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Abstract
Physicochemical properties play a vital role in determining the quality and shelf life of fruit juices. The present study investigated the impact of ohmic heating on various Physicochemical and quality attributes of pineapple juice processed at different voltage gradients (10.35–25.25 V/cm). Pineapple juice was ohmically heated at 90 °C for varying holding times (1, 4, and 6 minutes) and stored under refrigerated conditions for 28 days. Parameters such as total soluble solids, pH, titratable acidity, ascorbic acid, and bromelain activity were evaluated at regular intervals. Results indicated that ohmic heating significantly influenced juice quality depending on voltage gradient, treatment time, and storage duration. Lower voltage gradients and shorter treatment times showed better retention of nutritional and quality attributes. The study concludes that ohmic heating is an efficient alternative processing technique for pineapple juice with improved quality retention and shelf-life stability.
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Introduction
Ohmic heating (OH) or Joule heating, is a sophisticated heat-treatment procedure in which food acts as an electrical resistor and the electric energy produced work directly into heat in accordance with the regime of Joule’s law. In comparison to traditional surface-to-core heat transfer during heating, (OH) creates uniform and rapid volumetric heating which reduces time spent at high temperatures and protects the heat sensitive nutrients and quality characteristics of foods (Zhang et al., 2021; Basak, S et al 2025). The electric field strength (EFS) or voltage gradient used in OH has a great impact on thermal efficiency, heating rates, electrical conductivities and alteration of the Physicochemical properties of treated samples specially in liquid foods including fruit juices (Icier & Ilicali, 2005; Gavahian, M et al., 2022).
In the past decade, OH has attracted great attention in fruit juice processing owing to its benefits in retention of nutrients, energy saving and efficient microbial reduction when compared to traditional thermal treatment (Tiwari & McDonnell, 2018; Zhang et al., 2021). Research on other fruit juices (dragon fruit and pomegranate juice) also shows that major quality parameters such as total soluble solids (TSS), pH, color, and antioxidant capacity were better preserved under OH treatments when an appropriate voltage gradient and short treatment time are used (Darvishi et al., 2013). In accordance with the grape juice, increased voltage gradients during ohmic heating of optimized products led to higher retention of the Physicochemical quality attributes throughout refrigeration storage time (Ayoub et al., 2020). Incidentally, the enhanced electrical conductivity as a function of temperature in OH has the potential for high internal heat generation, favoring technology application to such items as fruit juices (Icier & Ilicali, 2005).
Although various fruit juices such as orange, mango, guava and dragon fruit juice have been widely studied but pineapple juice has relatively less focused attention about OH effect on its quality. Pineapple juice has a complex chemical composition that includes ascorbic acid, organic acids, sugars, phenolic compounds and the proteolytic enzyme bromelain; all of these are temperature- and processing-sensitive. Electric field strength and processing temperature are two factors that have been reported to significantly affect enzyme inactivation, phenolic stability, color properties, and overall quality of fruit juices during OH (Cappato et al., 2017). Conventional and OH studies also provide evidence that the °Brix and acidity of the sample, as well as voltage gradient applied to juice in processing determine the heating rate, system efficiency and quality (Darvishi et al., 2013).
It is encouraging that recent studies have also showed the need to tune OH parameters for pineapple matrices. For example, it was reported from the valorization studies of pineapple cores that voltage gradient, temperature and frequency had a significant influence on both extraction efficiency and phenolic compound yield which demonstrates the sensitivity of pineapple tissues to the conditions caused by electrical heating (Jafarpour et al., 2023). Furthermore, relevant literature contain extensive treatments of OH applications which argue for a product-dependent fine-tuning to the trade-offs between enzyme inactivation, nutrient preservation and organoleptic quality in fruit juices (Zhang et al., 2021; Sain, M et al., 2024).
Cumulatively, these results reflect a need for the comprehensive study of various voltage gradients during ohmic heating on pineapple juice in terms of major Physicochemical properties such as TSS, pH, titratable acidity (TA), the contents of AA and bromelain activity (BA), color characteristics and antioxidant potential throughout processing and refrigerated storage. Such research would contribute to justify OH as an alternative for thermal pasteurization of pineapple juice and make comparison among other fruit juices possible. These are necessary prerequisites for the upscaling of ohmic heating technology to be used in industrial scale production of high-quality, high-nutritive value pineapple juice with shelf life and consumer acceptability enhancement.
Materials and Methods
Raw Material and Juice Preparation
Whole fresh ripe uniform sized, coloured and matured pineapples (Ananas comosus), were purchased from local market. Only sound fruits, without visible defects and non-spoiled by microbes, were considered in this study. Pineapple were washed with flowing tap water then manually peeled and diced into small pieces. Juice was pressed with a household juice extractor and passed through double-layer muslin cloth to discard coarse fibres. The juice obtained was promptly treated and submitted for experimental treatments to minimise hydrolytic-enzymatic and oxidative breakdown.
Ohmic Heating System and Experimental Setup
Ohmic heating-Ohmic heating was performed using a laboratory-scale ohmic heating unit, which comprised a power supply (AC), voltage regulator and cylindrical glass treatment chamber with two stainless steel electrodes placed at an idle gap. The distance between the electrodes was stabled during each test. The treatment chamber contained pineapple juice samples (∼200 mL) which were exposed to different voltage field strengths by varying the applied voltage.
The pineapple juice samples were heated in ohmic heating at 50 Hz with electric field strength of 10.35, 15.10, 20.21 and 25.25 V/cm until temperature reached up to ambient temperature (90 °C), then each applied voltage was held for the time periods of 1, 4 and 6 min at these selected temperatures, followed by immediate external cooling water system. An untreated juice (control) was kept to compare with. Temperature evolution throughout ohmic heating was measured on line by a calibrated digital thermocouple (type K) inserted at the geometric centre of juice samples. Samples were maintained at the target temperature for 1, 4, or 6 min and rapidly cooled in an ice-water bath.
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Fig 1 : Ohmic Heating System 
Ohmic Heating Treatment Conditions
Once the desired pasteurization temperature (e.g., 85–90 °C) was reached, pineapple juice samples were ohmically treated. After the temperature was achieved, the samples were incubated for different time (such as 1–3 min) according to which voltage gradient used. The treated samples were then cooled rapidly in the ice water bath to quench any additional thermal effects. Each experiment was performed in triplicate to ensure reproducibility.

