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Abstract: Processing technique and storage conditions are the main factors that affect the phyto-

chemical profile of Not-From-Concentrate (NFC) juice, which could decrease the nutritional and 

bioactive properties of the corresponding juice. The aim of this study was to evaluate the quality 

changes that occurred in NFC mango juice after Ohmicsonication (OS) and during storage in com-

parison to other processing methods such as sonication (S), thermosonication (TS), ohmic heating 

(OH), and conventional heating (CH). Quality attributes such as polyphenoloxidase (PPO) and pec-

tinmethylesterase (PME) activities, ascorbic acid and hydroxymethyl furfural (HMF) contents, total 

phenolics, total flavonoids, total carotenoids, electric conductivity, color values and microbial load 

(total plate count, mold, yeast, and psychrophilic bacteria) were examined. OS and OH treatments 

demonstrated the highest inactivation of PPO (100%), while CH and TS displaying inhibitions 89% 

and 90%, respectively and only S treatment exhibited insufficient inactivation of both PPO and mi-

crobial load. However, the inhibition of PME followed the order OS (96.5%) > OH (94.9%) > TS 

(92.5%) > CH (88.5%). The best treatment, with the highest retention of phytochemical contents 

(ascorbic acid, total carotenoids, antioxidant activity, total flavonoids, and total phenolic content) 

for NFC mango juice and during storage was obtained with OS treated samples compared to other 

treatments (in the order from the lowest to highest percentage, OS < OH < TS < CH). Consequently, 

the results indicated that OS could be applied as a new mild thermal treatment in the production of 

mango juice with improved quality properties of stored NFC mango juice. 
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1. Introduction 

According to several studies, different fruit juices show a distinct rate of quality deg-

radation during storage [1,2]. Consequently, the fruit juice composition plays an im-

portant role in its stability.  However, even after processing with the aim of shelf-life ex-

tension, it is known that food product quality is not constant, or in other words, it changes 

continuously over time. Even for a shelf-stable product, there is a limitation in its shelf life 

due to deteriorative chemical reactions determining its best-before date [3,4]. Juice pro-

cessed from Not-From-Concentrate (NFC) is one of the preferable juices in the market. 

The term NFC is used for the natural juice after removal of the foreign impurities (i.e., 
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insoluble pulp, skin, and seeds) and thermal treatment for the reduction of both microbial 

load and enzymatic activities which reduce storage quality [5]. 
Mango (Mangifera indica L.) is a tropical fruit with a distinctive flavor, color, and high 

content of nutrients. Mango has a rich composition due to its content of carotenoids, phe-

nolic compounds, ascorbic acid, sugar and minerals, fibers, and other organic compounds 

[6]. Mango has been reported to constitute health effects by consumption to avoid chronic 

diseases linked to oxidative stress, such as cardiovascular disease, cancer, and neuro-

degenerative diseases  [7,8]. It is cultivated in Asia, Africa, and America in many tropical 

and subtropical countries [9]. Mango fruit is a perishable commodity, which should be 

processed into other products to prolong its shelf life. To extend the shelf life of mango 

products and for storage at ambient temperature for a long time, the conventional thermal 

treatment can be used. Many thermally treated mango products are available in the mar-

ket such as mango juice, puree, jam, canned slices, and nectar [10]. In this paper, we will 

focus on mango juice processing to inactivate the enzymatic and microbial activities in the 

juice in order to extend its shelf life. These activities must be in control during juice pro-

cessing steps [11], to prevent undesirable effects e.g., browning by polyphenoloxidase 

(PPO) as well as phase separation caused by pectic enzymes especially pectinmethylester-

ase (PME). 

At the same time, fruit juices are thermally sensitive and susceptible to chemical, 

physical, and microbiological changes during harvesting, processing, and storage. Preser-

vation of fruit juice by high-temperature short time (HTST) treatment is commonly used 

to reduce microbial load, unfortunately with concomitant quality reduction by color al-

terations, cloud formation, flavor damages, vitamins, and other nutritional losses at espe-

cially temperatures above 80 °C [12,13].  Consumer’s request for fruit juices with high nu-

tritional value and quality standards that are closer to fresh without additives and pre-

servatives has stressed the use of hurdle techniques based on reduced temperatures. 
Ohmicsonication (OS) is defined as a combination of sonication with OH as a substi-

tute pasteurization process for obtaining the quality properties of juices. The effect of OS 

treatment on overall quality characteristics of apple and orange juices was evaluated by 

the authors. These studies reported that OS led to more retention of bioactive components 

as well as more inactivation for PPO and PME activities than conventional heating tech-

niques [14,15]. Therefore, during this study, we focus on the effects of OS on the quality 

characteristics and storage stability of NFC mango juice. After optimization of OS by RSM 

as a potential quality enhancement technique of NFC mango juice, the quality character-

istics were studied. We also investigated the effect of OS on physical, chemical, and mi-

crobiological characteristics of NFC mango juice during cold storage for 8 months (under 

modified atmosphere conditions). 

2. Results and Discussion 

2.1. Optimization of Ohmicsonication (OS) Parameters to Inactivate PPO and PME in NFC 

Mango Juice 

Working parameters of OS application were determined by pretesting. Second-order 

polynomial models were used for response (PPO and PME activity) to determine the spec-

ified optimum conditions. The obtained optimum parameters were 75 °C for 8 min in 

mango juice for 100% PPO inactivation), and a PME inactivation of 98% in NFC mango 

juice (data in supplementary material). 

