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Abstract 18 

Conventional pasteurization used for the elimination of harmful microorganisms also leads to 19 

thermal degradation of heat-sensitive bioactive composition present in Jamun (Syzygium 20 

cumini) fruit, thereby reducing the antioxidant activity. To address this limitation, the research 21 

focuses on how advanced technology, Ultrasonication Assisted Enzymatic Treatment (USEZT) 22 

has enhanced bioactive and biomacromolecule contents of jamun pulp. The study also has the 23 

potential to industrialise most perishable and sensitive jamun fruit pulp. Application of 24 

Response surface methodology (RSM) helped to capture the treatment effects and further 25 

ANOVA validated the predictive model’s robustness (R2 value). The optimized condition: 25 26 

min sonication time, 20% amplitude, 0.45% enzyme concentration, and 60 min incubation gave 27 

experimentally measured values very close to model predictions, confirming the approach. 28 

mailto:swaruproy2013@gmail.com
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Ultrasound-accelerated cell wall breakage and enzyme-catalysed hydrolysis promoted 29 

retention of phenols, Acn and enhanced antioxidant capacity, though with prolonged exposure, 30 

inducing oxidative degradation. Physicochemical analysis at optimized conditions increased: 31 

juice yield (75.5 ± 0.07%), ascorbic acid (24.91 ± 0.42 mg/100g), titratable acidity (1.38 ± 0.05 32 

%), total phenolic content (TPC) (760 ± 0.03 mg/100g), ferulic acid (0.91mg/100g), gallic acid 33 

(42.10 ± 0.05 mg/100g), Quercetin (0.80 ± 0.05 mg/100g), Acn (38.57 ± 0.10 mg/100g), 34 

increased redness (a*) (31.29 ± 0.02) and colour density (2.30 ± 0.09). The low-cost, non-35 

thermal ultrasonication-enzymatic method keeps heat-sensitive bioactives in Jamun pulp intact, 36 

improving its nutritional value. This eco-friendly method helps maintain nutrient balance and 37 

supports targeted delivery in functional food applications. 38 

Keywords: Ultrasonication, Enzymatic treatment, Pectinase, Phenolic content and Acn 39 

  40 



3 

 

Abbreviations 41 

AR: Analytical Reagents, °C: Degree Celsius, KHz: kilohertz, mL: Millilitre, W: Watt, 42 

ANOVA: Analysis of Variance, gm: Gram, NaOH: Sodium Hydroxide, mg: Milligram, H2SO4: 43 

Sulfuric acid, min: Minutes, DPPH: 2,2- diphenyl-1-picrylhydrazyl, mPa.S: Millipascal 44 

second, mg: Milligram, g: Gram, µg: microgram, HPLC: High Performance Liquid 45 

Chromatography, ABTS: 2,2’ – Azino- bis (3- ethylbenzothiazoline- 6 – sulfonic acid, TSS : 46 

Total Soluble Solids, TS: Total Sugars, RS: Reducing Sugars, TRS: Total Reducing Sugars,  47 

TV: Titre Value, TPC: Total Phenolic Compounds, PVt Ltd: Private Limited, µL: Microliter, 48 

nm: Nanometre, HCL: Hydrochloric acid, N: Normality, OD: Optical Density, Incb: 49 

Incubation, Enz Con: Enzyme concentration, Incb tm: Incubation Time, Mm: Millimolar, g: 50 

grams, pH: Potential hydrogen, Fig: Figure, USEZT: Ultrasonication Assisted Enzymatic 51 

Treatment, Enz con: Enzyme Concentration, Acn: Anthocyanin, S: seconds, Adq: Adequate, 52 

TSS: Total soluble solids, CD: Colour Density, SD: Standard Deviation, hrs: hours 53 

1. Introduction 54 

Jamun is a tropical underutilized fruit belonging to the Myrtaceae family. It is an abundant 55 

source of phytochemicals (polyphenols, ascorbic acid, Acn) compounds of pharmacological 56 

importance. Bioactive constituents present in jamun, like phenolic acids, anthocyanins (Acn), 57 

and terpenes, are reported to possess significant health effects, viz., anti-inflammatory, 58 

antioxidant, anticancer, antimicrobial and hypoglycemic activity. Phenolic acids prevent 59 

oxidative stress and improve sensory characteristics, Acn reinforce cellular defence, and 60 

terpenes prevent infections and manage blood glucose [1, 2, 3, 4, 5, 6]. The fruit has been 61 

traditionally consumed as a medicinal drink by mixing it with water and preservatives, such as 62 

sugar and citric acid, to extend its lifespan. Further to increase the palatability, the fruit has 63 

been soaked in brine solution to reduce its astringent flavour [7]. One major concern associated 64 
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with the jamun fruit is its shelf life.  Properly matured jamun fruits are highly perishable, which 65 

leads to over ripening, excessive tissue softening and becomes prone to pathogenic attacks 66 

(necrotrophy Brytis cinerea) leading to a significant postharvest loss. Whereas jamun can be 67 

stored at room temperature (35 to 45°C) for 2 days and at low temperature the shelf life 68 

increases up to 20 days [8]. Traditionally fruit pulp has been extracted using mechanical press 69 

(Cloth, screw and belt press), decanter type centrifugation, thermomaceration and diffusion 70 

extraction. Later on, the need for microbially stable jamun based products lead to the 71 

development of conventional processing methods like sterilization and pasteurization where 72 

microbial stability was achieved at the loss of bioactive compounds like polyphenols, Acn and 73 

ascorbic acid which leads to structural changes in aromatic compounds, unpleasant smell and 74 

discoloration in fruit pulp [7, 9, 10, 11].The unorganized cultivation and harvesting methods 75 

also lead to a substantial annual loss of jamun fruit. Innovative new processing technique 76 

is frequently undertaken to improve the value of fruit pulp by addition of preservatives, 77 

development of new processed product and higher consumer acceptability. To overcome the 78 

problem techniques such as ultrasonication and enzymatic treatments has been used in the 79 

study. 80 

Enzymatic treatment was found to be a be a better option to conventional methods in comes to 81 

pulp retrieval. Liquefying enzyme pectinase is a mixture of polygalacturonase-heterogeneous, 82 

pectin lyase-heterogeneous, and pectin methyl esterase-heterogeneous. Pectinase hydrolyse 83 

cell wall polysaccharides in the fruit through disruption of glycosidic bonds, cell softening, and 84 

facilitation of juice release [12,13, 14, 15, 16]. Additionally enzymatic treatment of pulp 85 

prevents the destruction of valuable fruit constituents and promotes hydrolysis of pecto-86 

cellulosic cell wall structural components efficiently to facilitate easier release of valuable 87 

compounds [17, 14, 18]. But the process of extraction was labour intensive and time taking. 88 

Whereas Ultrasonication (US), helps in better cell disintegration and is considered better 89 
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replacement to traditional thermal techniques due to the ability to extract target compound at a 90 

lower processing time and temperature with minimal damage to the nutritional profile of food 91 

product [19]. It was reported that the energy applied during sonication results in the release of 92 

charged molecules from the complex mixture and exhibits substantially higher electrical 93 

conductivity compared to the samples subjected pasteurization. The conductivity difference 94 

implies that pasteurization accounted for the degradation of some compounds whereas 95 

sonication, on the other hand, primarily enabled the release of molecules without any 96 

degradation [20, 21].  97 

The originality of the study is based on water based green technology where no harmful 98 

solvents were used. The method is energy-sufficient, and environmentally friendly, minimizing 99 

the use of chemical additives or thermal processing.   The research uncovers key points of 100 

degradation, where extended sonication adversely impacts TPC, Acn, and antioxidant activity. 101 