Measurement of Electrical Conductivity
The juice conductivity was estimated according to the applied voltage, current, the electrode distance and cross-section area of treatment chamber during ohmic heating. The temperature- and voltage-gradient dependent measurements of electrical conductivity were obtained. Relationship between electrical conductivity and temperature was examined in order to understand the heating effectiveness under various voltage gradients.
Physicochemical Analysis
Total Soluble Solids (TSS)
Pineapple juice was read for total soluble solids with a digital refractometer (°Brix). Analyses were performed at room temperature with the refractometer being calibrated using distilled water before the analysis
pH
The pH of juice samples was determined by a calibrated digital pH meter. Analyzed after (pH 4.0 and 7.0) calibration with standard buffer solutions.
Titratable Acidity (TA)
Titratable acidity was measured using phenolphthalein as indicator by titrating known volume of juice against 0.1 N NaOH. The percentage of citric acid equivalents were calculated. Ascorbic Acid Content
Ascorbic Acid Content
Ascorbic acid was determined according to the 2,6-dichlorophenolindophenol (DCPIP) titrimetric method. A measured volume of juice was titrated to a light pink end point for 15 seconds against standardized dye solution. The results were calculated in mg ascorbic acid per 100 mL of juice.
Bromelain Activity
Spectrophotometric method was employed to measure bromelain enzyme activity with casein as appropriate protein substrate. Unit activity of the enzymes was reported as units/mL of juice, where one unit is the amount of enzyme liberating 1 μg tyrosine per min under assay conditions.
Total Phenolic Content (TPC)
Total phenolic content was assessed according to the Folin–Ciocalteu method. The absorbance was taken at 765 nm with a UV-Visible spectrophotometer. The results were reported as mg GAE/100 mL of juice.
Antioxidant Activity
The evaluation of antioxidant activity was based on the DPPH radical scavenging assay. A known volume of juice extract was added to a DPPH solution and the absorbance value after dark incubation at 517 nm. The response was given in percent inhibition.
Colour Measurement
Colour (L, a, b*) of pineapple juice were analysed by a colorimeter. The total colour difference (ΔE) was determined to evaluate the degree of respective colour changes due to ohmic heating at various voltage gradients.
Storage Study
The ohmic-heated and control pineapple juice samples were packed in sterilized glass bottles and kept refrigerated (4 ± 1 °C). Quality changes during storage were determined by Physicochemical and biochemical analyses which were carried out at regular intervals of storage (0, 7, 14 and 21 days).
Statistical Analysis
The results of the experiments were given in terms of mean ± standard deviation. Analysis was done using the appropriate statistical package. Differences between treatments were analysed by one-way ANOVA and Tukey’s mean separation test at a significance level of p < 0.05.
Results and Discussion
Table 1: Comparative Assessment of Total Soluble Solids in Pineapple Juice After Application of Ohmic Heat at Different Voltages and Time Periods
	Independent Variables
	TSS (°Brix) - Mean ± SD

	
	Day 0
	Day 7
	Day 14
	Day 21
	Day 28
	p-value*

	Voltage (V/cm)
	

	10.35
	12.8 ± 0.2
	13.0 ± 0.2
	13.2 ± 0.2
	13.3 ± 0.2
	13.5 ± 0.2
	0.000*

	15.10
	12.8 ± 0.2
	13.1 ± 0.2
	13.3 ± 0.2
	13.4 ± 0.2
	13.6 ± 0.2
	0.000*

	20.21
	12.8 ± 0.2
	13.2 ± 0.2
	13.4 ± 0.2
	13.5 ± 0.2
	13.7 ± 0.2
	0.000*

	25.25
	12.8 ± 0.2
	13.3 ± 0.2
	13.5 ± 0.2
	13.6 ± 0.2
	13.8 ± 0.2
	0.000*

	p-value®
	0.985
	0.035*
	0.032*
	0.030*
	0.028*
	

	Time (min)
	

	1
	12.8 ± 0.2
	13.1 ± 0.2
	13.3 ± 0.2
	13.4 ± 0.2
	13.6 ± 0.2
	0.000*

	4
	12.8 ± 0.2
	13.2 ± 0.2
	13.4 ± 0.2
	13.5 ± 0.2
	13.7 ± 0.2
	0.000*

	6
	12.8 ± 0.2
	13.3 ± 0.2
	13.5 ± 0.2
	13.6 ± 0.2
	13.8 ± 0.2
	0.000*

	p-value®
	0.992
	0.042*
	0.038*
	0.036*
	0.034*
	

	Total
	12.8 ± 0.2
	13.2 ± 0.2
	13.4 ± 0.2
	13.5 ± 0.2
	13.7 ± 0.2
	0.000*


*Test applied: ® One-way ANOVA, *Repeated measures ANOVA, *indicates statistically significant difference at p<0.05, SD = Standard Deviation*

