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This study systematically evaluated the effects of thermal pasteurization (TP) and
dielectric barrier discharge atmospheric cold plasma (DBD ACP) on microbial
inactivation, nutritional composition, enzymatic activity, and sensory attributes of
fresh mandarin juice during 18 days of storage at 4 °C. TP was applied at 95 °C for
60 s, while DBD ACP treatments were conducted for durations ranging from 30 to
120 s. TP effectively inactivated spoilage microorganisms and quality-degrading
enzymes, reducing microbial counts to acceptable levels and enzymatic activities
(polyphenol oxidase and pectin methylesterase) to below 20%. However, TP
significantly compromised nutritional quality, with notable reductions in ascorbic
acid (26%), total phenolics, and antioxidant capacity. Additionally, TP negatively
impacted sensory properties, inducing heat-related pigment degradation and the
development of off-flavors. In contrast, DBD ACP treatments, particularly at
30-60 s, preserved ascorbic acid, phenolic content, and antioxidant activity,
maintaining values statistically similar to those of the untreated juice samples. The
120-s DBD ACP treatment achieved microbial reduction comparable to TP (total
plate count: 3.30 log CFU/mL; yeast and molds: 2.40 log CFU/mL), but
demonstrated limited efficacy in enzyme inactivation, with residual enzyme
activities exceeding 80%. Sensory evaluation indicated that DBD ACP-
preserved juice retained its color, aroma, flavor, and taste, with scores closely
aligned with those of the control sample. Results suggest that while DBD ACP is
effective in preserving nutritional and sensory quality, its limited ability to
inactivate enzymes may necessitate a combination with other preservation
methods. Overall, DBD ACP represents a promising non-thermal processing
technology for the safety and preservation of fresh fruit juices.

mandarin juice, dielectric barrier discharge, thermal pasteurization, microbial
inactivation, sensory attributes

1 Introduction

Fruit juices are widely consumed beverages, valued for their low caloric content and
abundance of essential nutrients and bioactive compounds, such as polyphenols, enzymes,
vitamins (notably ascorbic acid), and antioxidants, which contribute to health-promoting
properties and consumer preference (Amine et al., 2023; Gupta et al., 2023). However, the
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high water activity and acidic nature of most fruit juices, including
mandarin juice, make them highly susceptible to microbial spoilage
and enzymatic degradation during the storage period (Dalvi-Isfahan
and Mahmoodi-Eshkaftaki, 2024; Roobab et al., 2023; Ruxton and
Myers, 2021). Thermal pasteurization (TP) remains the conventional
method for ensuring microbial safety and enzymatic stability in fruit
juices. Although effective in achieving microbial inactivation, TP is
associated with detrimental effects on product quality, including
degradation of heat-sensitive nutrients, loss of volatile aroma
compounds, pigment breakdown, and degraded sensory
characteristics (Agcam et al, 2018 Umair et al, 2022). These
limitations have driven interest in the development and
optimization of non-thermal technologies (NTTs), such as high-
pressure processing (HPP), pulsed electric fields (PEF), ultrasound
(US), ozone, and atmospheric cold plasma (ACP), which aim to
extend shelf life while preserving the nutritional, functional, and
sensory attributes of fresh juices (Almeida et al., 2015; Pihen et al,
2024; Roobab et al, 2023). Among these technologies, ACP has
emerged as a promising alternative for non-thermal pasteurization.
In contrast, HPP treatment is more effective for inactivating bulk
microbes, especially in liquid and semi-solid foods; however, it
requires expensive equipment and pressure-resistant packaging.
The PEF technology is well-suited for liquid foods, relying on
electroporation to disrupt microbial cells with minimal heat
generation; however, uniform treatment can be challenging (Jadhav
et al, 2021). Ultrasound inactivates microorganisms through
cavitation effects; however, its effectiveness is limited by the
penetration depth, which depends on the size and geometry of the
food product. Additionally, ultrasonic treatment may cause localized
heating or mechanical damage, potentially compromising the food’s
texture and quality. Ozone treatment, another non-thermal approach,
is a potent oxidizing method that effectively reduces microbial loads
and pesticide residues. However, its use raises safety concerns, as
ozone is toxic and can induce oxidative damage if not precisely
controlled during the treatment process (Yaya-Gonzdlez et al,
2025; Zhang et al, 2019). Therefore, ACP meets these criteria
while maintaining product quality, making it a viable method for
commercial application (Abbas et al., 2024; Kaur et al., 2024; Ozen
and Singh, 2020). ACP is a partially ionized gas composed of
electrons, ions, radicals, and neutral particles, generated at low
(30 °C-60 °C) under atmospheric conditions,
reducing the need for vacuum systems (Coutinho et al, 2018;
Kaur et al., 2024; Yasoob et al,, 2022). ACP generates a variety of
reactive species, including reactive oxygen and nitrogen species