Lower polydispersity index and enhanced zeta potential show that the improved colloidal and 102 

pulp stability, preventing sedimentation and supporting suitability of jamun pulp in 103 

nutraceutical and pharmaceutical uses in future. Using response surface methodology (RSM), 104 

the research maximizes the water-based extraction process to recover bioactive compounds and 105 

reduce wastage. Unlike previous research where only enhanced extraction is focused for 106 

processed fruit juices/pulp, the present study gives a precise equilibrium between enhancement 107 

and degradation, which is very much applicable to industries [22, 14]. The balance between 108 

sonication time and amplitude, demonstrating that excessive sonication leads to the degradation 109 

of phenolic compounds through excessive reactive oxygen species generation. This combined 110 

system exploits the mechanical properties of ultrasonication in the disruption of cell walls for 111 

the improvement of enzyme accessibility and activity, generating improved yields of the target 112 

compound. The study determines the equilibrium of maximum extraction and degradation, 113 

which is one that has been left out in previous studies. This makes it suitable for clean-label, 114 
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natural, and functional drinks, fitting the current industry trends in food technology. The 115 

bioactive obtained through optimized treatment can find applications such as healthy food 116 

ingredients, functional foodstuffs, plan based supplements and herbal medicines which can 117 

be added to serums, and products to promote skin health and retard premature aging. The Acn, 118 

antioxidant dense preservatives, present in jamun also act as natural colorants and could be 119 

used as a cleaner-label option over synthetic additives.  120 

2. Materials and Methodology 121 

2.1 Chemicals and Reagents 122 

Chemicals used in the study include Sodium hydroxide, ascorbic acid, oxalic acid, 123 

phenolphthalein, 2-6- dichlorophenol indophenol, Fehling A, Fehling B, methylene blue, 124 

copper sulphate, sodium sulphate, hydrochloric acid, sulfuric acid, Folin Ciocalteu, sodium 125 

carbonate, gallic acid, α galactosidase, pectinase, ethanol, methanol, charcoal, DPPH, 2,2’- 126 

ABTS,  pectinase (Pectinex Ultra SPL), potassium persulfate, trolox, potassium ferrocyanide, 127 

quercetin, trichloroacetic acid and ferric chloride. The chemicals were analytical grade and had 128 

been procured from the Sigma and Aldrich (Mumbai, India) company. 129 

2.2 Jamun pulp preparation 130 

Jamun fruits of ‘Ra’ variety, fully matured, free from any visible defects, were collected from 131 

local farmers of village Hardaspur, Phagwara, Punjab during the harvest period May to July 132 

(2024). The selected fruits were washed three times in tap water and then a single 133 

wash was done using distilled water. Further, the pulp (1000 mL) was manually separated from 134 

the seeds to avoid any bitterness and homogenized using a mixer (Longway Super Dlx 750W) 135 

for 5 min to achieve a uniform consistency. The blended mixture (Improvhome stainless steel 136 

filter) was strainer to remove bulk suspended particles and to achieve an even consistency. 137 

Filtrate was subsequently pasteurized (60°C for 2 min) in water bath followed by instant 138 
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cooling in cold water bath and the mixture was stored at – 16 °C in a 300 mL capacity glass 139 

bottles until required. The pasteurized pulp sample (60 mL pulp + 20 mL distilled water) was 140 

taken as control. For extraction process a 20 KHz prob sonicator (Touch Screen Probe 141 

Sonicator With Sound Proof Enclosure - PRO1200, LABMAN with standard prob of 6 mm, 142 

12 to 1200W) with 100 mL capacity was used. The pulp samples (60 mL pulp + 20 mL distilled 143 

water) were sonicated under the amplitude setting of 70%, with power of 400 W and pulse 144 

duration for 5 seconds on and off at 20°C temperature. Keeping the temperature 145 

at 20 °C is crucial to avoid overheating because ultrasonication produce large amounts 146 

of heat through cavitation and to avoid this the sample beaker was submerged in 147 

a vessel of ice-water for 10 to 15 min for active cooling. Another way was rather 148 

than repeating sonication, the probe was pulsed (e.g., 10 s on, 10 s off). This allows the sample 149 

time to recover between bursts. In the second phase of extraction sonicated samples were 150 

subjected to enzymatic treatment with pectinase (3.5–7 units/mg activity) at an incubation 151 

temperature of 45°C in a hot water bath. 152 

2.3 Experimental design  153 

Box Behnken design, a type of RSM (Design-Expert 8.0) utilized in the study is a three-level 154 

factorial design similar to central composite designs, but without extreme treatment 155 

combinations [23]. The  independent variables in BBD were assigned three levels (-1, 0, 1), 156 

and the entire experimental setup included 29 trials, with five central points at the centre points 157 

[16].The four independent variables used in the experimental design include X1 - ultrasound 158 

time:10 to 30 minutes,  X2 - ultrasound amplitude: 20 to 40%, X3 - enzyme concentration: 0.03 159 

to 2% w/v and X4  - incubation time: 30 to 60 minutes. For evaluation of the effect of the linear, 160 

quadratic, and interaction effects between the process variables, a second-order 161 

model formulated based on Response Surface Methodology (RSM) was used [21]. The 162 

statistical significance of every response was identified using Analysis of Variance (ANOVA) 163 
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[24]. The accuracy, adequacy and goodness of fit of the model was tested using multiple 164 

statistical parameters, such as the coefficient of variation (CV), coefficient of determination 165 

(R²), adequate precision and adjusted R². 166 

2.4 Physicochemical analysis of jamun pulp 167 

2.4.1 pH  168 

pH values of the pulp samples were analyzed by a pH meter (ETS–D6A), which was calibrated 169 

with pH 4.0 and 7.0 phosphate buffer solutions to obtain precise values [25]. 170 

2.4.2 TSS   171 

TSS of the samples was tested with a refractometer (ERMA INC, Tokyo Japan). The 172 

measurement range of the refractometer was 0 to 90 °Brix. Prior to each measurement, the 173 

refractometer was calibrated using distilled water to ensure accuracy [23]. 174 

2.4.3 Viscosity 175 

Viscosity of the pulp samples were estimated at room temperature (around 28 ± 1 °C) in an 176 

Ostwald viscometer, 20 × 10 × 10 cm (Borosilicate FZN Glassware, Mumbai, 177 

India). It was described as millipascal-seconds (mPa s) [26, 23]. 178 

2.4.4 Moisture content  179 

Approximately 2 g of pulp sample was dried at 105°C for 2 hours [27] and the moisture content, 180 

was calculated using a standard formula based on the weight loss during the drying process. 181 

Moisture content =   Q0 - Q1 × 100 %        Eq. 1 182 

Q0  183 

Q0 and Q1 represents sample weight (g) before and after drying (g) 184 

2.4.5 Ash content  185 
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Ash content was analysed by controlled incineration in a muffle furnace. Initially the crucibles 186 

were preconditioned by heating at 600°C for 30 min. Subsequently, 2 g of samples were 187 

weighed into the pre-tared crucibles and incinerated at 600°C until consistent weight or light 188 

grey ash was achieved, and the process required 6 hours [28]. After cooling, the final weights 189 

were recorded, and the ash content was calculated using a standard formula.  190 

Ash content =  Q2 - Q0 × 100 %           Eq. 2 191 

                        Q1 – Q0 192 

Q0, crucible weight (g) 193 

Q1, Wg of sample in the crucible (g) 194 

Q2, Wg of ash in crucible (g) 195 

2.4.6 Juice yield  196 

200 g of jamun pulp was filtered using a multi-layered muslin cloth [23]. The filtrate was 197 

transferred to a measuring cylinder to find the final volume. Yield was calculated as follows: 198 