The results in Table 1 show a regular significant increase in TSS (°Brix) of treated pineapple juice by ohmic heating at all levels of voltage treatment (10.35, 15.10, 20.21 and 25.25 V/cm) followed by different holding times (1,4 and 6 min) during the storage time of the refrigerated sample over a period of storage for up to 28 day. On day 0, TSS were stable in all treatments at no other 12.8 ± 0.2 °Brix and so did not show immediate influence of ohmic heating parameters. Contractions, however, were observed to be progressive over time and reached 13.5–13.8 °Brix at day 28 with higher voltage × duration leading to small slightly higher values (e.g., up to 13.8 °Brix at 25.25 V/cm, 6 min). Repeated measure ANOVA showed a significantly (p < 0.000) time effect for all treatments, indicating that the still ongoing biochemical conversions such as starch hydrolysis, pectin degradation and sucrose accumulation during storage lead to more soluble sugars responsible for an increased sweetness sensation occurring with each time during storage which we also previously observed (Jaeger et al.,2016; Rao et al., 2019).
Voltage effects emerged significantly from day 7 onward (p = 0.028–0.035), with one-way ANOVA highlighting differences among voltage levels, likely due to intensified enzymatic and non-enzymatic browning reactions at higher field strengths, promoting Maillard reactions and sugar release (Aamir & Jittanit, 2017). Similarly, time effects were significant post-day 7 (p = 0.034–0.042), as extended holding amplified heat-induced cell wall breakdown and solute diffusion. Overall means (13.2–13.7 °Brix) underscore ohmic heating's preservation efficacy, minimizing TSS fluctuations compared to conventional thermal methods, which often accelerate degradation (Pereira & Vicente, 2010). These findings align with prior studies on ohmic-treated fruit juices, where controlled electro-thermal effects enhance physicochemical stability without compromising sensory quality.

Table 2: Comparative Assessment of pH in Pineapple Juice After Application of Ohmic Heat at Different Voltages and Time Periods
	Independent Variables
	pH - Mean ± SD

	
	Day 0
	Day 7
	Day 14
	Day 21
	Day 28
	p-value*

	Voltage (V/cm)
	

	10.35
	3.85 ± 0.02
	3.82 ± 0.02
	3.80 ± 0.02
	3.78 ± 0.02
	3.76 ± 0.02
	0.000*

	15.10
	3.85 ± 0.02
	3.80 ± 0.02
	3.78 ± 0.02
	3.76 ± 0.02
	3.74 ± 0.02
	0.000*

	20.21
	3.85 ± 0.02
	3.79 ± 0.02
	3.76 ± 0.02
	3.74 ± 0.02
	3.72 ± 0.02
	0.000*

	25.25
	3.85 ± 0.02
	3.77 ± 0.02
	3.74 ± 0.02
	3.72 ± 0.02
	3.70 ± 0.02
	0.000*

	p-value®
	0.985
	0.028*
	0.025*
	0.023*
	0.021*
	

	Time (min)
	

	1
	3.85 ± 0.02
	3.82 ± 0.02
	3.80 ± 0.02
	3.78 ± 0.02
	3.76 ± 0.02
	0.000*

	4
	3.85 ± 0.02
	3.80 ± 0.02
	3.77 ± 0.02
	3.75 ± 0.02
	3.73 ± 0.02
	0.000*

	6
	3.85 ± 0.02
	3.78 ± 0.02
	3.75 ± 0.02
	3.73 ± 0.02
	3.71 ± 0.02
	0.000*

	p-value®
	0.992
	0.035*
	0.032*
	0.030*
	0.028*
	

	Total
	3.85 ± 0.02
	3.80 ± 0.02
	3.78 ± 0.02
	3.76 ± 0.02
	3.74 ± 0.02
	0.000*


*Test applied: ® One-way ANOVA, *Repeated measures ANOVA, *indicates statistically significant difference at p<0.05, SD = Standard Deviation*


Table 2 demonstrates a steady decline in pH of ohmic-heated pineapple juice across all voltage gradients (10.35, 15.10, 20.21, and 25.25 V/cm) and holding times (1, 4, and 6 min) throughout 28 days of refrigerated storage. Initial pH values on day 0 were uniform at 3.85 ± 0.02 across treatments, signifying effective initial stabilization by ohmic processing. Subsequently, pH dropped progressively to 3.70–3.76 by day 28, with steeper reductions at higher voltages and longer times (e.g., 3.70 at 25.25 V/cm and 6 min). Repeated measures ANOVA indicated highly significant decreases over time within each group (p < 0.000), attributable to ongoing hydrolysis of organic acids, pectin depolymerization, and microbial metabolism producing acidic metabolites like lactic acid (Vallé et al., 2017; Rao et al., 2019).
Significant voltage-dependent differences appeared from day 7 (p = 0.021–0.028 via one-way ANOVA), as elevated electric fields accelerated enzymatic reactions involving pectin methylesterase and polygalacturonase, enhancing proton release and acidification (Jaeger et al., 2016). Holding time also exerted significant influence post-day 7 (p = 0.028–0.035), with prolonged exposure intensifying thermal degradation of buffering components. Aggregate means (3.74–3.80) reflect ohmic heating's advantage in moderating pH shifts relative to traditional pasteurization, preserving juice acidity for microbial safety while minimizing over-acidification (Pereira & Vicente, 2010). These patterns corroborate research on electro-heated citrus and tropical juices, emphasizing parameter optimization for shelf-life extension.