temperatures

(RONS), ozone, singlet oxygen, hydroxyl radicals, hydrogen
peroxide, nitric oxide, and UV photons. These agents are primarily
responsible for microbial inactivation by inducing oxidative damage
and disrupting microbial cell membranes, proteins, and nucleic acids
(Dharini etal., 2023; Illera et al., 2019). The dielectric barrier discharge
(DBD) approach is one of the most commonly used techniques for
generating ACP in food applications due to its ability to provide
uniform plasma exposure over the treated food surface area, versatile
design (planar, coaxial, or twisted electrodes), and compatibility with
various generating gases (Dalvi-Isfahan and Mahmoodi-Eshkaftaki,
2024; Jiang et al, 2022). ACP can be generated through various
configurations, each with distinct mechanisms and applications in the
food processing industry. Corona discharge, a cold plasma system
utilizing sharp electrode tips, produces non-uniform plasma and is
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primarily employed for treating solid food surfaces. Microwave
discharge plasma yields high-density plasma but generally requires
vacuum or sub-atmospheric conditions, limiting its applicability in
food processing. The plasma jet system directs plasma from a chamber
through a nozzle, providing precise treatment for irregular surfaces;
however, uniformity may be a challenge during food treatment
(Laroque et al, 2022; Vaka & Ramkumar, 2024). DBD-ACP is
particularly well-suited for juice processing due to its low thermal
impact, uniform plasma generation, and ability to effectively treat
liquid surfaces without direct electrode contact, which helps preserve
bioactive compounds, color, aroma, and vitamin content (Dalvi-
Isfahan and Mahmoodi-Eshkaftaki, 2024). Therefore, voltage,
treatment time, gas composition, and electrode setup are the
primary factors governing the efficacy and safety of DBD-ACP.
Fine-tuning these parameters is crucial for achieving high
microbial inactivation while minimizing adverse effects on food
quality (Vaka & Ramkumar, 2024). Recent studies have
highlighted the benefits of DBD-ACP, which has demonstrated
efficacy in microbial decontamination and retention of bioactive
compounds in several fruit juices, including apple, blueberry, and
pomegranate (Hou et al,, 2019; Kovacevi¢ et al.,, 2016; Ozen et al,
2024). Despite the progress achieved, a gap remains in the available
information, and limited data exist on the use of DBD ACP
pasteurization for fresh citrus juices (including mandarin juice),
which are characterized by high consumer appeal due to color,
distinctive aroma, and sweet-tart flavor profile. Mundanat et al.
(2025) emphasized that color, aroma, flavor, and taste are critical
sensory determinants of consumer acceptance in fruit juices.
Processing techniques that negatively affect these attributes can
significantly reduce quality and marketability. Furthermore,
enzymatic activities such as polyphenol oxidase (PPO) and pectin
methyl esterase (PME) contribute to quality degradation during
storage, and their stability under non-thermal treatments remains
inadequately studied in fresh citrus juices in general and in fresh
mandarin juice in particular. The authors also reported that color and
appearance have a primary effect on perceptual quality. The authors
also noted that flavor and taste play a major role in determining the
acceptability and consumption of any fruit juice. This study examines
the impact of DBD ACP treatment on microbial decontamination in
juice, thermal
pasteurization, during a 28-day storage period at 4 °C. In addition,

fresh mandarin compared to conventional
the study evaluates key quality parameters, including sugar content,
ascorbic acid concentration, total polyphenol content, antioxidant
activity, and residual enzyme activity, alongside primary sensory
characteristics. These parameters have not been previously assessed
in fresh mandarin juice treated with DBD ACP. The data obtained in
this study will address existing knowledge gaps and evaluate the
potential of DBD-ACP for industrial applications in the preservation

of fresh fruit juice.

