatory non-compliance event with respect to the mandatory zero-coliform standard, irrespective of absolute CFU/ml values. This establishes that, from a coliform compliance standpoint, the safe ambient-temperature shelf life of all four formulations is less than 7 days. The Is a critical datum for NAFDAC product registration and shelf-life labeling.  The comparatively lower TCC of sample B (220 CFU/ml) relative to the control (1000 CFU/ml) shows that bitter leaf extracts conferred a meaningful delay in coliform proliferation during storage. This could be explained by the evidence that phenolic acids and alkaloids from Vernonia amygdalina can interfere with the outer membrane lipopolysaccharide cell walls of gram-negative bacteria, to which coliforms belong (Igile et al., 1994). Nevertheless, no formulations maintained zero coliform counts beyond day 7, indicating that the botanical extract concentrations used extended the coliform-free window but did not achieve absolute coliform suppression across 21 days storage period. The Total Coliform Count NAFDAC standard is <102 CFU/g or zero count in high-quality foods. Any coliform count indicates possible fecal or environmental contamination. Low microbial counts indicate product safety, good sanitation, adequate processing, and a good shelf life (NAFDAC, 2003).

Fig 3: Total Coliform Count (CFU/ml) of Pasteurized Mint-flavored and Bitterleaf-Flavored Pineapple-Cucumber Juice during 21 Days Storage (280C).
Control (100% pineapple-cucumber juice), Sample B (95% pineapple-cucumber juice and 5% bitter leaf extract), Sample C (95% pineapple-cucumber juice and 2.5% of mint and bitter leaf extracts), and Sample D (95% pineapple-cucumber juice and 5% mint leaf extract). 
3.1.4 Total Bacterial Count
The TBC (Figure 4) provides the most comprehensive overview of microbial spoilage among the four microbiological parameters studied. All formulations recorded TBC below 102 CFU/ml on day 0, confirming effective pasteurization. The control exceeded the internationally recognized spoilage threshold of 105 CFU/ml within the first 6 days of ambient storage at 28 °C and is estimated to have reached counts approaching 108 CFU/ml by day 21. This indicated advanced spoilage and a product unsafe for consumption. The composite formulations (samples B, C, and D) showed substantially delayed bacterial proliferation. Sample B maintained the lowest TBC throughout the 21-day storage period and was the only formulation to remain below the 105 CFU/mL spoilage threshold beyond days 9-12. This extended the microbial safe storage window by 6-9 days compared to the control.

Fig 4: Total Bacterial Count (CFU/ml) of Pasteurized Mint-Flavored and Bitter leaf-Flavored Pineapple-Cucumber Juice during 21 Days Storage (280C).
Control (100% pineapple-cucumber juice), Sample B (95% pineapple-cucumber juice and 5% bitter leaf extract), Sample C (95% pineapple-cucumber juice and 2.5% of mint and bitter leaf extracts), and Sample D (95% pineapple-cucumber juice and 5% mint leaf extract). 
This superior bacteriostatic performance is consistent with the principles of hurdle technology, in which pasteurization combined with naturally derived antimicrobial compounds creates a cumulative preservation barrier beyond that provided by thermal treatment alone (Leistner, 2000). The synergistic antimicrobial activity of vernoniosides, sesquiterpenoid lactones, phenolics, and flavonoids from Vernonia amygdalina, which can disrupt bacterial cell membrane integrity, inhibit enzymatic function, and interfere with nucleic acid synthesis provides the phytochemical basis for sample B’s superior performance (Igile et al, 1994). A summary comparison of day 21 against the regulatory standard is presented in Table 2.

Table 2: Comparison of Day 21 Microbiological Results against NAFDAC/SON/ACMSF Standards for Pasteurized Packaged Fruit Juice Blends.
	Microbiological Parameter
	NAFDAC/SON/ICMSF Limit
	Control (Day 21)
	Sample B (Day 21)
	Sample D (Day 21)

	Total Viable Count (TPC)
	<106 CFU/ml
	1000 CFU/ml  ✓
	250 CFU/ml ✓
	770 CFU/ml ✓

	Total Yeast Count (TYC)
	<103-104 CFU/ml
	1000 CFU/ml ✓*
	220 CFU/ml ✓
	680 CFU/ml ✓*

	Total Coliform Count (TCC)
	Absent (0 CFU/ml)
	1000 CFU/ml ✗ 
	220 CFU/ml 
✗
	620 CFU/ml ✗ 

	Total Bacterial Count (TBC)
	<105 CFU/ml
	>108 CFU/ml
✗
	Lowest 
✓
	Moderate
✓*


Note: ✓= within acceptable limit; ✗= exceeds/violates standard; * = approaching upper boundary. Sample C values were omitted for brevity, but followed the same trend described in the text.
Sources: NAFDAC (2003); ICMSF (2002).
3.2 Antioxidant Capacity
3.2.1 The DPPH Radical Scavenging Ability
The DPPH radical scavenging activity of all four formulations on day 1 and day 15 is shown in Figure 5. On day 1, all composite formulations (sample B, C and D) demonstrated significantly higher (p = .05) DPPH inhibition than the control across all tested concentrations, with sample B recording the highest inhibition percentage. A clear, consistent, positive concentration-dependent relationship between juice concentration and percentage DPPH inhibition was observed across all formulations on both measurement days. This reflected the characteristic dose-dependent behavior of hydrogen-atom-donating antioxidants (Sharma and Bhat, 2009). By day 15, a statistically significant (p = .05) decline in DPPH activity was recorded across all four formulations. Despite this universal decline, samples B, C, and D retained higher radical scavenging activity than the control on day 15. This indicates greater antioxidant retention in the botanically enriched blends (Nwagbo et al., 2020).