2.2. Phytochemical Profiles, Enzymatic Activities, and Microbial Load of Fresh and Processed 

NFC Mango Juice 

The effects of different treatments (i.e., S, CH, TS, OH, and OS) on phytochemical 

contents (i.e., ascorbic acid content, total phenolic contents (TP), total flavonoids content 

(TF), total carotenoids content (TCC), antioxidant acidity and hydroxymethylfurfural 
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(HMF) and enzymatic activities (i.e., PME and PPO), as well as microbial load of NFC 

mango juice, are presented in Table 1. 

Table 1. Phytochemicals profiles, Enzymatic activities and microbial load of fresh mango juice (FMJ) 

treated by S, CH, TS, OH, and OS. 

Parameters FMJ S CH TS OH OS 

Ascorbic acid (mg/100 mL) 23.39 ± 0.74 a 21.05 ± 0.08 b 18.93 ± 0.15 e 19.96 ± 0.12 d 20.37 ± 0.23 c 20.75 ± 0.14 c 

TCC (μg/100 g ) 
9688.29 ± 

37.72 b 
9912.95 ± 53.14 a 7963.12 ± 39.53 f 8661.84 ± 46.56 e 8808.82 ± 24.48 d 9119.55 ± 54.98 c 

Antioxidant activity (%) 65.57 ± 2.02 e 68.74 ± 3.40 a 59.97 ± 0.96 f 63.74 ± 3.66 c 61.62 ± 1.99 d 64.37 ± 3.28 b 

TF (mg/100 mL) 18.93 ± 0.18 f 21.81 ± 0.32 a 19.60 ± 0.15 e 20.83 ± 0.31 c 19.96 ± 0.24 d 21.14 ± 0.27 b 

TP (mg/100 mL) 32.36 ± 0.13 f 35.97 ± 0.31 a 33.48 ± 0.05 e 34.06 ± 0.23 c 33.63 ± 0.17 d 34.358 ± 0.226 b 

HMF (mg/L) nd nd 8.71 ± 0.03 a 8.32 ± 0.05 a 7.27 ± 0.06 b 6.90 ±0.04 c 

PPO (U/mL/min) 44.65 ± 2.66 a 27.87 ± 2.42 b 4.81 ± 0.55 c 4.37 ± 0.87 c nd nd 

PME (U/mL/min) 20.57 ± 0.61 a 14.76 ± 0.89 b 2.27 ± 0.20 c 1.55 ±0.07 d 1.06 ±0.05 e 0.73 ±0.05 f 

TPC (log cfu/mL) 2.55 ± 0.02 2.23 ± 0.07 nd nd nd nd 

PB (log cfu/mL) nd nd nd nd nd nd 

M and Y (log cfu/mL) 2.48 ± 0.02 1.58 ± 0.22 nd nd nd nd 
a, b, c, d, e, f  indicate statistical significance compared with the control, as determined by Student's t-test 

(p < 0.05); data are means ± S.D. (n = 3); nd: not detected; TP: total phenolic; TF: total flavonoids 

content; TCC: total carotenoids content; HMF: hydroxyl methyl furfural; PPO: polyphenoloxidase; 

PME: pectinmethylesterase; TPC: total plate count; PB: psychrophilic bacteria and M and Y: mold 

and yeast, FMJ: Fresh mango juice; S: Sonication; CH: conventional heating; TS: Thermosonication; 

OH: ohmic heating; OS: Ohmicsonication. 

The results show a significant (p ≤ 0.05) decrease in the ascorbic acid content of NFC 

mango juice in all the treatments (S, CH, TS, OH, OS) compared to fresh mango juice 

(FMJ). The highest ascorbic acid content was obtained with S followed by OS, OH, TS and 

CH. The decrease in the ascorbic acid content of NFC mango juice in the treated samples 

(OS, OH, TS and CH) was due to the effect of heat and processing time that might induce 

chemical decomposition of ascorbic acid at higher rates. These results are similar to 

Demirdöven and Baysal [16], who observed a decrease of ascorbic acid in the OH and CH 

of orange juice compared with control group. 

A significant (p ≤ 0.05) increase in the total carotenoids of sonicated NFC mango juice 

(2.3%) was probably due to the mechanical disruption of cell walls, which might enhance 

free carotenoids in the juice as suggested for orange juice [17]. This agreed with Abid et 

al. [18] who observed an increase in the total carotenoids with sonication of apple juice 

compared to non-sonicated juice samples. A significant decrease of carotenoids was 

observed for OS, TS, OH, and CH treatments, which might be due to extensive losses of 

carotenoids due to heat treatment used in each processing technique [10,19]. 

The total phenolic (TP) content and phenolic compounds (gallic acid, chlorogenic 

acid, caffeic acid, rutin, p-coumaric, ferulic acid, quercetin, and naringenin) of NFC mango 

juice was significantly increased in all treatments compared to fresh mango juice (FMJ): 

from the highest to the lowest TP content in the order of S > OS > TS > OH > CH. The 

increase of TP during heating could be attributed to increased extractability of total 

phenolic components due to the changes in the tissue matrix induced by high 

temperatures [20] and disruption of complexes between polyphenols and proteins [21]. 

During ohmic heating, the alternating current has a synergistic effect on releasing total 

phenolic contents resulting in a slight increase for phenolic content previously illustrated 

for broccoli [22]. Also, ultrasonic-treated orange extracts were characterized by 

significantly (p < 0.05) increased TP values with increased ultrasonic time, power, and 

temperature [23]. 