Juice yield (%) =     A1   × 100          Eq. 3 199 

                                        A2  200 

                                 A1 = Filtrate volume (mL)                 201 

                                 A2 = Weight of jamun pulp (g) 202 

 203 

2.4.7 Total titratable acidity  204 

For titration 5mL of pulp sample were diluted with 10 mL distilled water. Further to remove 205 

natural pink tinge of the jamun pulp and facilitate the titration procedure 1 gm of charcoal was 206 

used and charcoal remains from sample was separated through a Whatman No. 1 filter paper. 207 
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The mixture was titrated against 0.1N NaOH and 2 drops of phenolphthalein indicator was 208 

added to the mixture to mark the ned point of titration [29, 30]. Titratable acidity formula:   209 

Titratable acidity = (0.1N) NaOH × Volume of NaOH × equivalent weight   Eq. 4 210 

Volume of sample 211 

2.4.8 Ascorbic acid 212 

For ascorbic acid determination the pulp sample was treated 0.4% oxalic acid and further 213 

analysed by titration with 0.04% solution of 2,6-dichlorophenol indophenol dye. A 214 

standardized dye solution was prepared from L-ascorbic acid (0.1 mg/mL). For sample extract, 215 

5 mL of the jamun pulp was homogenized with 0.4% oxalic acid, and diluted of final volume 216 

of 100 mL. From the extract, 10 mL of the filtered was titrated against the standardized dye 217 

until a persistent pink colour lasted for at least 20 seconds, showing the endpoint of the titration 218 

[31]. The amount of ascorbic acid was found by applying the following:  219 

Ascorbic acid content (mg/100g) = TV × dye factor × volume make up × 100   Eq. 5 220 

                                                                 aliquot volume × sample weight 221 

2.4.9 Total protein 222 

The content of protein was analysed as per the Kjeldahl technique outlined by [32], Jamun 223 

pulp was transferred to digestion flask to which copper sulphate (0.2g), sodium sulphate (10 g) 224 

and H2SO4 (2.5mL) were added. The mixture was heated for 1 hour until sea green appeared, 225 

indicating the completion of digestion process. After digestion 200ml of distilled water and 2 226 

drops of phenolphthalein indicator was added to the sample. Further 50% NaOH solution was 227 

added slowly along the flask’s inner wall until the colour change from green to brown. In a 228 

separate beaker 50 mL of 0.1 H2SO4 solution followed by few drops of methyl red indicator 229 

was mixed and the distillation process was then carried out. The distillate was titrated with 0.1 230 

N NaOH. The formula for total protein content:  231 

Protein content = Blank TV – sample TV× 1.4 × normality of NaOH × 6.25       Eq. 6 232 
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Sample weight  233 

TV = Titre value 234 

2.4.10 Total dietary fibre 235 

Fibre content was estimated by enzymatic gravitation procedure.  0.5 mL of sample dried at 60 236 

°C for 15 hours was washed with 80% ethanol. Further enzymatic treatment was performed: α 237 

amylase (incubated at 90 to 100°C, 30min) for gelatinization and hydrolysis of starch into 238 

dextrin’s. This was followed by protease enzyme (incubation at 60°C, 30 min) to break down 239 

protein and in the last stage of enzymatic digestion where amyl glucosidase enzyme broke 240 

down dextrin to glucose and the indigestible part was precipitated by addition of 95% ethanol. 241 

The precipitate fibre was collected via filtration and the remaining residues was dried and 242 

weighed. Non fibrous compounds, protein and ash was quantified by Kjeldahl method and 243 

through incineration by muffle furnace [33]. Formula for dietary fibre content: 244 

Total dietary fibre = Residual Weight - protein – ash – blank        Eq. 7 245 

                                              Sample Weight 246 

2.4.11 Total sugar and reducing sugar 247 

For analysis 2 mL jamun pulp was diluted with 250mL of distilled water. Additionally, 10 mL 248 

aliquots of Fehling's solutions A and B were pipetted into a separate conical flask. The mixture 249 

was slowly boiled over hot mental for 2 min. Then methylene blue indicator (1 mL) was added 250 

to the solution without stopping the boiling process. While the mixture was again brought 251 

to boiling point, the normal dextrose solution was added gradually until the blue colour of the 252 

indicator had vanished. The titre value was also noted as the volume of dextrose 253 

solution required to completely reduce the copper in 10 mL of Fehling's solution [34,32]. 254 

For inversion of sugar solutions 50 mL aliquot was mixed with 10 mL of hydrochloric acid in 255 

a volumetric flask and stored at room temperature for 24 hours. After the inversion process, 256 
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phenolphthalein indicator was employed to neutralize the solution with concentrated sodium 257 

hydroxide, and the resulting solution was diluted to a final volume of 100 mL. The inversion 258 

degree was quantified using a titration with 25 mL of Fehling’s solution, mixed with Fehling’s 259 

solutions A and B, to determine the presence of invert sugar as expressed by the total sugar 260 

content. RS and TRS can be calculated as: 261 

RS (%) = invert sugar (mg) × volume made up (mL) × 100        Eq. 8 262 

TV × Sample volume × 1000 263 

 264 

 TRS (%) = invert sugar (mg) × final volume made up (mL) × original volume (mL) ×100   265 

TV × sample volume × sample aliquot for inversion × 1000     Eq. 9 266 

TS = (TRS – RS) × 0.95 + RS 267 

2.4.12 Assessment of bioactive compounds and antioxidant activity 268 

2.4.12.1 Detection of TPC  269 

For analysis 2 mL of pulp sample was mixed with 8 mL of 80% methanol and centrifuged 270 

(4000 × g) for 20 min. Then, 50 µL of the supernatant was added with Folin-Ciocalteu reagent 271 

(100 µL) and of deionized water (1500 µL). The solution was kept in room temperature for 10 272 

min before being added with 50 µL of a 20% sodium carbonate solution. The reaction mixture 273 

was incubated in the dark for 2 hours and absorbance was measured at 765 nm [27]. 274 

2.4.12.2 Total Acn 275 

Acn was determined using spectrophotometric method. Ethanolic HCl solution made by 276 

mixing 85 mL of 95% ethanol with 15 mL of 1.5N HCl was added to the fruit pulp for the 277 

sample preparation [31, 35]. After ensuring stability for 30 min in a dark atmosphere, 278 
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absorbance measurements were made at 530 nm, and the mathematical formula used to 279 

determine the total Acn content was: 280 

 281 

Total OD/100mL =   Sample OD × Volume made ×100     Eq. 10 282 

                                               Sample volume 283 

Total Acn = Total OD/100mL (mg/100mL)       Eq. 11 284 

                                  98.20 285 

2.4.12.3 DPPH scavenging activity  286 

2 mL pulp sample mixed with 2mL DPPH solution was incubated in room temperature for 30 287 

min and the absorbance was measured at 517nm.The same setup was addressed to blank using 288 

ethanol. The decrease in absorbance reading caused by the proton donating activity was 289 

monitored with spectrophotometer at 517nm [36]. Equation for determining DPPH scavenging 290 

activity:  291 

DPPH scavenging activity (%) = 100×Q0- Qt ∕ Q0    Eq. 12 292 

Qt, absorbance of pulp 293 

Q0, absorbance of control  294 

2.4.12.4 ABTS Radical scavenging activity  295 

A freshly prepared ABTS stock solution prepared by combing 7 mM ABTS solution and 2.45 296 

mM potassium persulfate solution was used to assess ability of pulp samples to scavenge ABTS 297 

radicals. The stock solution was kept aside in dark for 16 hours before being used. Further 500 298 