Fig 5: DPPH Radical Scavenging Activity of Pasteurized Mint-Flavored and Bitterleaf-Flavored Pineapple-Cucumber Juice during 21 Days Storage (280C).
Control (100% pineapple-cucumber juice), Sample B (95% pineapple-cucumber juice and 5% bitter leaf extract), Sample C (95% pineapple-cucumber juice and 2.5% of mint and bitter leaf extracts), and Sample D (95% pineapple-cucumber juice and 5% mint leaf extract). 
The superior initial DPPH activity of samples B, C, and D on day 1 is attributable to the structurally diverse hydrogen-atom-donating phytochemicals introduced by the botanical extracts, particularly flavonoids (luteolin and quercetin derivatives), phenolic acid, and vernodalin, from Vernonia amygdalin and rosmarinic acid and phenolics from Mentha spp (Igile, 1994). The universal decline in DPPH activity from day 1 to day 15 is consistent with the well-established kinetics of ascorbic acid and polyphenol degradation at ambient temperature, under residual dissolved oxygen, and advancing microbial activity. All of these accelerate oxidative breakdown of labile antioxidant species in stored juice matrices (Burdurlu et al., 2006). The relative retention of DPPH activity in the botanically-enriched samples by day 15 suggests the presence of structurally more stable polyphenolic fractions, particularly flavone glycosides that resist oxidative degradation more effectively than the predominantly ascorbic acid-based antioxidant system of the control (Rathore et al., 2018; Igile, 19994). 
3.2.2 The Ferric Reducing Antioxidant Power (FRAP)
The FRAP data followed a pattern consistent with the DPPH results, with a mechanistically distinct antioxidant pathway donating electrons to reduce Fe3+ to Fe2+. On day 1, all composite formulations recorded higher FRAP values than the control, with sample B showing the highest electron-donating antioxidant capacity. A positive concentration-dependent response was confirmed for all samples on both days, consistent with the fundamental proportionality between reductant concentration and ferric-ion-reducing capacity (Benzie and Strain, 1996). By day 15, FRAP values declined significantly (p = .05) across all formulations, with the decline most pronounced in sample B.
The elevated day 1 FRAP values in the composite formulations confirm that the bitterleaf and mint extracts complement the pineapple-cucumber base's electron-donating antioxidant capacity. This is consistent with the documented high FRAP activity of Vernonia attributable to their rich polyphenol and flavonoid content (Musa et al., 2011). The more pronounced FRAP decline in sample B between days 1 and 15, despite the recorded highest initial FRAP, suggests that sesquiterpene lactone and alkaloid fractions from the full-dose bitter leaf extract are more susceptible to oxidative degradation during ambient storage than the antioxidant compounds of mint (Igile et al., 1994). Despite this steeper decline, all composite formulations retained higher FRAP values than the control by day 15. This confirms that botanical enrichment enhanced the initial antioxidant profile and greater antioxidant retention during ambient storage (Okafor et al., 2021; Zuleta, et al., 2007). 



Fig 6: FRAP Radical Scavenging Activity of Pasteurized Mint-Flavored and Bitterleaf-Flavored Pineapple-Cucumber Juice during 21 Days Storage (280C).
Control (100% pineapple-cucumber juice), Sample B (95% pineapple-cucumber juice and 5% bitter leaf extract), Sample C (95% pineapple-cucumber juice and 2.5% of mint and bitter leaf extracts), and Sample D (95% pineapple-cucumber juice and 5% mint leaf extract). 
3.3 Physicochemical Stability
3.3.1 pH
The pH values of all four formulations at days 1, 3, and 15 are shown in Figure 7. On day 1, the control exhibited the lowest pH (most acidic), consistent with the higher pineapple content (50% v/v), since pineapple is naturally rich in citric and malic acids. This confers a characteristic pH of 3.5-4.0 (Rathore et al., 2018). The composite samples recorded higher initial pH values, reflecting the dilution of pineapple acid content by the addition of botanical extracts, which both have near-neutral pH. A statistically significant (p < 0.50) decline in pH was observed across all formulations from day 1 to day 15, with the most pronounced decrease occurring between day 3 and day 15.