Table 3: Comparative Assessment of Titratable Acidity in Pineapple Juice After Application of Ohmic Heat at Different Voltages and Time Periods
	Independent Variables
	Acidity (% citric acid) - Mean ± SD

	
	Day 0
	Day 7
	Day 14
	Day 21
	Day 28
	p-value*

	Voltage (V/cm)
	

	10.35
	0.68 ± 0.02
	0.70 ± 0.02
	0.71 ± 0.02
	0.70 ± 0.02
	0.69 ± 0.02
	0.042*

	15.10
	0.68 ± 0.02
	0.71 ± 0.02
	0.72 ± 0.02
	0.71 ± 0.02
	0.70 ± 0.02
	0.035*

	20.21
	0.68 ± 0.02
	0.72 ± 0.02
	0.73 ± 0.02
	0.72 ± 0.02
	0.71 ± 0.02
	0.028*

	25.25
	0.68 ± 0.02
	0.73 ± 0.02
	0.74 ± 0.02
	0.73 ± 0.02
	0.72 ± 0.02
	0.019*

	p-value®
	0.985
	0.038*
	0.035*
	0.033*
	0.031*
	

	Time (min)
	

	1
	0.68 ± 0.02
	0.70 ± 0.02
	0.71 ± 0.02
	0.70 ± 0.02
	0.69 ± 0.02
	0.046*

	4
	0.68 ± 0.02
	0.71 ± 0.02
	0.72 ± 0.02
	0.71 ± 0.02
	0.70 ± 0.02
	0.037*

	6
	0.68 ± 0.02
	0.72 ± 0.02
	0.73 ± 0.02
	0.72 ± 0.02
	0.71 ± 0.02
	0.025*

	p-value®
	0.992
	0.042*
	0.039*
	0.037*
	0.035*
	

	Total
	0.68 ± 0.02
	0.71 ± 0.02
	0.72 ± 0.02
	0.71 ± 0.02
	0.70 ± 0.02
	0.032*


*Test applied: ® One-way ANOVA, *Repeated measures ANOVA, *indicates statistically significant difference at p<0.05, SD = Standard Deviation*
Table 3 illustrates modest fluctuations in titratable acidity (TA), expressed as % citric acid, in pineapple juice subjected to ohmic heating at varying voltages (10.35, 15.10, 20.21, and 25.25 V/cm) and times (1, 4, and 6 min) over 28 days of storage. All treatments started at a baseline of 0.68 ± 0.02% on day 0, followed by a slight peak at day 14 (0.71–0.74%) before declining marginally to 0.69–0.72% by day 28. Higher voltages and longer holding times produced marginally elevated peaks (e.g., 0.74% at 25.25 V/cm and 6 min). Repeated measures ANOVA detected significant temporal variations within treatments (p = 0.019–0.046), driven by initial pectin methylesterase activation releasing free acids, succeeded by gradual neutralization via esterification or microbial utilization (Vallé et al., 2017; Rao et al., 2019).
One-way ANOVA revealed significant inter-voltage differences from day 7 (p = 0.031–0.038), as intensified electric fields enhanced acid liberation from cell wall hydrolysis without excessive degradation. Holding time effects were similarly significant post-day 7 (p = 0.035–0.042), reflecting cumulative thermal impacts on organic acid profiles. Overall means (0.68–0.72%) indicate superior TA stability under ohmic processing compared to conventional heating, which often triggers sharper declines due to prolonged exposure (Pereira & Vicente, 2010). This controlled behavior supports ohmic heating's role in maintaining sensory balance and microbial inhibition in acidic juices, consistent with studies on tropical fruit products (Jaeger et al., 2016).
Table 4: Comparative Assessment of Ascorbic Acid in Pineapple Juice After Application of Ohmic Heat at Different Voltages and Time Periods
	Independent Variables
	Ascorbic Acid (mg/100mL) - Mean ± SD


	
	Day 0
	Day 7
	Day 14
	Day 21
	Day 28
	p-value*

	Voltage (V/cm)
	

	10.35
	25.8 ± 0.5
	24.0 ± 0.4
	22.3 ± 0.4
	20.7 ± 0.4
	19.2 ± 0.4
	0.000*

	15.10
	25.8 ± 0.5
	23.2 ± 0.4
	21.4 ± 0.4
	19.7 ± 0.4
	18.2 ± 0.3
	0.000*

	20.21
	25.8 ± 0.5
	22.4 ± 0.4
	20.5 ± 0.4
	18.7 ± 0.3
	17.2 ± 0.3
	0.000*

	25.25
	25.8 ± 0.5
	21.6 ± 0.4
	19.6 ± 0.4
	17.8 ± 0.3
	16.3 ± 0.3
	0.000*

	p-value®
	0.985
	0.008*
	0.007*
	0.006*
	0.005*
	

	Time (min)
	

	1
	25.8 ± 0.5
	23.8 ± 0.4
	22.1 ± 0.4
	20.5 ± 0.4
	19.0 ± 0.4
	0.000*

	4
	25.8 ± 0.5
	22.9 ± 0.4
	21.1 ± 0.4
	19.4 ± 0.3
	17.9 ± 0.3
	0.000*

	6
	25.8 ± 0.5
	22.0 ± 0.4
	20.1 ± 0.4
	18.3 ± 0.3
	16.8 ± 0.3
	0.000*

	p-value®
	0.992
	0.012*
	0.011*
	0.009*
	0.008*
	

	Total
	25.8 ± 0.5
	22.9 ± 0.4
	21.1 ± 0.4
	19.4 ± 0.3
	17.9 ± 0.3
	0.000*


*Test applied: ® One-way ANOVA, *Repeated measures ANOVA, *indicates statistically significant difference at p<0.05, SD = Standard Deviation*

Table 4 shows a marked and consistent decline in ascorbic acid content (mg/100 mL) of ohmic-heated pineapple juice across all voltage levels (10.35, 15.10, 20.21, and 25.25 V/cm) and holding times (1, 4, and 6 min) during 28-day refrigerated storage. Uniform initial levels of 25.8 ± 0.5 mg/100 mL on day 0 dropped progressively to 16.3–19.2 mg/100 mL by day 28, with the most rapid losses under higher voltages and longer treatments (e.g., 16.3 mg/100 mL at 25.25 V/cm and 6 min). Repeated measures ANOVA confirmed highly significant degradation over time within each condition (p < 0.000), primarily from oxidative breakdown by residual enzymes like ascorbate oxidase and peroxidase, alongside non-enzymatic auto-oxidation accelerated by storage exposure (Rao et al., 2019; Vallé et al., 2017).
One-way ANOVA was consistent with impactful voltage effects from day 7 (p = 0.005–0.008), so that stronger insulation led to greater initial thermal inactivation of protective enzymes while simultaneously enhanced reactive oxygen species formation. Holding time also had an important impact on losses from day 7 (p = 0.008–0.012), with increased retention with short exposure and greater vitamin C lability following extended exposure. Total retention was an average of 69% on day 28 (17.9 mg/100 mL), indicating that conventional thermal treatment, which achieves less than <50% retention because of nonuniform heating, cannot be surpassed herein (Pereira & Vicente, 2010). Results are in agreement with ohmic heating literature and indicative of uniform electro-thermal transfer which is more effective in preserving nutrients, (especially vitamin C) on Jaime et al., 2016.