μL of diluted ABTS solution (absorbance of 0.7 ± 0.02 at 734 nm) was added to the pulp 299 
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sample. The absorbance of test sample and control was measured at 734nm after 6min of 300 

incubation [37, 16]. Formula for ABTS radical scavenging activity: 301 

                        ABTS activity (%) =  (1 - A1 - A2) ×100    Eq. 13 302 

                                                                     A1 303 

   A1, Absorbance of the ABTS solution in control sample 304 

  A2, Absorbance of the ABTS solution in the sample  305 

2.4.12.5 Reducing power  306 

In this assay, 1 mL methanolic extract at four concentrations was added to 2.5 mL of 1% 307 

potassium ferrocyanide and 2.5 mL of 0.2 mM phosphate buffer (pH 7.4) and the solution was 308 

further mixed with 2.5 mL of 10% trichloroacetic acid and incubated for 25 min. After 309 

incubation the solution was centrifuged (1200 g for 10 min) and 2.5 mL of the supernatant from 310 

then added to 0.5 mL of a 0.1% ferric chloride solution and an equivalent volume of distilled 311 

water. After measuring the resultant absorbance at 700 nm, the reducing power was calculated 312 

using a standard curve [38]. 313 

2.4.13 Colour  314 

The colour characteristics, of samples were examined using  Hunter colorimeter. For analysis 315 

a 20 mm glass optical cuvette with a light passage was filled with 50 mL of the sample. In 316 

colorimeter lightness is indicated by L value, where a* stands for the positive and negative 317 

colour components of red and green axis , respectively, and b for the positive and negative 318 

colour components of yellow and blue axis, respectively. L, a and b values between 319 

control and processed pulp samples were compared to assess colour modifications in the pulp 320 

samples [39] and to evaluate magnitude of colour changes formula this has been used. 321 

       ΔE =   √(L– L0)2 + (a – a0)2 + (b - b0)2                                Eq. 14 322 
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 L, a, b corresponds to colour value of control sample 323 

L0, a0 and bo represents colour value of treated samples. 324 

2.4.14 Colour Density 325 

The colour density was quantified using a microplate reader. A 200 μL aliquot of the sample 326 

was loaded into the reader to measure the absorbance at 420, 510, and 700 nm [39]. Test 327 

samples were taken in triplicate. Formula for colour density:  328 

Colour Density = [ OD (510) – OD (700)] + [OD (420) – OD (700)]      Eq.15 329 

2.4.15 HPLC analysis of phenolic compounds 330 

HPLC determination of the phenolic compounds i.e. gallic acid, ferulic acid and quercetin 331 

was performed  using a reversed-phase column C18 of length 250 mm × 4.6 mm, 5 μm (Agilent 332 

1260 Infinity, Chennai) at  temperature of 25°C. The HPLC system with UV/Vis- DAD diode 333 

array was used in quantitation of different polyphenolic compounds at different wavelengths 334 

depending on the maximum absorbance. To purge impurities, a guard column (4 × 4 mm; 5 335 

µm) was placed in front of the column used for the main analysis. The mobile 336 

phase contained three solvents: Solvent I (0.1% formic acid water, v/v), Solvent II (0.1% 337 

formic acid in acetonitrile), and Solvent III (0.1% formic acid water). The mobile 338 

phase flow was at 1.0 mL/min, while that of injection of standard solutions and extraction 339 

samples was to 2.0 µL. The chromatographic analysis conditions were referred from the report 340 

by [40] with slight modifications. 341 

2.4.16 Particle size characterization 342 

Pulp samples diluted with (pH 7.4) phosphate buffer in 1:10 ratio were further were 343 

centrifugated at 6000 rpm (15 min), the soluble fraction was removed to analyse the particle 344 

size. The samples were further sonicated with probe sonicator. For the final formulation, the 345 
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samples were sonicated at 5 °C, with 5-second pulses repeated over a period of 15 minutes. 346 

After preparation, the samples were placed in glass vials at 25 °C for further analysis by a 347 

computer-based particle size analyser (Zetasizer Nano ZS, Malvern Instruments Ltd., Malvern, 348 

UK) [41].  349 

 2.4.17 Sensory analysis  350 

Ten novice judges performed the sensory analysis of chilled jamun pulp and the panel has been 351 

trained for how to use hedonic scale to assess sensory characteristics of the sample on a scale 352 

of 1 (strongly dislike) to 9 (strongly like), taking into account sensory parameters of pulp i.e. 353 

flavour, colour, odour density and overall impression prior to the evaluation. Five differed pulp 354 

samples have been served for analysis purpose. The samples taken for sensory analysis were 355 

C: Control sample (without treatment), USEZT treated JP1: Jamun Pulp 1  (sonication- time 356 

25min, Amplitude - 20%, Enz con- 0.45%, Incb tm- 60min), JP2: Jamun Pulp 2  (sonication- 357 

time 20min, Amplitude - 30%, Enz con- 1.01%, Incb tm- 45min), JP3: Jamun Pulp 3  358 

(sonication- time 20min, Amplitude - 30%, Enz con- 0.03%, Incb tm- 30min), JP4: Jamun Pulp 359 

4  (sonication- time 20min, Amplitude - 30%, Enz con- 1.01%, Incb tm- 60min) (Table 1). The 360 

treated samples were selected on the basis of combination with better optimization results. The 361 

samples were served in 100 mL paper cups and the evaluation was conducted at room 362 

temperature. The findings for each attribute were averaged to establish the product's overall 363 

acceptability. 364 

2.4.18 Statistical analysis 365 

All the physicochemical and optimized treatment conditions were performed in triplicate and 366 

the results were noted  as the mean ± SD with statistical significance p < 0.01. The results were 367 

analysed by ANOVA in SPSS 23.0 software (Chicago, IL, USA). Duncan's multiple range test 368 
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was utilized to separate means and the statistical variation were verified using a significance 369 

level of p < 0.05. 370 

3. Results and Discussions 371 

3.1Regression analysis RSM model 372 

Summary of ANOVA as presented in Table 2 shows the outcome of the responses according 373 

to the Box Behnken Design. The final regression models for the three responses were assessed 374 

by using the design software, as mentioned in equation 1, 2 and 3 in terms of significant coded 375 

factors for TPC, Acn and DPPH activity which has been used to predict the desired result. 376 

Validation of experiments were also carried out to confirm the predicted responses. 377 

Independent variables, and their corresponding coded levels, are mentioned in Table 1. 378 

3.1.1 Impact of UAET on TPC of jamun Pulp 379 

USEZT treatment resulted in substantial rise in TPC in comparison to control pulp and based 380 

on the regression model (Eq. 1) TPC of treated pulp sample range from 661 to 774mg/100g 381 

and the peak value for TPC was attained at treatment conditions: sonication for 20 min at 30% 382 

amplitude followed by enzyme concentration 1.01% at an incubation time of 45 min Table 1. 383 

The interaction terms exhibited a linear trend in relation to TPC, as illustrated in Fig. 2. 384 

Whereas, TPC had significant effect with all linear and quadratic terms. The quadratic analysis 385 

was confirmed by the statistical importance of quadratic terms (p < 0.05) [18] Table 1. 386 

TPC = 765.76 – 5.64X1 – 8.57X2 – 7.33 X3 – 2.08X4 + 1.25 X1X2 + 7.76X1X3 + 0.12X1X4 + 387 

3.78X2X3 + 0.25X2X4 + 2.96 X3X4 – 68.98X1
2

 – 13.11 X2
2 -14.20 X3

2 -6.61X4
2  Eq. 16 388 

The high R² (0.93) and adjusted R² (0.86) values indicate high predictive ability, CV value of 389 