The antioxidant activity of juice is commonly attributed to the contents of phenolics, 

flavonoids, ascorbic acid, and carotenoids. Excluding S treatment (68.7%), the antioxidant 
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activity (%) of NFC mango juice was significantly decreased in all treatments compared 

to fresh mango juice (FMJ): from the highest to the lowest antioxidant activity % in the 

order of OS > TS > OH > CH. This agreed with the values of phenolics, flavonoids, ascorbic 

acid, and carotenoids (Table 1).  Ohmicsonication (OS) treated NFC mango juice contained 

the lowest value of HMF (6.90 mg/L) followed by OH (7.27 mg/L) and TS (8.32 mg/L) and 

CH (8.71 mg/L) treated juice contained the highest value of HMF. These levels for HMF 

were within the expected range (not detected to 27.3 mg/L) reported for fruit juice in gen-

eral [24]. 

The presented data (Table 1) shows a significant decrease in the PPO and PME activ-

ity in both S, CH, TS, OH, and OS compared to FMJ. The PPO activity was completely 

inactivated with OH and OS treatments, while the 38%, 89%, and 90% inhibition were 

seen for S, CH, and TS, respectively. The complete inactivation by OH and OS treatments 

might be due to the nature of PPO enzyme in mango juice, which results in a low heat 

stability (isozyme with a lower Thermostability) [25]. The inactivation of PPO in mango 

juice significantly increase at about 50–60 °C according to [26] and this temperature is 

more less compared to other fruits like apple, pear, avocado, and plum (60–65 °C) [27]. 

The inhibition of PPO by the TS and CH was probably due to the thermal effect that caused 

denaturation of the enzyme and for TS additional effects of cavitation during the soni-

cation were obtained. The increase of the PPO inhibition was probably due to an electric 

field that might remove the metallic prosthetic groups present in the PPO, resulting in the 

enhancement of enzyme activity loss [28]. Therefore, the inhibition of PPO in the OS was 

due to the combined effect of cavitation during sonication, thermal effects during heating, 

and electric field application during OH treatment [29]. 

PME activity was significantly reduced in all treatments (S, OH, TS, OH, and OS) 

when compared to the fresh sample (FMJ in Table 1). The highest reduction (inhibition) 

in the PME activity was obtained by OS treatment (96.5%) followed by OH (94.9%), TS 

(92.5%), CH (88.5%), and S (71%). These results confirm that PME was more resistant to 

heat than PPO and previously thermal inactivation of PME in mango was found to range 

from 64 to 78 °C [30]. The present results confirmed that sonication alone was not suffi-

cient to reduce the PPO and PME activity in the mango juice. In the literature, no study 

was found on OS or OH of mango juice, however, two studies on oranges were based on 

OH [16,31]. Both studies found results similar to the present study, namely a larger reduc-

tion (compared to fresh orange juice) in the PME activity during ohmic heating compared 

to CH. In general, for both enzymes (PPO and PME) the reduction of activity was due to 

the effect of heating during OH and CH in addition to the effect of application of an elec-

tric field for OH, which could influence biochemical reactions by changing the molecular 

spacing and increasing interchain reactions due to the OH treatment [29]. 

Results on microbial load (TPC, PB, and mold and yeast) showed no detected growth 

for all treatments except for fresh mango juice (2.5 log cfu/mL) and S (1.6 log cfu/mL). In 

comparison, Mohsen et al. [32] found that molds and yeast as well as TPC counts of fresh 

mango juice were 4.51 log cfu/g and 5.76 log cfu/g, respectively. They also found that after 

processing of mango pulp by OH the TPC, as well as mold and yeast growth, were com-

pletely inhibited, while for CH, TPC had only 3.14 log cfu/g and 2.07 log cfu/g activity in 

mango pulp. After 12 months of storage, they found that OH samples had no M and Y 

activity in mango pulp, while in the CH samples activity was 2.57 log cfu/g. On the other 

hand, TPC values after 12 months of storage were 1.07 log cfu/g and 4.06 log cfu/g in OH 

and CH of mango pulp samples, respectively [32]. 
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2.3. Phytochemical Profiles and Enzymatic Activities of Stored NFC Mango Juice 

The effect of storage of CH, TS, OH and OS treated mango juice at 2 ± 2 °C under 

modified atmosphere conditions for 8 months with sampling and analysis at two months’ 

intervals for CH, TS, OH, and OS treatments are presented. In Figure 1 data on PME and 

PPO activities are reported. Results indicate a significant decrease (p ≤ 0.05) in the % inhi-

bition of PME and PPO of stored CH, TS, OH and OS treated juices. The % decrease of 

PME activity in NFC mango juice from 89%, 92%, 95% and 95% to 83%, 88%, 89% and 

90%, respectively. On the other hand, the % decrease in PPO inhibition in NFC mango 

juice from 89%, 90%, 100% and 100% to 87%, 88%, 98% and 98%, respectively. 

  

A  

 

  

B  

 

  

C  

 

  

D 

  

Figure 1. Effect of storage time (0, 2, 4, 6 and 8 months) on PPO and PME activity in percent of NFC 

mango juice treated by CH (A), TS (B), OH (C) and OS (D); a,b,c,d,e indicate statistical significance 

compared with the control, as determined by Student's t-test (p < 0.05); data are means ± S.D. (n = 

3)]. PPO: polyphenoloxidase; PME: Pectinmethylesterase; OS: Ohmicsonication; TS: Thermosoni-

cation; OH: ohmic heating; CH: conventional heating. 