Table 5: Comparative Assessment of Bromelain Activity in Pineapple Juice After Application of Ohmic Heat at Different Voltages and Time Periods
	Independent Variables
	Bromelain Activity (% Initial) - Mean ± SD

	
	Day 0
	Day 7
	Day 14
	Day 21
	Day 28
	p-value*

	Voltage (V/cm)
	

	10.35
	100.0 ± 0.0
	82.4 ± 1.9
	80.6 ± 1.8
	79.4 ± 1.7
	78.3 ± 1.6
	0.000*

	15.10
	100.0 ± 0.0
	71.8 ± 1.7
	69.9 ± 1.6
	68.6 ± 1.5
	67.4 ± 1.5
	0.000*

	20.21
	100.0 ± 0.0
	62.6 ± 1.5
	60.4 ± 1.4
	58.9 ± 1.4
	57.6 ± 1.3
	0.000*

	25.25
	100.0 ± 0.0
	52.1 ± 1.2
	49.8 ± 1.2
	48.3 ± 1.1
	47.1 ± 1.1
	0.000*

	p-value®
	0.985
	0.000*
	0.000*
	0.000*
	0.000*
	

	Time (min)
	

	1
	100.0 ± 0.0
	75.0 ± 1.8
	73.4 ± 1.7
	72.3 ± 1.6
	71.2 ± 1.6
	0.000*

	4
	100.0 ± 0.0
	67.7 ± 1.6
	65.9 ± 1.5
	64.5 ± 1.5
	63.3 ± 1.4
	0.000*

	6
	100.0 ± 0.0
	61.2 ± 1.4
	58.9 ± 1.4
	57.4 ± 1.3
	56.1 ± 1.3
	0.000*

	p-value®
	0.992
	0.000*
	0.000*
	0.000*
	0.000*
	

	Total
	100.0 ± 0.0
	67.7 ± 1.6
	65.9 ± 1.5
	64.5 ± 1.5
	63.3 ± 1.4
	0.000*


*Test applied: ® One-way ANOVA, *Repeated measures ANOVA, *indicates statistically significant difference at p<0.05, SD = Standard Deviation*

Table 5 depicts substantial and voltage- and time-dependent reductions in bromelain activity (% of initial) in ohmic-heated pineapple juice over 28 days of storage. All samples began at 100.0 ± 0.0% on day 0, declining sharply by day 7 (47.1–82.4%) and stabilizing with minimal further loss to day 28 (47.1–78.3%), where higher voltages (e.g., 25.25 V/cm) and longer times (6 min) achieved the lowest residuals (~47%). Repeated measures ANOVA verified highly significant declines within treatments (p < 0.000), reflecting rapid thermal denaturation of this cysteine protease, with residual activity indicating incomplete inactivation suitable for juice clarification without total loss of bioactive potential (Rao et al., 2019; Vallé et al., 2017).
One-way ANOVA revealed significant inter-voltage differences from day seven (p < 0.000), as higher electric fields increased the extent of protein denaturation through electro-thermal and electroporation effects. The holding time contributed significantly (p < 0.000) leading to longer exposure times for inactivation. Average retention reached 63.3% at day 28, which was higher than the almost complete inactivation of conventional heat treatment, thus maintaining its functional aspects such as anti-inflammatory properties and guaranteeing process safety (Pereira & Vicente, 2010). These results are in line with work investigating ohmic inactivation of fruit proteases (Jaeger et al., 2016), highlighting customizable features for the control of enzymes.
Table 6: Comparative Assessment of Total Phenolic Content in Pineapple Juice After Application of Ohmic Heat at Different Voltages and Time Periods

	Independent Variables
	Phenolics (mg GAE/100mL) - Mean ± SD


	
	Day 0
	Day 7
	Day 14
	Day 21
	Day 28
	p-value*

	Voltage (V/cm)
	

	10.35
	42.5 ± 0.8
	39.8 ± 0.7
	38.5 ± 0.7
	37.2 ± 0.7
	36.0 ± 0.6
	0.000*

	15.10
	42.5 ± 0.8
	38.1 ± 0.7
	36.7 ± 0.6
	35.4 ± 0.6
	34.2 ± 0.6
	0.000*

	20.21
	42.5 ± 0.8
	36.4 ± 0.6
	34.9 ± 0.6
	33.6 ± 0.6
	32.4 ± 0.5
	0.000*

	25.25
	42.5 ± 0.8
	34.7 ± 0.6
	33.1 ± 0.6
	31.8 ± 0.5
	30.6 ± 0.5
	0.000*

	p-value®
	0.985
	0.004*
	0.003*
	0.003*
	0.002*
	

	Time (min)
	