2 Materials and methods
2.1 Preparation of mandarin juice
Fresh, healthy, and undamaged mandarin fruits (Citrus

reticulata L.) were manually harvested from a local orchard in
northern Iraq during the 2024 growing season. After selection,
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A schematic diagram of the DBD ACP system (Model No. 6CP120/60-7.5, Phenix Tech, France) used in this study to treat mandarin juice under

atmospheric conditions.

the fruits were placed in a 10 kg-capacity ice-container and
transported immediately to the research laboratory at the
University of Tikrit. Upon arrival, the fruits were washed
thoroughly with distilled water and air-dried at room
temperature. The fruits were then peeled, and the juice was
extracted using a cold-press juicer (Anybear Cold Press Juicer,
Anybear Co., Florida, USA) to minimize thermal degradation of
bioactive compounds. The extracted juice was filtered through a
stainless-steel mesh filter (Fisher Scientific, USA) to remove seeds
and other impurities, and subsequently stored in pre-sterilized, dry,
and sealed glass containers at -5 °C in a refrigerator until

further analysis.

2.2 Thermal pasteurization and DBD-ACP
experiments

For thermal treatment, the pasteurization system at the
Department of Food Science, University of Tikrit, was used to
perform thermal pasteurization, following the method described
by Ferreira et al. (2022). The process involved heating juice
samples to 95 ‘C for 60 s. Pasteurization was carried out by
submerging the juice samples in a thermostatic water bath
(Selecta Frigiterm 6,000,382, Barcelona, Spain). Each sample
was sealed in a heat-resistant polyethylene bag (4 x 8 cm)
containing 25 mL of juice. The time required to reach the
target temperature was determined in advance using a K-type
thermocouple connected to a digital thermometer, ensuring that
the temperature was maintained within 2 °C of the set point.
Once the desired temperature was reached, the samples were held
in the water bath for 30 s, then immediately transferred to an ice
bath to rapidly cool and stop further thermal effects. Cold plasma
experiments were conducted using a DBD-ACP system (Model
6CP120/60-7.5, Phenix Tech, USA), as illustrated in Figure 1. The
procedure was based on the method described by Lou et al. (2025),
with minor modifications. The apparatus consisted of two circular
aluminum plate electrodes (diameter: 5 cm) and two circular
quartz glass dielectric barriers (upper barrier diameter: 9 cm;
lower barrier diameter: 6 cm; thickness: 1 mm). A high-voltage,
high-frequency power supply (fixed frequency: 10 kHz; output
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voltage: 14 kV) was used to generate the plasma discharge. For the
DBD-ACP treatment, 10 mL of fresh mandarin juice was placed in
a sterile Petri dish (diameter, 5 cm; depth, 1 cm). The electric field
strength was maintained at 14 kV/cm, with a 0.5 cm gap between
the electrode and the juice surface. The distance between the
upper electrode and the ground electrode was approximately
1 cm. DBD ACP exposure durations were set at 30, 60, 90, and
120 s. All experiments were performed at room temperature
(24 °C £ 1 °C) using ambient air as the working gas. Following
treatment, the juice samples were transferred into sterile, dry
50 mL glass tubes and stored at 4 °C in a refrigerator for
subsequent analysis. The temperature of the juice was
measured both before and after treatment using a non-contact
infrared thermometer (Model: Omega OS423-LS, Stamford,
United States). All experiments and measurements were
conducted in triplicate.

2.3 Determination of microbial load

This study utilized the natural microbial load to reflect real-
world processing and storage conditions, enabling a realistic
assessment of treatment effectiveness, spoilage, shelf life, and
sensory quality, especially for minimally processed products, such
as fresh juice. However, a limitation is the use of high-quality, hand-
selected fruits, which likely had a lower initial microbial load. In the
industry, fruit quality varies, and contamination may be higher;
therefore, the findings of this study may not fully capture the
The
microbiological analysis was conducted using the method
described by Umair et al. (2019) and Martinez-Herndndez et al.

industrial ~ processing  challenges of fruit juices.

(2017), with minor modifications. A 10 mL of mandarin juice was
homogenized with 90 mL of sterile saline solution (8.5 g NaCl/L;
Sigma Chemical Co., St. Louis, MO, USA) for 1 min using a
stomacher (to ensure uniform mixing). From appropriate serial
dilutions, 1 mL was poured-plated onto Plate Count Agar (PCA)
and incubated at 30 °C for 48 h to determine the total viable
microbial count. For yeast and mold enumeration (YM count),
100 pL of the selected dilution was spread-plated onto Potato
Dextrose (PDA) 100 mg/L of

Agar supplemented with
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chloramphenicol (Sigma Chemical Co., St. Louis, MO, USA) to
inhibit bacterial growth. Plates were incubated at 25 °C for 6 days
under aerobic conditions. All microbiological assays were conducted
in triplicate, and results were expressed as log colony-forming units
(CFU) per gram of fresh weight.