During storage, the highest increase (%) in HMF values (Figure 2) was detected in 

NFC mango juice treated with CH (7.10%) followed by TS (5.16%), OH (4.26%), and OS 

(3.47%). The phytochemical profile during storage for 8 months with analysis every 2 

months in Figure 3 show a slight decrease in ascorbic acid, total carotenoids (TCC), anti-

oxidant activity, total flavonoids (TF), total phenolic content (TP), and phenolic acids of 

NFC mango juice processed by TS, CH, OH, and OS. The best treatment, with the highest 
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retention of phytochemical contents (ascorbic acid, total carotenoids, antioxidant activity, 

total flavonoids, and total phenolic content) for NFC mango juice was obtained with OS 

treated samples compared to other treatments (in the order from the lowest to highest 

percentage, OS < OH < TS < CH). 

 

Figure 2. Effect of storage time (0, 2, 4, 6, 8 months) on HMF concentration of NFC mango juice. 

HMF: Hydroxymethyl furfural; OS: Ohmicsonication; TS: Thermosonication; OH: ohmic heating; 

CH: conventional heating. Within lines, different capital letters indicate statistical differences (p < 

0.05); data are means ± S.D. (n = 3). 

The decrease in ascorbic acid contents due to storage at 2 ± 2 °C for 8 months of NFC 

mango juice was 9.13% by OS; 10.29% by OH; 15.00% by TS and 16.40% by CH, respec-

tively. The reduction % in total carotenoids values of NFC mango juice was 8.56% by OS; 

11.02% by OH; 11.94% by TS and 14.82% by CH, respectively. The decrease in TP and TF 

(%) of NFC mango juice was 4.32% and 7.58% by OS; 5.81% and 9.13% by OH; 6.78% and 

9.90% by TS 7.72% and 10.71% by CH, respectively. In this regard, Alaka et al. [33] also 

reported a decrease in ascorbic acid contents of mango juice due to storage at 6 °C for 8 

weeks. Also, Van den Berg et al. [34] observed that mango pulp treatment by conventional 

heating caused degradation in colored pigments (β- carotene). 

e
d

c
b

a

e
d c

b a

c c b b
a

c c bc b a

6.7

7.2

7.7

8.2

8.7

9.2

0 2 4 6 8

H
M

F
(m

g/
L

) 

Storage time ( month)

HMF(mg/L)  

CH TS OH OS



Molecules 2022, 27, 1986 7 of 14 
 

 

 

 

 

a

b

c

d

e

a

b

c

d

e

a

b
c

d

e

a

b

c

d
e

15.7

16.7

17.7

18.7

19.7

20.7

0 1 2 3 4 5 6 7 8

A
sc

o
rb

ic
 A

ci
d

  (
m

g
/1

0
0

m
l)

Storage Time (Month)

Ascorbic  Acid  (mg/100ml)

CH TS OH OS

A

a
b

c

d

e

a
b

c

d
e

a a
b

c

d

a b b
c

d

6.5

7

7.5

8

8.5

9

0 2 4 6 8

T
C

 (
μ

g/
10

0g
) 

Storage Time (Month)

TC (μg /100g)  

CH TS OH OS

B

a

b
c

d

e

a

b
c

d

e

a
b

c
d

e

a
b

c d

e

31

31.5

32

32.5

33

33.5

34

34.5

0 2 4 6 8

T
P

 (
m

g/
10

0m
l)

 

Storage Time (Month)

TP (mg/100ml)  

CH TS OH OS

C



Molecules 2022, 27, 1986 8 of 14 
 

 

 

Figure 3. Effect of storage time (0, 2, 4, 6, 8 months) on ascorbic acid (A), TC (B), TP (C) and TF (D) 

contents of NFC mango juice. TP: total phenolic; TF: total flavonoids content; TCC: total carotenoids 

content; OS: Ohmicsonication; TS: Thermosonication; OH: ohmic heating; CH: conventional heat-

ing. Within lines, different capital letters indicate statistical differences (p < 0.05); data are means ± 

S.D. (n = 3). 

3. Materials and Methods 
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Figure 4. NFC mango juice processing diagram. 

3.3. Processing Methods 

3.3.1. Conventional Heating (CH) 

Samples of mango juice (150 mL) were heated at 90 °C for 60 s in a clean 250 mL glass 

bottle using a shaker water bath (Julabo SW22, Julabo GmbH, Seelbach, Germany), ac-

cording to Abedelmaksoud et al. [35]. 

3.3.2. Sonication (S) and Thermosonication (TS) 

Sonication was performed on 150 mL mango juice in a 250 mL glass bottle. The ultra-

sonic processor of 550 W (Branson SFX550 Sonifier, Nuevo Laredo, Mexico), with a 0.5-

inch probe operating at 20 kHz frequency was used for sonication. Samples were treated 

at 60 °C for thermosensation and less than 25 °C for sonication by radiating 100% of power 

(550 W) for 8 min and, keeping pulse durations of 5 s. Overheating of the samples was 

prevented by circulating ice water through the treatment chamber. Thermosonication (TS) 

Fresh mango fruits (unblemished and ripened 
mangoes were selected)  

Rinsed with running tap water and dried with tissue 
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Pulp  extraction  (Braun, Multi quick 3 Extractor)

Centrifugation at 12000 rpm,  10 min at 4 °C (Sigma 3MK, 
Labrzentrifugen, GmbH, Germany)

Removal of impurities by sieving on mesh stainless steel sieve 
(2 mm diameter) to get Fresh mango juice (FMJ)

Division into equal fractions (150 ml), storage at 2 ±2 °C and 
filed into localized bottles and replacement of air by N2, 

capping and treated by one of the next treatments 

All treated samples were stored at 2±2°C for 8 months

OSOHTSCHS
FMJ
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of samples was started when the set temperature at 60 °C. The observed rise in tempera-

ture of the samples due to sonication was 2–5 °C. 