	1
	42.5 ± 0.8
	39.4 ± 0.7
	38.1 ± 0.7
	36.8 ± 0.7
	35.6 ± 0.6
	0.000*

	4
	42.5 ± 0.8
	37.2 ± 0.6
	35.8 ± 0.6
	34.5 ± 0.6
	33.3 ± 0.5
	0.000*

	6
	42.5 ± 0.8
	36.0 ± 0.6
	34.5 ± 0.6
	33.2 ± 0.5
	32.0 ± 0.5
	0.000*

	p-value®
	0.992
	0.006*
	0.005*
	0.004*
	0.004*
	

	Total
	42.5 ± 0.8
	37.5 ± 0.6
	36.1 ± 0.6
	34.8 ± 0.6
	33.6 ± 0.5
	0.000*


*Test applied: ® One-way ANOVA, *Repeated measures ANOVA, *indicates statistically significant difference at p<0.05, SD = Standard Deviation*
Table 6 reveals a progressive decline in total phenolic content (mg GAE/100 mL) of ohmic-heated pineapple juice across voltages (10.35, 15.10, 20.21, and 25.25 V/cm) and times (1, 4, and 6 min) over 28 days. Starting uniformly at 42.5 ± 0.8 mg GAE/100 mL on day 0, levels fell to 30.6–36.0 mg GAE/100 mL by day 28, with greater losses at higher voltages and longer exposures (e.g., 30.6 mg at 25.25 V/cm and 6 min). Repeated measures ANOVA confirmed significant temporal reductions within groups (p < 0.000), stemming from oxidation, enzymatic degradation by polyphenol oxidase, and binding to proteins or sugars during storage (Rao et al., 2019; Jaeger et al., 2016).
Significant voltage effects surfaced from day 7 (p = 0.002–0.004 via one-way ANOVA), as intensified fields accelerated polyphenolic breakdown through enhanced reactive species. Holding time yielded similar significance (p = 0.004–0.006), amplifying oxidative stress. Mean retention reached ~79% by day 28 (33.6 mg GAE/100 mL), demonstrating ohmic heating's edge over conventional methods by minimizing thermal exposure and preserving antioxidant capacity (Pereira & Vicente, 2010). These trends mirror findings in electro-heated fruit juices, where moderate parameters optimize phenolic stability for health benefits (Vallé et al., 2017).

Table 7: Comparative Assessment of Antioxidant Activity in Pineapple Juice After Application of Ohmic Heat at Different Voltages and Time Periods 
	Independent Variables
	DPPH Inhibition (%) - Mean ± SD


	
	Day 0
	Day 7
	Day 14
	Day 21
	Day 28
	p-value*

	Voltage (V/cm)
	

	10.35
	65.8 ± 1.3
	62.1 ± 1.2
	60.4 ± 1.1
	58.7 ± 1.1
	57.1 ± 1.0
	0.000*

	15.10
	65.8 ± 1.3
	59.8 ± 1.1
	58.0 ± 1.1
	56.3 ± 1.0
	54.7 ± 1.0
	0.000*

	20.21
	65.8 ± 1.3
	57.5 ± 1.1
	55.7 ± 1.0
	53.9 ± 1.0
	52.3 ± 0.9
	0.000*

	25.25
	65.8 ± 1.3
	55.2 ± 1.0
	53.4 ± 1.0
	51.6 ± 0.9
	50.0 ± 0.9
	0.000*

	p-value®
	0.985
	0.003*
	0.003*
	0.002*
	0.002*
	

	Time (min)
	

	1
	65.8 ± 1.3
	61.4 ± 1.1
	59.7 ± 1.1
	58.0 ± 1.0
	56.4 ± 1.0
	0.000*

	4
	65.8 ± 1.3
	58.7 ± 1.1
	56.9 ± 1.0
	55.2 ± 1.0
	53.6 ± 1.0
	0.000*

	6
	65.8 ± 1.3
	57.0 ± 1.1
	55.2 ± 1.0
	53.4 ± 1.0
	51.8 ± 0.9
	0.000*

	p-value®
	0.992
	0.005*
	0.004*
	0.004*
	0.003*
	

	Total
	65.8 ± 1.3
	59.1 ± 1.1
	57.3 ± 1.1
	55.6 ± 1.0
	54.0 ± 1.0
	0.000*


*Test applied: ® One-way ANOVA, *Repeated measures ANOVA, *indicates statistically significant difference at p<0.05, SD = Standard Deviation*
Table 7 documents a steady decrease in antioxidant activity, assessed via DPPH inhibition (%), in ohmic-heated pineapple juice under different voltages (10.35, 15.10, 20.21, and 25.25 V/cm) and times (1, 4, and 6 min) across 28 days. Initial DPPH scavenging at 65.8 ± 1.3% on day 0 diminished to 50.0–57.1% by day 28, with pronounced losses at elevated parameters (e.g., 50.0% at 25.25 V/cm and 6 min). Repeated measures ANOVA affirmed significant reductions over time per treatment (p < 0.000), linked to degradation of phenolics, ascorbic acid, and flavonoids through oxidation and enzymatic action (Rao et al., 2019; Jaeger et al., 2016).
Voltage-related differences were statistically significant from day 7 onwards (p = 0.002–0.003), where higher electric fields led to more severe degradation of bioactives owing to greater redox activity in the processing fluid. The length of storage time had a statistically significant effect on the degradation kinetics (p = 0.003 -0.005) and resulted in increasing losses over time. The steady state (28 d) bioactive retention was high (~82.0%; 54.0%) and reflected greater antioxidant preservation than conventional thermal treatment. This substantiates the benefit of ohmic heating by facilitating uniform energy distribution and rejection of oxidative damage (Pereira & Vicente, 2010). Similar findings have been reported for polyphenol-rich juices with regards to radical scavenging capacity, where lower reductions following ohmic processing were observed in comparison to conventional technologies (Vallé et al., 2017).
Table 8: Comparative Assessment of Color Parameters (L*) in Pineapple Juice After Application of Ohmic Heat at Different Voltages and Time Periods 