1.78% indicates low relative standard deviation and F-value, 14.00, indicated the statistical 390 

significance of the model. Furthermore, for TPC model adequate precision of 10.326 indicated 391 
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strong signals, confirming the models’ suitability for design space navigation. US in 392 

combination with enzymatic maceration was found effective for the enhancement of bioactive 393 

compounds from jamun pulp. Sonication first disrupted the fruit tissue and softened the cell 394 

wall structures, thus enhancing the accessibility of enzyme macromolecules to 395 

their respective substrates. The enhanced retention of phenolic compounds is essentially as a 396 

result of the transformation of bound, insoluble phenolics into free, soluble 397 

forms due to the treatment using ultrasound. Studies also suggest that ultrasound has a direct 398 

influence on the internal enzymatic activity of fruits, thereby producing reactive oxygen 399 

species and aiding in the process of phenolic extraction [18]. Moreover, the interaction of 400 

sonication time and amplitude increase TPC (Fig. 2) lead to the formation of hydroxyl radicals, 401 

where the radicals might have facilitated hydroxylation of phenolic compounds at para, meta, 402 

and ortho positions of the aromatic ring structure. 403 

Nevertheless, prolonged sonication adversely affects the overall phenolic content (TPC), 404 

as suggested by the quadratic  term X4. The continued generation of free radicals throughout 405 

cavitation may also result in the degradation of TPC. On the other hand, the low concentration 406 

of phenol in control sample might be due to oxidative degradation of thermally sensitive 407 

phenolic compounds. [42, 43, 10, 39].  In addition, the polyphenol oxidase inactivation and 408 

elimination of dissolved oxygen during processing also contribute to the increased retention 409 

rate [11]. At the same time when sonication time increased (X1) phenolic compounds reacted 410 

with sulfhydryl and amine groups in proteins, resulting in the formation of irreversible and 411 

insoluble complexes and the entire process accounts for the lower phenolic content in clarified 412 

pulp [12]. Similar study [44] found that the polyphenolic contents in apple juice increased 413 

remarkably at significance level p ≤ 0.05 after being treated with ultrasound at 20°C. This 414 

increase is expected to be due to the sudden pressure fluctuations and shear forces resulting 415 

from collapsing bubbles, creating cavitation and breaking down the cell structure. 416 
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An increase in TPC after enzymatic treatment of the pulp may be due to the breakdown of cell 417 

wall by the enzymes, allowing the free and bound phenolic compounds to be released into the 418 

pulp. Fig. 2 Response surface plots were employed to verify the impact of interaction among 419 

process variables on TPC [21]. 420 

3.1.2 Impact of UAEZ on Acn composition of jamun pulp 421 

The Acn content of treated sample ranges from 35.48 mg/100g to 38.84 mg/100g. Similar to 422 

TPC model interaction and quadratic terms were identified as significant (p < 0.05) and the 423 

interaction terms exhibited a positive effect on the model, whereas the interaction of X2X3 and 424 

X3X4 had a negative impact on the Acn composition as illustrated in Fig. 3 [18]. Additionally, 425 

independent variables had significant negative impact on the linear and quadratic effect on Acn 426 

yield. The regression equation obtained for total Acn content is given below: 427 

Acn = 38.57 – 0.33X1 – 0.35X2 – 0.33X3 – 0.053X4 + 0.11 X1X2 + 0.14X1X3 + 0.037X1X4 - 428 

0.037X2X3 + 0.03X2X4 – 0.012X3X4 – 2.12X1
2

 – 0.43X2
2 -0.42X3

2 -0.067X4
2   Eq. 17 429 

The R², adjusted R², CV, F value and adequate precision of the model were 0.92, 0.84, 1.18%, 430 

12.29 and 10.35 indicates high predictive ability, statistically significance and strong signals, 431 

confirming the models’ suitability for design space navigation. The interaction between 432 

ultrasonication time and enzyme concentration increased (Fig. 3) penetration of water to fruit 433 

cell wall through turbulence and microstreaming and this in turn improves the infiltration of 434 

cellular structure which ease the diffusion of bioactive compounds to the surrounding medium 435 

i.e. solvent [21, 16]. It was also stated that ultrasound treatments do not break down Acn 436 

directly. However, at more elevated intensities, i.e. with increased sonication time and 437 

amplitude ultrasound causes cell walls to become severely disrupted, allowing easy efflux of 438 

Acn into the pulp. In addition, at high intense power of 200 W sonication may effectively 439 

inhibited the activities of peroxidase and polyphenol oxidase, the two crucial enzymes involved 440 
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in Acn degradation and pulp browning [39]. Pectinase enzyme also helps in degradation of 441 

pectin in the cell wall and released bound form of Acn present in jamun. This happened due to 442 

appropriate solid (jamun pulp) to liquid (water) ratio and when the ratio was increase in 443 

preliminary trials hydrolysis of glycosidic bond of Acn increased in the later phase which leads 444 

to structural disintegration, and decreased Acn content [45]. Enzymatic treatment at optimal 445 

incubation temperature (45°) also promoted enzymatic hydrolysis and gradually release Acn 446 

concentration. However, when the temperature exceeds 45°C, anthocyanin content decreases, 447 

probably because of the reduced enzyme activity in hydrolysis process [45]. In case of control 448 

samples rise in temperature facilitated the softening of plant tissues and altered the physical 449 

properties of the solvent, enhancing mass transfer rates and improving Acn solubility [46]. But 450 

elevation in temperatures increase the formation of chalcone, which continues until their 451 

complete degradation.  452 

3.1.3 Impact of USEZT on DPPH activity  453 

Jamuns are widely recognized for their strong antioxidant properties because of the combined 454 

effects of several bioactive compounds, including polysaccharides, flavonoids, phenolic acids, 455 

and ascorbic acid [10, 47]. The USEZT exhibited a significant increase in TPC, which might 456 

be due to increased levels of Acn in the pulp. Acn, along with their glycosidic derivatives, also 457 

have significant antioxidant activity [48].  Fig. 4 depicts response surface plots employed to 458 

verify the impact of interaction among process variables on DPPH activity [21]. The regression 459 

equation for DPPH scavenging activity is as follows: 460 

DPPH activity = 69.41 – 0.38X1 – 1.11X2 – 1.20 X3 – 0.14X4 + 0.02 X1X2 + 0.17X1X3 +  461 

0.01X1X4 + 0.48X2X3 + 0.04X2X4 + 0.03 X3X4 – 6.17X1
2
 – 2.01 X2

2 -2.11 X3
2 -1.21X4

2 Eq. 18 462 

The model was statistically significant (p < 0.05), with R² and adjusted R² of 0.85 and 0.70, 463 

respectively, showing a high correlation between the predicted and actual values. Moreover, 464 
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an acceptable precision value of 7.44 suggests that the model is safe for investigating the 465 

design space. The DPPH scavenging activity varied from 60.13 to 69.99% across the model 466 

and the enhanced free radical scavenging activity in pulp samples is more or less influenced by 467 

ascorbic acid and phenolic compounds. Moreover, cavitation during sonication leads to the 468 

collapse of surrounding colloidal particles, and facilitating better release of TPC from the cell 469 

wall [43, 49]. Phenols, being redox active they can function as a reducing agent, hydrogen 470 

donor, and metal chelator [44]. When sonication time increased moderately, more antioxidants 471 

were released into fruit extracts, which helped to scavenge more free radicals [42].  In the study 472 

maximum peak for antioxidant activity was achieved at a peak up to sonication time of 30 min. 473 

However, ultrasonication applied at high intensity generated excessive reactive oxygen species 474 

which in turn reduced the antioxidant property of the fruit and oxidized the phenolic 475 

compounds present in pulp [30]. It was observed that with a sonication time duration of 30 to 476 