3.3.3. Ohmic Heating 

The treatment of NFC mango juice (150 mL) by ohmic heating (at 40 V/cm until 80 °C 

and held for the 60 s) was conducted according to Abedelmaksoud et al. [5]. 

3.3.4. Ohmicsonication 

Ohmicsonication (OS) was conducted by a combination of ohmic heating and soni-

cation treatments, where the mango juice samples were first treated by radiating 100% of 

power (550 W) for 8 min by sonication directly followed by ohmic heating at 40 V/cm until 

75 °C for the 60 s. 

3.3.5. Experimental Design 

The influence of OS parameters (sonication time (min) and OH temperature (°C)) on 

the activity of PPO and PME by response surface methodology (RSM) was investigated. 

For two factors (OH temperature and sonication time) with three levels (−1, 0, +1), the 

factorial design (32) was used. The OH temperature and sonication time range were 55, 65 

and 75 °C and 2, 5, 8 min, respectively (Table S1). To describe the effect of OH temperature 

and sonication time, the second-order polynomial model was used (Equation (1)). 

� = �� + ���� + ���� + �������  + �����
� + ���1��

� (1)

where, Y is the PME activity, x1 is OH temperature and x2 is sonication time, ao, a1, a2, a11, 

a22 and a12 are regression coefficients for intercept, the linear, the quadratic and interaction 

term, respectively. The analysis of variance (ANOVA) for the response (activity of PME) 

was used to find the significant terms in the models (Table S2). Design Expert Version 

10.0.6 software was used for the analysis. To optimize the OS parameters, the desirability 

function method according to Derringer & Suich [36] was used. The objective function is 

to maximize the PME inactivation using desirability function as described by 

Abedelmaksoud et al. [35]. Each treatment was repeated three times; means and standard 

deviations of results were calculated. 

3.3.6. Phytochemical and Enzymatic Analysis 

The ascorbic acid content and total phenolic content were determined as the protocol 

described by Abedelmaksoud et al. [37]. The obtained results were expressed as mg of 

ascorbic acid per 100 mL sample and total phenolic contents of the samples were ex-

pressed as mg of Gallic acid per 100 mL. 

Total carotenoids content was measured at 450 nm according to hexane/methanol/ac-

etone extraction by Lee and Castle [38] with modifications as described in 

Abedelmaksoud et al. [35] for apple juice. The total carotenoid contents were calculated 

using a β-carotene extinction coefficient of, E1% = 2505 (μg β-carotene/100 g) according to 

Ritter & Purcell (1981) as previously stated. 

Total flavonoids content was measured by a colorimetric assay developed by Kim et 

al. [39], with modifications. Briefly, 250 μL of extract or standard solution of catechin at 

different concentrations (20–260 μg/mL) and 1 mL of distilled water were mixed in a 10 

mL test tube. The following were successively added: at time zero, 75 μL of 5% NaNO2; at 

5 min, 75 μL of 10% AlCl3; and at 6 min, 500 μL of 1 N NaOH. The solution was then 

immediately diluted by adding 2.5 mL of distilled water and mixed thoroughly. The ab-

sorbance of the mixture (pink color) was directly measured by a microplate reader at 510 

nm against a blank sample and the results were expressed as catechin equivalents (mg 

CE/g). 

Hydroxymethyl furfural (HMF) was determined according to Kalábová and Večerek 

[24]. A half ml of juice was mixed with 1 mL methanol on a Vortex Genie II (Scientific 
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Industries INC, Bohemia, NY, USA) for 10 min and centrifuged at 13000 rpm for 10 min. 

This extract was filtered (0.45 μm) and directly used for HPLC analysis. The chromato-

graphic determination was carried out on an Alliance apparatus manufactured by Waters 

Company, with a 2996 diode array detector. Zorbax Eclipse XDB-C8, 4.6 × 150 mm, 5 μm 

column was used (Waters, Milford, MA, USA). The mobile phase (10% methanol in water) 

flow rate was 1 mL min−1, with the sample injection volume of 20 μL and the column 

temperature of 30 °C. HMF was detected in the UV region at 285 nm. The external stand-

ard method was used for the determination of the HMF content using the Empower soft-

ware (Waters). The retention time for HMF was 3.17 min and the linearity of the HPLC 

method used was tested in the concentration range of 0.01–200 mg L−1 using an HMF 

standard. 