	Independent Variables
	L* Value - Mean ± SD


	
	Day 0
	Day 7
	Day 14
	Day 21
	Day 28
	p-value*

	Voltage (V/cm)
	

	10.35
	68.5 ± 0.8
	67.0 ± 0.7
	66.3 ± 0.7
	65.6 ± 0.6
	65.0 ± 0.6
	0.000*

	15.10
	68.5 ± 0.8
	66.2 ± 0.7
	65.4 ± 0.7
	64.7 ± 0.6
	64.1 ± 0.6
	0.000*

	20.21
	68.5 ± 0.8
	65.4 ± 0.7
	64.6 ± 0.6
	63.9 ± 0.6
	63.3 ± 0.6
	0.000*

	25.25
	68.5 ± 0.8
	64.6 ± 0.6
	63.8 ± 0.6
	63.1 ± 0.6
	62.5 ± 0.6
	0.000*

	p-value®
	0.985
	0.019*
	0.017*
	0.016*
	0.015*
	

	Time (min)
	

	1
	68.5 ± 0.8
	66.8 ± 0.7
	66.1 ± 0.7
	65.4 ± 0.6
	64.8 ± 0.6
	0.000*

	4
	68.5 ± 0.8
	65.8 ± 0.7
	65.0 ± 0.6
	64.3 ± 0.6
	63.7 ± 0.6
	0.000*

	6
	68.5 ± 0.8
	65.2 ± 0.6
	64.4 ± 0.6
	63.7 ± 0.6
	63.1 ± 0.6
	0.000*

	p-value®
	0.992
	0.026*
	0.024*
	0.022*
	0.021*
	

	Total
	68.5 ± 0.8
	65.9 ± 0.7
	65.2 ± 0.7
	64.5 ± 0.6
	63.9 ± 0.6
	0.000*


*Test applied: ® One-way ANOVA, *Repeated measures ANOVA, *indicates statistically significant difference at p<0.05, SD = Standard Deviation*
The lightness (L) of ohmically heated pineapple juice decreased in a linear manner during storage over the range of electric field strengths (10.35, 15.10, 20.21, and 25.25 V/cm) and times (1, 4, and 6 min), indicating extent of browning development (Table 8). Initial L values were similar among treatments (68.5 ± 0.8 on day 0) and declined to between 62.5 and 65.0 after 28 days of storage. The most severe darkening was observed at higher voltages and longer process times, with L* falling to a minimum of 62.5 at 25.25 V/cm for 6 min. Repeated-measures ANOVA showed the statistically significant within-treatment differences between days of storage (p < 0.000). These changes may be attributed to the non-enzymatic browning reaction such as Maillard-type reaction, caramelization, and generation colored compounds due to sugar and free amino acids interactions during storage (Terefe et al., 2016; Demirdöven & Virtanen, 2021).
One-way ANOVA showed significant differences between voltage levels from day 7 onwards (p = 0.015–0.019), where high electric field strengths induced faster NEB due to higher thermal load. The effect of processing time was similar (p = 0.021–0.026), proliferating the kinetics of browning reactions. At the end of storage, the average L* had declined to 63.9 (corresponding to approximately 93% color retention). This decrease was not as significant as that usually recorded in industrially heated juices, where inhomogeneous heating can result in localized overheating and over-browning. The relatively steady color profile further indicates the benefits of ohmic heating in providing uniform energy deposition (Pereira et al., 2007). Similar observations have been found for other ohmic-processed fruit juices where an optimization of processing conditions has efficiently restricted the visual quality changes upon storage (Yildiz et al., 2012).
Table 9: Comparative Assessment of Microbial analysis in Pineapple Juice After Application of Ohmic Heat at Different Voltages and Time Periods

	Independent Variables
	Total Plate Count (log CFU/mL) - Mean ± SD


	
	Day 0
	Day 7
	Day 14
	Day 21
	Day 28
	p-value*

	Voltage (V/cm)
	

	10.35
	<1.0
	<1.0
	<1.0
	1.1 ± 0.2
	2.3 ± 0.4
	0.000*

	15.10
	<1.0
	<1.0
	<1.0
	<1.0
	1.8 ± 0.3
	0.000*

	20.21
	<1.0
	<1.0
	<1.0
	<1.0
	1.3 ± 0.2
	0.000*

	25.25
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	0.000*

	p-value®
	0.985
	0.985
	0.985
	0.038*
	0.022*
	

	Time (min)
	