60 min (X4), antioxidant activity decreased because cavitation bubbles either weakened or grew 477 

too much, failing to collapse, and hence reducing their impacts. Moreover, the uncontrolled 478 

presence of too many cavitation bubbles might hinder ultrasonic wave propagation [50]. In the 479 

next stage of enzymatic maceration aggregation of pectin complex after hydrolysis process, 480 

effect  the cell-wall structure and reducing its water retention ability aiding in better extraction 481 

of phenolic compounds, such as Acn which in turn increased antioxidant activity [48] and it 482 

was observed at preliminary trails the incubation above 45°C reduced DPPH activity because 483 

at elevated temperature antioxidants readily evaporates at a given high volatility, which suffers 484 

significant losses. In control samples extended duration of exposure at high temperatures 485 

results in a great loss of antioxidant activity. 486 

Using RSM model, the best USEZT treatment conditions was determined as follows: X1 - 487 

Ultrasound time: 25 minutes, X2 - Amplitude: 20%, X3 - Enzyme concentration: 0.45, and X4 488 

- Incubation time: 60 minutes. The bioactive composition values obtained under these 489 
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optimized conditions, as predicted by the deign model and confirmed through experiments, 490 

were: TPC: 768 mg/100g and 760 ± 0.03 mg/100g, Acn content: 38.71 mg/100g and 38.57± 491 

0.10 mg/100g, DPPH scavenging activity: 69.77% and 69.63 ± 0.08%. The minor variation 492 

between the predicted and experimental values might be due to environmental factors. 493 

Furthermore, both control and RSM-optimized treatment conditions were subject to a 494 

physicochemical analysis (Table 3). 495 

3.2 Physicochemical analysis of control and optimized pulp samples 496 

3.2.1 Moisture content, juice yield and viscosity 497 

Optimized USEZT treated pulp had significantly more moisture (95.43± 0.12%) than the 498 

control (92.12 ± 0.62%) sample and this might be due to the cleavage of pectin glycosidic bond 499 

by hydrolysis, which promoted the penetration of water into the oxygen bridge and trans 500 

elimination lysis owing to pectin degradation mechanisms [24]. Cavitation action also played 501 

a role in breaking down the fruit cell walls, erosion of the surface, and fragmentation of some 502 

particles, which helped to improve mass transfer and juice release [16]. Jamun pulp extraction 503 

is primarily dependent on the release of water-soluble pectin derived from protopectin [51].  In 504 

a similar study for Sohiong pulp [21], a significant rise in juice yield following hydrolysis of 505 

protopectin by pectinase enzyme led to the breakdown and release of water-soluble pectin and 506 

solubilization of insoluble cell wall materials such as pectin, hemicelluloses, and some 507 

cellulose materials favourable for better release of juice from the structural network [24]. In 508 

the current study ultrasonication followed by pectinase enzyme treatment efficiently 509 

hydrolyses glycosidic bonds in polygalacturonic acid i.e. i.e. cleavage of the α-1,4 glycosidic 510 

bond and hydrolysis of the methoxy groups of the pectin structure, degrading it to 511 

monogalacturonic acid, enhancing juice recovery from jamun juice. Juice yield also increased 512 

with appropriate incubation temperature up to 40°C. But in preliminary trials juice extraction 513 



23 

 

efficiency decreases thereafter, possibly because the enzyme is less efficient at higher 514 

temperatures (50 to 60°C). The juice yield increases linearly with incubation time and this is 515 

most likely because the enzyme has more time to act on the fruit pulp [23]. Pectinase also has 516 

a greater affinity in lowering the viscosity of jamun pulp as compared to control juice sample 517 

due to the high-water holding water capacity and ability to develop a cohesive networked 518 

structure. When pectin breaks down enzymatically, its capacity to hold water is reduced and 519 

hence free water is released in the juice system and viscosity decreases [26]. In a similar study 520 

enzyme-treated carrot juice samples showed slightly lower viscosity than the untreated sample, 521 

and this is expected due to pectolytic enzymes breaking the carrot cell wall, which is rich in 522 

protopectin and pectin [36]. 523 

3.2.2 pH, titratable acidity and ascorbic acid 524 

USEZT samples slightly reduced the pH from 3.46 ± 0.05 to 3.20 ± 0.02 in comparison to the 525 

control sample (Table 3). The drop in pH indicates the USEZT sample to be more acidic. The 526 

change in pH was associated with heat stress, which modifies certain of its physicochemical 527 

characteristics [12]. The major tautomer at very low pH is the red-coloured flavylium cation. 528 

Proton loss occurs relatively fast with increasing pH and develops  to  purple and blue 529 

quinonoid species. This is attributed to the pH-dependent structural transformation of Acn [49]. 530 

Titratable acidity of control sample and USEZT extracted jamun pulp was 0.54 ± 0.01% and 531 

1.38 ± 0.05%, respectively. The rise in titratable acidity could be because of the activity of 532 

pectinase towards cell wall materials, i.e., protopectin and pectin, resulting in higher acidic 533 

content in the end [24, 12]. The rise in acidity was due to the drop in pH, [52] where pectinase 534 

treatment might have released carboxylic and galacturonic acid monomers, which are 535 

responsible for additional increased acidity in the extracted pulp [12]. Variations in acidity can 536 

be caused by ion fermentation during sonolysis of water or bioactive agents, 537 

or by the creation of byproducts created through oxidative degradation [53]. An increase in 538 
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acidity can also hinders microbe growth and therefore extends pulp shelf life [52]. The fall in 539 

pH in control sample may be due to de-esterification of heavily methylated pectin molecules 540 

[24]. 541 

Raw pulp and USEZT had 22.69± 0.42 mg/100g and 24.91 ± 0.40 mg/100g ascorbic acid 542 

content, respectively (Table 3). Sonication process effectively removed dissolved oxygen 543 

during the treatment time of 30°C for 25 minutes, which in turn enhanced ascorbic acid stability 544 

during cavitation process [43, 30]. Whereas the longer sonication time beyond 25 minutes lead 545 

to intense sonolytic activity which cause bubble collapse during cavitation and helped in the 546 

production of free radicals and lead to the degradation of ascorbic acid [19, 30]. Moreover, it 547 

was stated [43] that ascorbic acid degradation is associated with oxidative reactions under 548 

aerobic and anaerobic conditions and with the formation and scavenging of hydroxyl radicals. 549 

Further the inactivation of ascorbic acid oxidase increased the retention rate of ascorbic acid in 550 

treated pulp samples. Thermal treatment also preserves more ascorbic acid, although it is 551 

partially lost during heat treatment [54]. But the drastic reduction in the quantity of ascorbic 552 

acid in thermally processed pulp may be due to its sensitivity to temperature, as increased heat 553 

speeds up its degradation process [39]. 554 

3.2.3 Total soluble solids and total sugar content  555 

At the optimum process parameters like ultrasound treatment time and amplitude hydrolysed 556 

the glycosidic bonds i.e. pectic compounds and released the dissolved compounds present in 557 

pulp [21]. In addition, in the second extraction stage, total soluble solids (TSS) further rose as 558 

pectinase destroyed the tissue structure, releasing more soluble substance into the pulp 559 

and promoting the release of sugars [48, 24, 16]. A similar study by [12] explained that 560 

TSS of pear juice obtained from enzymatic extraction were attributed to the de-561 

polymerization of polygalacturonase chains by pectinases resulting in the liberation of 562 
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reducing sugars, in addition to the hydrolysis of non-reducing sugars under acid 563 

catalysis at elevated temperature [24]. TSS of treated sample might have also increased due to 564 

the better release of sugars (fructose and sucrose) present in jamun pulp. In the study TSS (9 ± 565 

0.11%) content of optimized pulp sample was more in comparison to control (8.10 ± 1.15%) 566 