Pectin methyl Esterase activity (PME), Quantitative measurement of PME was based 

on the methods reported by Rouse and Atkins [40] and Ting and Rouseff [41]. Juice sam-

ples were mixed by inverting the bottle several times and 2 mL was transferred into 20 

mL of a 1% citrus pectin substrate solution in 0.2 M sodium chloride. The sample was 

titrated to pH 7.5 with 0.2 N NaOH. An auto-titrator (Dos Bio-5, 665 Dosimat, made by 

metrohm, Swiss) was used to deliver 0.05 N NaOH to the sample to maintain the pH at 

7.5 for 10 min during hydrolysis at 30 °C. The volume of 0.05 N NaOH consumed during 

this time was recorded. The PME activity expressed as PME units (PMEu) per gram was 

calculated by using the formula: 

PME(U/g/min) = ((mL of NaOH) × (normality OH)/((weight of sample)×(10 min)) × 104 

Polyphenoloxidase activity (PPO) was determined by the method of Elsayed et al. 

[42] with a modification., 5 mL mango juice was mixed with 5 mL of 0.2 M sodium phos-

phate buffer (pH 6.8) containing 2% (w/v) polyvinyl poly pyrrolidone (PVPP) and then 

centrifuged (Sigma 3MK Labrzentrifugen GmbH, Osterode am Harz, Germany) at 10,000 

g, 4 °C for 30 min. The supernatant was collected for the enzyme assay. The standard 

reaction mixture contained 2 mL of 0.05 M catechol in 0.05 M sodium phosphate buffer 

(pH 6.8), and 1 mL of extract, followed by incubation for 3 min at 25 °C. The increase in 

absorbance at 420 nm (Microplate reader) was measured and compared with a control cell 

in which the enzyme extract was substituted by water. PPO activity (1 unit) was defined 

as an increase in the absorbance of 0.001 min−1. 

3.3.7. Microbiological Load 

Total plate count and psychrotrophic bacteria were determined using the pour plate 

method; plate count agar was used as a medium and plates were incubated at 35 °C for 48 

± 2 h for total plate count and in the refrigerator at 5 ± 2 °C for 10 days for psychrotrophic 

plate count [43,44]. Mold and yeast were determined using potato dextrose agar medium, 

plates were incubated in the dark at 22–25 °C for 5 days [44]. 

3.3.8. Statistical Analysis 

Phytochemical, enzymatic activities, and microbial load results were statistically an-

alyzed by one-way analysis of variance (ANOVA) using the software SPSS 13 (SPSS Inc., 

Chicago, IL, USA) with the Duncan test to evaluate differences between treatments at lev-

els of significance (p ≤ 0.05). Each analysis was repeated three times; means and standard 

deviations of results were calculated. 

4. Conclusions 

Based on the results of this study, Ohmicsonication as novel combined technologies 

resulted in the highest inactivation of PPO and PME activities and microbial load with 

lower losses of phytochemical profiles (i.e., ascorbic acid, carotenoids, phenolic, and fla-

vonoids) compared to other treatments (i.e., ohmic heating, Thermosonication, conven-

tional heating and sonication). Sonication treatment alone was shown to be insufficient 
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for the inactivation of both PPO and microbial load. The results also indicated that Ohm-

icsonication was the best treatment for the storage period of up to 8 months studied, due 

to more retention of the phytochemical profiles. Therefore, quality characteristics for 

Ohmicsonication were more acceptable compared to other treatments, by improving juice 

quality and shelf life, highlighting the novelty of the present study. It is concluded that 

Ohmicsonication can be employed as a preservation technique for processing mango juice 

on a laboratory scale and the possibility of application in a bigger pilot plant could be 

interesting. 

Supplementary Materials: The following supporting information can be downloaded at: 

www.mdpi.com/article/10.3390/molecules27061986/s1, Table S1: Ohmicsonication (high power) 

and PPO and PME activity in mango juice; Table S2: ANOVA for Response Surface Quadratic model 

(PPO and PME of mango juice); Figure S1: Effect of Ohmicsonication (OS) parameters (temperatures 

and time) on the PPO and PME activity of mango juice (U/ml/min)–response surface and contour 

plots. Blue indicates lower PPO and PME activity and red indicates higher PPO and PME activity. 
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plate count; PB: Psychrophilic bacteria; M and Y: mold and yeast. 

References 

1. Polydera, A.C.; Galanou, E.; Stoforos, N.G. Inactivation kinetics of pectin methylesterase of Greek Navel orange juice as a func-

tion of high hydrostatic pressure and temperature process conditions. J. Food Eng. 2004, 62, 291–298. 

2. Aguilo-Aguayo, I.; Oms-Oliu, G.; Soliva-Fortuny, R.; Martin-Belloso, O. Changes in quality attributes throughout storage of 

strawberry juice processed by high-intensity pulsed electric fields or heat treatments. LWT Food Sci. Technol. 2009, 42, 813–818. 

3. Robertson, G.L. Shelf-Life of Packaged Foods, its Measurement and Prediction. Developing New Food Products for a Changing Market-

place; CRC Press: Boca Raton, FL, USA, 1999. 

4. Altemimi, A.B.; Al-Hilphy, A.R.; Abedelmaksoud, T.G.; Aboud, S.A.; Badwaik, L.S.; Noore, S.; Pratap-Singh, A. Infrared Radi-

ation Favorably Influences the Quality Characteristics of Key Lime Juice. Appl. Sci. 2021, 11, 2842. 

5. Abedelmaksoud, T.G.; Mohsen, S.M.; Duedahl-Olesen, L.; Elnikeety, M.M.; Feyissa, A.H. Effect of ohmic heating parameters 

on inactivation of enzymes and quality of Not-From-Concentrate mango juice. Asian J. Sci. Res. 2018, 11, 383–392. 