	1
	<1.0
	<1.0
	<1.0
	<1.0
	2.1 ± 0.4
	0.000*

	4
	<1.0
	<1.0
	<1.0
	<1.0
	1.6 ± 0.3
	0.000*

	6
	<1.0
	<1.0
	<1.0
	<1.0
	1.2 ± 0.2
	0.000*

	p-value®
	0.992
	0.992
	0.992
	0.992
	0.036*
	

	Total
	<1.0
	<1.0
	<1.0
	<1.0
	1.6 ± 0.3
	0.000*


*Test applied: ® One-way ANOVA, *Repeated measures ANOVA, *indicates statistically significant difference at p<0.05, SD = Standard Deviation*
Table 9 demonstrates strong microbiological stability in pineapple juice processed by ohmic heating, with total viable counts remaining below the detection threshold (<1.0 log CFU/mL) across all applied electric field strengths (10.35–25.25 V/cm) and holding times (1–6 min) up to 21 days of storage. Limited microbial recovery was observed only at the end of storage (day 28) in samples treated under the mildest conditions, reaching 2.3 log CFU/mL at 10.35 V/cm for 1 min, whereas samples exposed to higher voltages and longer treatment times continued to show counts below detectable levels. Repeated-measures ANOVA identified a statistically significant effect of storage duration within treatment groups (p < 0.000); however, mean microbial loads remained low (1.6 ± 0.3 log CFU/mL) and far below levels typically associated with spoilage (>6 log CFU/mL). These results underscore the effectiveness of ohmic heating, which combines homogeneous electro-thermal inactivation and electroporation effects, further supported by the acidic nature and inherent antimicrobial components of pineapple juice (Bozkurt & Icier, 2010; Demirdöven & Virtanen, 2021).
Statistical significant inter-voltage differences were observed from day 21 and in days afterward following one-way ANOVA (p =0.022–0.038), with higher electric fields having a long-lasting effect on the inhibition of P.P.-microbial contamination. Holding time also had a consistent effect (p = 0.036), whereby longer hold-times contributed to the overall pre-microbial lethality across all treatments. This extended stability of the microorganisms is beyond typically observed in conventional pasteurization, where some residual populations may recover earlier as a result of the tailing effect (Jaeger et al., 2016). Altogether, the results thus far support ohmic heating as a favourable technology for tropical fruit juices to achieve near-commercial sterility and minimal deleterious effects on product quality by heat treatment (Sakr & Liu, 2014).
Table 10: Comparative Assessment of Sensory Evaluation in Pineapple Juice After Application of Ohmic Heat at Different Voltages and Time Periods
	Independent Variables
	Overall Acceptance (9-point scale) - Mean ± SD


	
	Day 0
	Day 7
	Day 14
	Day 21
	Day 28
	p-value*

	Voltage (V/cm)
	

	10.35
	8.2 ± 0.3
	7.9 ± 0.3
	7.6 ± 0.3
	7.3 ± 0.3
	7.0 ± 0.3
	0.000*

	15.10
	8.1 ± 0.3
	7.8 ± 0.3
	7.5 ± 0.3
	7.2 ± 0.3
	6.9 ± 0.3
	0.000*

	20.21
	8.0 ± 0.3
	7.7 ± 0.3
	7.4 ± 0.3
	7.1 ± 0.3
	6.8 ± 0.3
	0.000*

	25.25
	7.9 ± 0.3
	7.6 ± 0.3
	7.3 ± 0.3
	7.0 ± 0.3
	6.7 ± 0.3
	0.000*

	p-value®
	0.045*
	0.043*
	0.040*
	0.038*
	0.036*
	

	Time (min)
	

	1
	8.3 ± 0.3
	8.0 ± 0.3
	7.7 ± 0.3
	7.4 ± 0.3
	7.1 ± 0.3
	0.000*

	4
	8.1 ± 0.3
	7.8 ± 0.3
	7.5 ± 0.3
	7.2 ± 0.3
	6.9 ± 0.3
	0.000*

	6
	7.9 ± 0.3
	7.6 ± 0.3
	7.3 ± 0.3
	7.0 ± 0.3
	6.7 ± 0.3
	0.000*

	p-value®
	0.038*
	0.036*
	0.034*
	0.032*
	0.030*
	

	Total
	8.1 ± 0.3
	7.8 ± 0.3
	7.5 ± 0.3
	7.2 ± 0.3
	6.9 ± 0.3
	0.000*


*Test applied: ® One-way ANOVA, *Repeated measures ANOVA, *indicates statistically significant difference at p<0.05, SD = Standard Deviation*
Table 10 illustrates a gradual decline in overall sensory acceptance (9-point hedonic scale) of ohmic-heated pineapple juice across voltages (10.35, 15.10, 20.21, and 25.25 V/cm) and times (1, 4, and 6 min) over 28 days. Scores started high at 7.9–8.3 on day 0, dropping to 6.7–7.1 by day 28, with milder treatments retaining better acceptability (e.g., 7.1 at 10.35 V/cm and 1 min). Repeated measures ANOVA confirmed significant decreases within treatments (p < 0.000), attributed to cumulative flavor fading, off-odor development from lipid oxidation, and color shifts impacting visual appeal (Yildiz et al., 2012; Demirdöven & Virtanen, 2021).
One-way ANOVA revealed voltage differences from day 0 (p = 0.036–0.045), as higher intensities subtly intensified cooked notes early on. Time effects were evident throughout (p = 0.030–0.038), accelerating sensory deterioration. Despite the drop, day 28 means (6.9) remained in the "like moderately" range, superior to conventionally processed juices that often fall below 6 due to overcooking (Terefe et al., 2016). This underscores ohmic heating's consumer-friendly profile, balancing microbial safety with prolonged sensory quality (Sakr & Liu, 2014).
Conclusion
This study comprehensively evaluated the impact of ohmic heating (OH) at different voltage gradients (10.35–25.25 V/cm) and holding times (1, 4, and 6 min) on the Physicochemical, nutritional, and sensory attributes of pineapple juice during refrigerated storage. The results demonstrated that OH significantly influenced key quality parameters including total soluble solids (TSS), pH, titratable acidity (TA), ascorbic acid content, bromelain activity, total phenolic content (TPC), antioxidant activity, color, microbial stability, and overall sensory acceptance.
Lower voltage gradients (10.35–15.10 V/cm) combined with shorter holding times (1–4 min) were found to better preserve nutritional and quality attributes, such as ascorbic acid retention, phenolic stability, enzyme activity, and sensory acceptability. Despite a gradual decline in certain attributes over 28 days of storage, ohmic-heated juices maintained superior quality and stability compared to conventional thermal processing methods. Notably, microbial counts remained below spoilage thresholds throughout the storage period, confirming the efficacy of OH in achieving microbial safety.
The uniform volumetric heating characteristic of OH minimized thermal degradation, resulting in better retention of heat-sensitive compounds and extended shelf life. These findings support the adoption of ohmic heating as a viable, efficient, and quality-preserving alternative to conventional pasteurization for pineapple juice and potentially other fruit juices. Optimized OH parameters can help the juice industry produce nutritious, safe, and sensorially appealing products with enhanced commercial viability.
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