2.4 Determination of total sugar content

Total soluble sugar content was determined using the
phenol-sulfuric acid colorimetric assay, as described by Haron
et al. (2017). Juice samples (1 mL) were transferred into test
tubes and mixed with 1 mL of 5% (w/v) aqueous phenol
solution. Subsequently, 5 mL of concentrated sulfuric acid
(H,SO4) was carefully added to each mixture. The reaction
mixtures were vortexed for 1 min and then incubated at ambient
temperature (~25 °C) for 30 min to allow for color development.
Absorbance was measured at 490 nm using a UV-VIS
spectrophotometer (Shimadzu Scientific Instruments Co., Ltd.,
Beijing, China). A glucose calibration curve (ranging from 0 to
1000 pg/mL) was used to quantify the sugar concentration in
the samples. Results were expressed as grams of total sugars per
liter (g/L) of juice.

2.5 Determination of ascorbic acid content

The ascorbic acid (vitamin C) concentration in mandarin juice
was determined using a redox titration method as described by
Escudero-Lopez et al. (2013). A 5 mL of juice sample was mixed
with an equal volume of 3% (w/v) aqueous metaphosphoric acid
solution, which acts as a stabilizing and precipitating agent to
prevent oxidation of ascorbic acid. The mixture was then
centrifuged at 4,000 x g for 10 min to remove suspended solids.
The resulting supernatant (5 mL) was titrated with 2,6-
dichlorophenolindophenol (DCPIP) solution, a redox indicator
that becomes colorless upon reduction by ascorbic acid. The
appearance of a persistent light pink color marked the endpoint
of the titration, as ascorbic acid converted to dehydroascorbic acid
(CsHeOg). Ascorbic acid concentration was quantified using a
standard calibration curve prepared with known concentrations of
ascorbic acid ranging from 0 to 600 mg/L. Results were expressed
in milligrams per liter (mg/L).

2.6 Determination of total phenolic content

Total phenolic content (TPC) was determined using a
modified Folin-Ciocalteu colorimetric method, as described by
Escudero-Lopez et al. (2016). Mandarin juice samples were
initially diluted with distilled water at a 5:1 (v/v) ratio to
ensure an appropriate concentration for spectrophotometric
analysis. Then, 6 mL of the diluted sample was transferred
into glass centrifuge tubes and centrifuged at 6,000 x g for
15 min to remove particulate matter. Subsequently, 20 uL of
the resulting supernatant was mixed with 2 mL of deionized water
and 100 pL of Folin-Ciocalteu reagent. After a 5-min reaction
period at room temperature, 5 mL of 20% (w/v) sodium carbonate
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(Na,CO3) solution was added to create an alkaline medium,
which is essential for the Folin-Ciocalteu reaction to proceed.
The Folin-Ciocalteu reagent contains phosphomolybdic and
phosphotungstic acids that, under alkaline conditions, are
reduced by phenolic compounds. This redox reaction results in
the formation of a blue-colored complex, commonly referred to
as the molybdenum-tungsten blue complex (Dominguez-Lopez
et al.,, 2024). The reaction was then incubated in the dark at
ambient temperature (~25 °C) for 2 h to allow full color
development. Absorbance was measured at 765 nm using a
UV-VIS spectrophotometer (Shimadzu Scientific Instruments
Co., Ltd., Beijing, China), and the total phenolic content was
quantified using a gallic acid calibration curve ranging from 0 to
500 mg/L. Results were expressed as milligrams of gallic acid
equivalents per liter of juice (mg GAE/L).