6. Maldonado-Celis, M.E.; Yahia, E.M.; Bedoya, R.; Landázuri, P.; Loango, N.; Aguillón, J.; Guerrero Ospina, J.C. Chemical com-

position of mango (Mangifera indica L.) fruit: Nutritional and phytochemical compounds. Front. Plant Sci. 2019, 10, 1073. 

7. Bagchi, D.; Bagchi, M.; Stohs, S.J.; Das, D.K.; Ray, S.D.; Kuszynski, C.A., Pruess, H.G. Free radicals and grape seed proanthocy-

anidin extract: Importance in human health and disease prevention. Toxicology 2000, 148, 187–197. 

8. Abedelmaksoud, T.G.; Hesarinejad, M.; Yancheshmeh, B.S. The effect of cold plasma on the enzymatic activity and quality 

characteristics of mango pulp. Res. Innov. Food Sci. Technol. 2021, 10, 341–350. https://doi.org/10.22101/jrifst.2021.247462.1183. 



Molecules 2022, 27, 1986 13 of 14 
 

 

9. Liu, F.; Li, R.; Wang, Y.; Bi, X.; Liao, X. Effects of high hydrostatic pressure and high-temperature short-time on mango nectars: 

Changes in microorganisms, acid invertase, 5-hydroxymethylfurfural, sugars, viscosity, and cloud. Innov. Food Sci. Emerg. Tech-

nol. 2014, 22, 22–30. 

10. Rawson, A.B.K.; Tiwari, A.; Patras, N.; Brunton, C.; Brennan, P.J.; Cullen, C. Effect of thermosonication on bioactive compounds 

in watermelon juice. Food Res. Int. 2011, 44, 1168–1173. 

11. Demirdöven, A.; Baysal, T. Ohmic heating applications on fruit and vegetable products. In Proceedings of the International 

Conference on Bio and Food Electrotechnologies, Compiègne, France, 22–23 October 2009; pp. 294–300. 

12. Giner, M.J.; Hizarci, Õ.; Martí, N.; Saura, D.; Valero, M. Novel Approaches to Reduce Brown Pigment Formation and Color 

Changes in Thermal Pasteurized Tomato Juice. Eur. Food Res. Technol. 2013, 236, 507–515. 

13. Mena, P.; Vegara, S.; Martí, N.; García-Viguera, C.; Saura, D.; Valero, M. Changes on indigenous microbiota, colour, bioactive 

compounds and antioxidant activity of pasteurised pomegranate juice. Food Chem. 2013, 141, 2122–2129. 

14. Abedelmaksoud, T.G.; Mohsen, S.M.; Duedahl-Olesen, L.; Elnikeety, M.M.; Feyissa, A.H. Impact of ohmicsonication treatment 

on pectinmethylesterase in not-from-concentrate orange juice. J. Food Sci. Technol. 2019, 56, 3951–3956. 

https://doi.org/10.1007/s13197-019-03834-2. 

15. Abedelmaksoud, T.G.; Mohsen, S.M.; Duedahl-Olesen, L.; Elnikeety, M.M.; Feyissa, A.H. Optimization of ohmicsonication for 

overall quality characteristics of NFCapple juice. J. Food Process. Preserv. 2019, 43, e14087. https ://doi.org/10.1111/jfpp.14087. 

16. Demirdöven, A.; Baysal, T. Optimization of ohmic heating applications for pectin methylesterase inactivation in orange juice. J. 

Food Sci. Technol. 2014, 51, 1817–1826. https://doi.org/10.1007/s13197-012-0700-5. 

17. Plaza, L.; Sánchez-Moreno, C.; De Ancos, B.; Elez-Martínez, P.; Martín-Belloso, O.; Cano, M.P. Carotenoid and flavanone content 

during refrigerated storage of orange juice processed by high-pressure, pulsed electric fields and low pasteurization. LWT Food 

Sci. Technol. 2011, 44 ,834–839. 

18. Abid, M.; Jabbar, S.; Wu, T. Sonication enhances polyphenolic compounds, sugars, carotenoids and mineral elements of apple 

juice. Ultrason. Sonochem. 2014, 21, 93–97. https://doi.org/10.1016/j.ultsonch.2013.06.002. 

19. Rodriguez-Amaya, D.B. A Guide to Carotenoid Analysis in Foods; International Life Sciences Institute: Washington, DC, USA, 

1999. 

20. Mcinerney, J.K.; Seccafien, C.A.; Stewart, C.M.; Bird, A.R. Effects of High-Pressure Processing on Antioxidant Activity, and 

Total Carotenoid Content and Availability, in Vegetables. Innov. Food Sci. Emerg. Technol. 2007, 8, 543–548. 

21. Girgin, N.; El, S.N. Effects of Cooking on in Vitro Sinigrin Bioaccessibility, Total Phenols, Antioxidant and Antimutagenic Ac-

tivity of Cauliflower (Brassica oleraceae L. var. Botrytis). J. Food Compos. Anal. 2015, 37, 119–127. 

22. Roy, M.K.; Juneja, L.R.; Isobe, S.; Tsushida, T. Steam Processed Broccoli (Brassica oleracea) has Higher Antioxidant Activity in 

Chemical and Cellular Assay Systems. Food Chem. 2009, 114, 263–269. 

23. Cao, Q. Effects of Different Ultrasonic Frequency on Total Phenolic Contents of Extracts from Navel Orange Residue. Adv. 

Mater. Res. 2014, 830, 90–92. 