(Table 3), which might be attributed to the hydrolysis of insoluble pectin or due to breakdown 567 

of cell wall polysaccharides after USEZT, which enabled the better release of sugars from the 568 

tissues of the jamun pulp [12, 16]. Similarly, the high reducing sugar content in USEZT 569 

samples (6.67± 0.11%) was attributed to the mechanical action of US which enhanced 570 

extraction efficiency, liberating entrapped sugar particles into the pulp [Manzoor et al., 2020]. 571 

Reduction in sugar content in control samples can be ascribed to the thermal degradation of 572 

sugars (glucose and fructose) which was most likely due to the thermal pasteurization [39]. 573 

3.2.4 Protein and crude fibre content 574 

In ultrasonic-assisted extraction, ultrasonic waves promote mass transfer, which causes the 575 

release of polyphenols and proteins from the parenchyma cell wall by the cavitation effect [55]. 576 

The crude protein content of the control (0.37 ± 0.05 g/100 mL) was more in comparison to 577 

USEZT sample (0.34 ± 0.10 g/100mL). Comparable research was documented for pear juice 578 

where protein content of pear juice extracted enzymatically (0.33 ± 0.01%) 579 

was considerably lower than the control (0.41 ± 0.02%) sample [12,54]. The loss in protein 580 

content was due to ultrasonic cavitation, which broke peptide and hydrogen bonds of the 581 

protein, leading to changes in its secondary and tertiary structures. Such structural changes 582 

indicate that ultrasound is capable of altering protein conformations or cleaving polypeptide 583 

chains and, as such, may impact the allergenicity of certain food proteins [56]. The cavitation-584 

induced high shear forces and microstreaming phenomena may break van der Waals forces 585 

and hydrogen bonding, contributing to protein denaturation [57]. Further, enzymatic pectin 586 

breakdown, mainly by the action of pectinases, indirectly affects the stability of protein [26]. 587 
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Pectinase hydrolysed pectin chains under favourable incubation conditions and exposes 588 

positively charged proteins. Electrostatic interaction between pectin and 589 

the protein causes particle agglomeration, which causes sedimentation and decreased protein 590 

content [24]. Additionally, enzymatic extraction caused loss of dietary fibre due to the 591 

breakdown and solubilization of insoluble components such as cellulose and hemicellulose. 592 

Treated pulp also had lower dietary fibre (0.87 ± 0.17 g/100 mL) content in comparison to the 593 

control sample (1.10 ± 0.11 g/100 mL).  594 

3.2.5 Colour value and colour density  595 

Relative to the control, redness (a*) increased from 26.22 ± 0.01 to 31.29 ± 0.02 under optimal 596 

USEZT conditions, whereas lightness (L*) and yellowness (b*) decreased from 8.54 ± 0.17 to 597 

6.17 ± 0.02 and -6.91 ± 0.02 to -7.66 ± 0.15, respectively (Table 3). The rise in a* value might 598 

be due to partial settling of unstable suspended particles during cavitation process and this 599 

process tends to favor the creation of more coloured molecules in pulp [30].  Enzyme activity 600 

was also responsible for tissue structural degradation, releasing colour-bearing constituents 601 

responsible for reduced lightness (L*) of samples. Whereas the control sample treated with 602 

thermal pasteurization leads to much dark coloured pulp samples due to the hydroxylation of 603 

the aromatic ring of phenolic compounds might have led to darkening the red coloration and 604 

decreased a* value significantly [39]. Total colour difference, ΔE 5.64 indicates a distinctly 605 

noticeable to moderate colour change between treated and control Jamun pulp samples, which 606 

would mean the treatment significantly changed the colour of the pulp that might have affected 607 

consumer perception, illustrating that the USEZT resulted in colour alterations in jamun pulp. 608 

Colour density is a universal marker for testing Acn polymerization and browning, which was 609 

induced by the degradation of monomeric Acn in fruit pulp. But in the study USEZT samples 610 
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(Table 3) slightly enhanced CD value due to the enhanced dissolution of Acn due to sonication 611 

treatment, leading to higher absorbance in the visible region at 420 nm and 510 nm [12, 39]. 612 

3.2.6 Sensory attributes 613 

It was observed that control and JP1 (USEZT) samples had apparently comparable sensory 614 

rating to that of control sample. In sensory profile flavour and colour were considered as an 615 

important attribute to attract consumers and in the current study there was only slight variation 616 

in the flavour scores between control (7.1) and treated pulp samples JP1 (7.2) and JP2 (7.2). 617 

Whereas colour score of control sample (7.8) had slightly highest rating than JP1 (7.5) 618 

indicating the positive correlation of treatment conditions on the visual characteristic of test 619 

samples. Similarly, odour and texture rating of JPI (7.3 and 7.4) sample was much preferred 620 

over the control sample (6.9 and 6.8). But the samples JP3 and JP4 received the least sensory 621 

score among all the sensory attributes particularly for flavour (6 and 5.6) and odour (6.6, 5.8) 622 

which indicated the samples to be least preferred. The high concentration of TPC resulted in 623 

USEZT pulp samples with more bitter, sour and astringent, bitter and sour sensory 624 

characteristics. 625 

 626 

3.2.7 HPLC profiling 627 

Ferulic acid and quercetin had maximum absorbance at 320 nm whereas gallic acid had 628 

maximum absorbance at wavelength of 280 nm. Among the three phenolic acids identified, the 629 

most dominant compound was gallic acid, with maximum concentration of 42.10 ± 0.55 630 

mg/100g whereas control sample had gallic acid concentration of 37.39 ± 0.52 mg/100g (Table 631 

3). In the same manner, ferulic acid (0.91 ± 0.08 mg/100g) was found to be the second most 632 

abundant phenolic compound in USEZT pulp sample and least phenolic concentration of 0.48± 633 

0.02mg/100g and 0.80 ± 0.05 mg/100g of quercetin was detected in control and treated sample. 634 



28 

 

Maximum absorbance of ferulic acid and quercetin was because of their extended 635 

conjugation, whereas gallic acid absorbance at 280 nm owns to its less complex aromatic 636 

structure [58]. These phenolics are a major source of the antioxidant activity in jamun, with 637 

gallic acid being the highest active radical-scavenging agent. Ferulic acid and 638 

quercetin, although found in lower levels, also increased overall antioxidant potential 639 

because of their synergistic actions [59]. 640 

3.2.8 Jamun pulp particle size distribution (PSD) 641 

The particle size of jamun pulp was determined by dynamic light scattering based on the 642 

Brownian motion of suspended particles resulting from collisions with solvent molecules. It 643 

was also observed that freezing and thawing of pulp increased the particle size and resulted in 644 

a wider particle size distribution. Particle size variations also affect the sedimentation 645 

behaviour and more evenly distributed particle size improves pulp stability. In the study 646 

USEZT treatments resulted in better PSD in comparison to control sample. Enzymatic 647 

treatment affected the size of particles in jamun pulp, whereas cavitation energy produced 648 

shock waves that increased local pressure, causing cellulose particles to break down. Surface 649 

erosion and cellulose fragment formation, lead to a decrease in particle size, result from the 650 

process [43].  651 

The PSD of control sample as shown in Fig. 5a, exhibit a broader distribution with multiple 652 

peaks (100 and 1000 nm), suggesting a more heterogeneous particle size range which indicates 653 

particle aggregation or the presence of different particle fractions, which could impact stability. 654 

Whereas USEZT profoundly decreased the particle size of pulp, evident from a more defined 655 

single peak at 200nm, implying a relatively uniform particle population [16] and the suitability 656 

of solid particles present in pulp in new product formulations, nutraceuticals and 657 

pharmaceutical sectors. USEZT pulp also had much lower polydispersity (0.43) as compared 658 
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to control sample (0.26). A polydispersity index less than 0.5 signifies that a 659 

relatively narrow particle size distribution is present, which is critical to ensure consistency.  660 