Fig 7: pH of Pasteurized Mint-Flavored and Bitterleaf-Flavored Pineapple-Cucumber Juice during 21 Days Storage (280C).
Control (100% pineapple-cucumber juice), Sample B (95% pineapple-cucumber juice and 5% bitter leaf extract), Sample C (95% pineapple-cucumber juice and 2.5% of mint and bitter leaf extracts), and Sample D (95% pineapple-cucumber juice and 5% mint leaf extract). 
The control exhibited the steepest rate of acidification during storage, corroborating the TBC data (Fig 4), which confirmed that exponential bacterial proliferation in the control led to a proportionally greater reduction in organic acids through fermentative catabolism of the juice's fermentable sugars (Beuchat, 2022; Sanchez-Moreno et al., 2003). In contrast, the composite formulations maintained greater pH stability, particularly during days 1-3. This was consistent with the antimicrobial suppression of fermentative microorganisms by the phytochemicals in the botanical extracts, as reported by Nwachukwu et al. (2023). Nwachukwu et al. (2023 reported that beverages fortified with plant-derived bioactives exhibited greater pH stability during storage due to inhibited microbial fermentation. The pH data thus provide independent physicochemical corroboration of the microbiological findings in section 3.1. 
3.3.2 The Total Titratable Acidity (TTA)
The total titratable acidity (TTA) of all four formulations declined progressively from day 1 to day 15 of ambient storage (280C) (Figure 8). This reflected a net reduction in titratable organic acid content. On day 1, sample C recorded the highest initial TTA at approximately 1.35 % citric acid equivalent, followed by sample D (=1.25%), the control (=1.06%), and sample B (=1.05%). By day 15, all formulations showed substantial reductions: Sample B declined from approximately 1.05% to approximately 0.25%; sample C from 1.35% to 0.77%; sample D from 1.25% to 0.84%; and the control from 1.06% to 0.72%, with the control showing the most stable profile.
The progressive decline in TTA is attributed to microbial, enzymatic, and non-enzymatic degradation of organic acids; malic, citric, and tartaric acids, during ambient storage, consistent with earlier reports for pasteurized fruit and vegetable beverages (Hossain et al., 2015; Akinwale et al., 2017). The steepest TTA decline in sample B relative to the control suggests that its complex phytochemical matrix promoted biochemical interactions within the juice acid fraction, accelerating organic acid consumption beyond that observed in the simpler, unfortified matrix. This corroborates the findings of Ajayi and Falegan (2021), who reported that herbal-fortified juice formulations showed a faster reduction in TTA than non-fortified controls during ambient storage. The more gradual TTA decline in sample D relative to sample B suggests that mint leaf extract at equivalent concentration introduced fewer acid-degrading phytochemical interactions than bitter leaf extract. The most stable TTA profile of the control is consistent with findings by Olasupo et al. (2020), who observed that unfortified fruit-vegetable blends retained titratable acidity more consistently during ambient storage than botanically enriched formulations. 

Fig 8: Total Titratable Acidity (TTA) of Pasteurized Mint-Flavored and Bitter leaf-Flavored Pineapple-Cucumber Juice during 21 Days Storage (280C).
[bookmark: _Hlk225605559]Control (100% pineapple-cucumber juice), Sample B (95% pineapple-cucumber juice and 5% bitter leaf extract), Sample C (95% pineapple-cucumber
juice and 2.5% of mint and bitter leaf extracts), and Sample D (95% pineapple-cucumber juice and 5% mint leaf extract). 
4. CONCLUSION
Across all three domains assessed, microbiological safety, antioxidant capacity, and physicochemical stability, the four pasteurized juice blends presented distinct and internally coherent quality profiles during the 21-day ambient storage. The control demonstrated the weakest microbiological stability, surpassing the TBC spoilage threshold (105 CFU/ml) within six days of storage, with the highest accumulated counts across all four microbiological indicators by day 21. Its coliform count of 1000 CFU/ml by day 21 represents a substantial violation of the NAFDAC zero-coliform standard. This confirms that unfortified pasteurized pineapple-cucumber juice is unsuitable for ambient distribution beyond approximately one week without additional preservation intervention. Sample B emerged as the most optimal formulation across all the integrated quality assessments. It recorded the lowest TPC (250 CFU/ml), TYC (220 CFU/ml), TCC (220 CFU/ml), and the most extended microbiologically safe storage window across all four microbiological indicators, and also, the highest DPPH and FRAP antioxidant activity on day 1 and the greatest antioxidant retention between day 1 and day 15. Although sample B showed the steepest TTA decline during storage, the absolute TTA values remained within a range that was common with an acidic fruit-based beverage throughout the storage period. Its coliform count (220 CFU/ml) by day 21 is a regulatory concern under the NAFDAC zero-coliform standard. However, its markedly lower coliform accumulation relative to the control confirms that bitter leaf extract conferred a meaningful delay in coliform proliferation during ambient storage. These findings collectively establish sample B as the most functionally robust formulation and the most promising for further pilot-scale development, sensory optimization, and shelf-life validation studies. Further research should also evaluate the in vivo bioavailability of the phytochemical antioxidants in sample B, organoleptic acceptability, the use of modified-atmosphere packaging, and the addition of food-grade antioxidant stabilizers for extended storage. 
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