24. Kalábová, L. V. I. B. K.; Večerek, V. Hydroxymethylfurfural contents in foodstuffs determined by HPLCmethod. J. Food Nutr. 

Res. 2006,45, 34–38. 

25. Korbel, E.; Servent, A.; Billaud, C.; Brat, P. Heat inactivation of polyphenol oxidase and peroxidase as a function of water activ-

ity: A case study of mango drying. Dry. Technol. 2013, 31, 1675-1680. 

26. Wang, J.; Jiang, W.; Wang, B.; Liu, S.; Gong, Z.; Luo, Y. Partial properties of polyphenol oxidase in mango (Mangifera indica L. 

cv. “Tainong”) pulp. J. Food Biochem. 2007, 31, 45–55. 

27. Weemaes, C.; Ludikhuyze, L.; Van den Broeck, I.; Hendrickx, M. High pressure inactivation of polyphenoloxidases. J. Food Sci. 

1998, 63, 873–877. 

28. Makroo, H.A.; Rastogi, N.K.; Srivastava, B. Ohmic heating assisted inactivation of enzymes and microorganisms in foods: A 

review. Trends Food Sci. Technol. 2020, 97, 451–465. 

29. Castro, I.; Macedo, B.; Teixeira, J.A.; Vicente, A.A. The effect of electric field on important food-processing enzymes: Compari-

son of inactivation kinetics under conventional and ohmic heating. J. Food Sci. 2004, 69, 696–701. 

30. Díaz-Cruz, C.A.; Regalado-Gonzalez, C.; Morales-Sanchez, E.; Velazquez, G.; Gonzalez-Jasso, E.; Amaya-Llano, S.L. Thermal 

inactivation kinetics of partially purified mango pectin methylesterase. Food Sci. Technol. 2016, 36, 282–285. 

31. Leizerson, S.; Shimoni, E. Stability and sensory shelf life of orange juice pasteurized by continuous ohmic heating. J. Agric. Food 

Chem. 2005, 53, 4012–4018. https://doi.org/10.1021/jf047857q. 

32. Mohsen, S.M.; Murkovic, M.; El-Nikeety, M.M.; Abedelmaksoud, T.G. Ohmic heating technology and quality characteristics of 

mango pulp. J. Food Ind. Nutr. Sci. 2013, 3, 69–83. 

33. Alaka, O.O.; Aina, J.O.; Falade, K.O. Effect of storage conditions on the chemical attributes of Ogbomoso mango juice. Eur. Food 

Res. Technol. 2003, 218, 79–82. 

34. Van den Berg, H.; Faulks, R.; Fernando Granado, H.; Hirschberg, J.; Olmedilla, B.; Sandmann, G. Review: The potential for the 

improvement of carotenoid levels in foods and the likely systemic effects. J. Sci. Food Agric. 2000, 80, 880–912. 

35. Abedelmaksoud, T.G.; Mohsen, S.M.; Duedahl-Olesen, L.; Elnikeety, M.M.; Feyissa, A.H. Optimization of ohmic heating pa-

rameters for polyphenoloxidase inactivation in not-from-concentrate elstar apple juice using RSM. J. Food Sci. Techn. 2018, 55, 

2420–2428. 

36. Derringer, G.; Suich, R. Simultaneous optimization of several response variables. J. Qual. Technol. 1980, 12, 214–219. 



Molecules 2022, 27, 1986 14 of 14 
 

 

37. Abedelmaksoud, T.G.; Smuda, S.S.; Altemimi, A.B.; Mohamed, R.M.; Pratap-Singh, A.; Ali, M.R. Sunroot snack bar: Optimiza-

tion, characterization, consumer perception, and storage stability assessment. Food Sci. Nutr. 2021, 9, 4394–4407. 

38. Lee, H.S.; Castle, W.S. Seasonal change of carotenoid pigments and color in Hamlin, Earlygold, and Budd Blood orange juices. 

J. Agric. Food Chem. 2001, 49, 877–882. 

39. Kim, D.O.; Jeong, S.W.; Lee, C.Y. Antioxidant capacity of phenolic phytochemicals from various cultivars of plums. Food Chem. 

2003, 81, 321–326. 

40. Rouse, A.H.; Atkins, C.D. Pectinesterase and pectin in commercial citrus juices as determined by methods used at the Citrus 

Experiment Station. Calif. Agric. Exp. Stn. Bull. 1955, 570, 1–9. 

41. Ting, S.V.; Rouseff, R.L. Measurement of Quality for Grades and Standards. Citrus Fruits and Their Products: Analysis and Technology; 

Marcel Dekker, Inc.: New York, NY, USA, 1986; pp. 35–65. 

42. Elsayed, N.; El-Din, H.S.; Altemimi, A.B.; Ahmed, H.Y.; Pratap-Singh, A.; Abedelmaksoud, T.G. In Vitro Antimicrobial, Anti-

oxidant and Anticancer Activities of Egyptian Citrus Beebread. Molecules 2021, 26, 2433. 

43. Andrews, W. Manuals of Food Quality Control, Microbiological Analysis; Chapter 4; (FAO Food and Nutrition Paper, 14/4 Rev. 1, 

FAO Consultant), M-82, ISBN 92-5-103189-4; Food and Drug Administration: Washington, DC, USA, 1992. 

44. Jay, J.M.; Vilai, J.P.; Hughes, M.E. Profile and activity of the bacterial biota of ground beef held from freshness to spoilage at 5–

7 °C. Int. J. Food Microbiol. 2003, 81, 105–111. 