The treated sample also had a zeta potential value of –17mV. Zeta potential between –15 mV 661 

and –30 mV validates the stability of the solid particles and ensure minimal aggregation of 662 

solid particles [41,60]. 663 

Conclusion 664 

The current research proved the efficacy of USEZT for improving the content of bioactive 665 

composition of jamun pulp.  Decrease in particle size and polydispersity index further reflects 666 

the possibility of treated sample to form more stable pulp formulations for multiple applications 667 

such as nutraceuticals and pharmaceuticals. Moreover, the elevation of beneficial phenolic 668 

compounds like gallic acid, ferulic acid, and quercetin attribute towards the antioxidant activity 669 

of jamun pulp.  Although the study ensures identification of the effect of USEZT on jamun 670 

pulp samples, more research focus should be to assess the long-term stability of Acn and 671 

phenolic compounds during storage. Also, the present research mainly covers physicochemical 672 

and sensory characteristics; the subsequent studies should also estimate the microbiological 673 

and long-term stability of bioactive compounds present treated pulp and thereby evaluate the 674 

commercial potential. Overall, the current study provides an insight about the viability of 675 

USEZT as a green and efficient technique for improving the functional properties of jamun 676 

pulp. Addressing these knowledge gaps will ensure further streamlining of the technology and 677 

its acceptance in the food and beverage sector. 678 
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20    20.00 (1)      20.00 (0)        1.01(1)         60.00 (0)        747       38.10          67.48 

21    20.00 (0)      30.00 (-1)       2.00 (0)       30.00 (-1)       731        37.62         64.22 

22    20.00 (0)     30.00 (1)         0.03 (0)         30.00 (-1)      761       38.69         68.83 

23    10.00 (0)      30.00 (-1)       1.01 (0)        60.00 (1)       698       36.71         62.00 

24    10.00 (0)      30.00 (1)         2.00 (0)       45.00 (1)        666      35.59         60.47 

25    30.00 (0)      20.00 (0)         1.01 (0)       45.00 (0)        694      36.15         61.88 

26    20.00 (0)      20.00 (0)         0.03 (0)       45.00 (0)        746      37.98         67.13 

27    20.00 (0)      30.00 (0)         1.01(0)        45.00 (0)        766      38.74         69.05 

28    20.00 (0)      40.00 (0)         2.00 (0)       45.00 (0)        745     37.47        64.02 
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 931 

 932 

 933 

29    10.00(0)      20.00(0)           1.01(0)        45.00(0)          708     37.21        62.86 
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                                     Table 2. Analysis of variance (ANOVA) for the regression model of RSM for USEZT jamun pulp process 934 

Response                                  TPC 
  

  
  

DPPH  

   Source Sum of 

squares 

 F Value P value Sum of 

squares 

F Value P Value  Sum of 

squares 

 F Value  P value 

 

Model 32602.9 14.1025 < 0.0001 33.3928 12.2865 < 0.0001 257.161 5.73693 0.0012 

A-US Time 27904.3 168.982 < 0.0001 27.2764 140.505 < 0.0001 206.353 64.4485 < 0.0001 

B-Amplitude 131.352 0.79544 0.3875 0.18208 0.93791 0.3493 0.38056 0.11886 0.7354 

C-Enz Con 16.6004 0.10053 0.7559 0.14547 0.74934 0.4013 2.156 0.67337 0.4256 

D-Incb Time 275.959 1.67114 0.217 0.39747 2.0474 0.1744 2.12377 0.6633 0.429 

AB 52.742 0.31939 0.5809 0.09195 0.47366 0.5026 0.17389 0.05431 0.8191 

AC 97.6037 0.59107 0.4548 0.00734 0.03781 0.8486 0.00654 0.00204 0.9646 

AD 285.287 1.72763 0.2098 0.4017 2.06923 0.1723 2.14663 0.67044 0.4266 

BC 18.4285 0.1116 0.7433 0.21658 1.11563 0.3087 0.14034 0.04383 0.8372 

BD 752.432 4.55655 0.051 0.87111 4.48724 0.0525 5.51043 1.72103 0.2107 

CD 0.0013 7.90E-06 0.9978 0.00069 0.00355 0.9533 0.00382 0.00119 0.9729 

Acn 
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 935 

 936 

A2 25576.8 154.887 < 0.0001 23.4885 120.993 < 0.0001 192.368 60.0807 < 0.0001 

B2 836.479 5.06552 0.041 1.73984 8.96216 0.0097 4.16014 1.29931 0.2735 

C2 352.623 2.13541 0.166 0.05822 0.2999 0.5926 8.15522 2.54706 0.1328 

D2 46.8831 0.28391 0.6025 0.26425 1.3612 0.2628 0.41768 0.13045 0.7234 

Lack of Fit 2110.68 5.82899 0.0333 2.14494 2.08001 0.2173 39.7715 4.37184 0.0594 

      CV % 1.78   1.18   2.77   

Adqprecision 10.35   10.35   7.44   

R square 0.93   0.92   0.85   

Adj R square 0.86   0.84   0.70 
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             Table 3. Physiochemical analysis of control and optimized pulp samples 937 

                      *  Note: The results were expressed as mean ± standard deviations 938 

          Parameters 

 

 

Control pulp Synergistic effect of USEZT 

pulp 

pH 3.46± 0.05 3.20± 0.02 

TSS (°B) 8.10 ± 1.15 9.00 ± 1.00 

Moisture (%) 92.12 ± 0.62 95.43± 0.12 

Ash (%) 2.07 ± 0.02 2.05± 0.01 

Viscosity (mPa.S) 1.87 ± 0.01 1.66± 0.01 

Juice Yield (%) 73.00 ± 0.05 75.5 ± 0.07 

Acidity (%) 0.54 ± 0.01 1.38± 0.05 

Ascorbic acid (mg/100g) 22.69 ± 0.42 24.91± 0.42 

Protein (g/100mL) 0.37 ± 0.05 0.34± 0.10 

Dietary fibre (g/100mL) 1.10 ± 0.11 0.87± 0.17 

Total sugar (%) 8.19 ± 0.10 8.24± 0.11 

Reducing sugar (%) 6.60± 0.02 6.67± 0.11 

ABTS Assay (%) 45.58 ± 0.05 45.58 ± 0.09 

Reducing power (μg/mL) 70.42 ± 0.73 70.63± 0.62 

Gallic acid (mg/100g) 37.39± 0.52 42.10 ± 0.55 

Ferulic acid (mg/100g) 0.73± 0.01 0.91 ± 0. 08 

Quercetin (mg/100g) 0.48 ± 0.02 0.80 ± 0.05 

L* 8.54± 0.17 6.17 ± 0.02 

a* 26.22 ± 0.01 31.29± 0.02 

b* -6.91 ± 0.02 -7.66± 0.15 

 
Colour density 1.88 ± 0.10 2.30 ± 0.09 
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 942 

                                   Fig. 1. Proposed mechanism describing sonication action on bioactive compounds present in jamun pulp 943 

 944 
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 946 

 Fig. 2. Response surface 3D plots demonstrating the interaction effect of independent variables for the extraction of phenolic compounds from 947 

USEZT treated jamun pulp 948 
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   951 

Fig. 3. Response surface 3D plots demonstrating the interaction effect of independent variables for the extraction of Acn from USEZT treated 952 

jamun pulp 953 
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  955 

Fig. 4. Response surface 3D plots demonstrating the interaction effect of independent variables for the estimation of DPPH scavenging activity 956 

from USEZT treated jamun pulp 957 
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 960 

                                             Fig. 5. Average particle size (a) Control and (b) Optimized jamun pulp samples  961 
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                                                  967 

                                                       Fig. 6. Spider chart for sensory evaluation of the jamun pulp samples 968 
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