2.7 Determination of antioxidant capacity

The antioxidant capacity of mandarin juice was evaluated using
the DPPH (2,2-diphenyl-1-picrylhydrazyl) free radical scavenging
assay, as described by Kelebek and Selli (2014). Juice samples were
diluted with deionized water at a 2:1 (v/v) ratio (juice to water) and
then centrifuged at 5,000 x g for 15 min to obtain a clear
supernatant. A DPPH solution was prepared by dissolving
0.025 g of DPPH in 50% (v/v) ethanol. Subsequently, 0.5 mL of
the juice supernatant was mixed with 2.5 mL of the DPPH solution
and vortexed for 1 min. The mixture was then incubated in the
dark at room temperature (~25 °C) for 30 min to prevent
After
measured at 515 nm using a UV-VIS spectrophotometer
(Shimadzu Scientific Instruments Co., Ltd., Beijing, China). The
percentage of DPPH radical scavenging activity was calculated using

photodegradation. incubation, the absorbance was

the following Equation 1:

%DPPH = [ (Control Absorbance — Sample Absorbance)/
Control Absorbance] x 100 (1)

2.8 Determination of residual
enzyme activity

The residual activities of peroxidase (POD) and polyphenol
oxidase (PPO) were determined following the method of Dars et al.
(2019), with minor modifications. Mandarin juice samples were
centrifuged at 8,000 rpm for 15 min at 4 °C, and the resulting
supernatant was used for enzymatic assays. For POD activity, a
reaction mixture containing 0.32 mL of 0.2 mol/L potassium
phosphate buffer (pH 6.8), 0.32 mL of 5% (w/v) pyrogallol, and
0.6 mL of 0.147 mol/L hydrogen peroxide was prepared. The
change in absorbance at 420 nm was recorded over 3 min. PPO
activity was assessed by mixing 1.5 mL of the supernatant with
0.5 mL of 0.5 mol/L catechol and 3.0 mL of 0.2 mol/L potassium
phosphate buffer (pH 6.8), followed by measurement of
absorbance at 410 nm over 3 min. Pectin methylesterase (PME)
activity was measured according to Saeeduddin et al. (2015).
Briefly, 10 mL of enzyme extract was mixed with 40 mL of 1%
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(w/v) pectin solution containing 0.15 mol/L NaCl. The absorbance
was monitored at 620 nm for 2 min. Lipoxygenase (LOX) activity
was determined following the protocol described by Aguilo-
Aguayo et al. (2008). LOX was extracted using a cold buffer
system containing phenolic inhibitors at 2 °C, and the extract
was clarified by centrifugation at 3,000 rpm for 10 min at 4 °C. The
reaction was initiated with linoleic acid as the substrate, and the
formation of hydroperoxides was monitored by measuring the
absorbance at 234 nm for 3 min. All enzymatic activities were
UV-VIS
spectrophotometer (Shimadzu Scientific Instruments Co., Ltd.,

monitored  spectrophotometrically  using a
Beijing, China). Residual enzyme activity (%) was calculated

relative to the untreated control using the following Equation 2:

Residual activity (%) = (Absorbance of treated sample/
Absorbance of control sample) x 100 (2)

All assays were conducted in triplicate, and results were
expressed as mean + SD.

2.9 Sensory evaluation

A total of 40 participants were selected from a pool of
100 research scholars, comprising faculty, staff, and graduate
students. The group consisted of 20 males and 20 females, aged
between 25 and 50 years. All participants were non-smokers,
reported no known allergies to fruit juices, and expressed a
strong interest in sensory assessment. While 70% of the
panelists were untrained, 30% possessed formal certification in
sensory evaluation. Before testing, panelists were thoroughly
briefed on the use of the sensory scorecard and the evaluation
procedure. Sensory evaluation was conducted in a dedicated
sensory analysis room under controlled conditions, following
the triangle test method with reference to the control sample, as
described by Villanueva et al. (2005). To minimize bias, samples
were anonymously labeled using random three-digit codes and
served in identical, neutral glass containers with plastic lids.
Panelists were seated in individual sensory booths separated by
partitions to prevent interaction. The order of sample presentation
was random for each participant to reduce sensory adaptation and
carryover effects. The test protocol was designed to help panelists
detect, identify, and differentiate sensory attributes among the
juice samples. A hybrid hedonic line scale, based on a standard 10-
point scale, was used to record responses, where 1 = no difference
and 10 = extremely different. Panelists were asked to evaluate and
comment on perceptible differences in color, flavor, aroma, and
taste between the juice samples.

2.10 Statistical analysis

One-way ANOVA and Fisher’s Least Significant Difference (LSD)
test were performed using SAS 9.0 (Cary, NC, USA) to compare
means. Experiments were done in triplicate, with significance set
at p < 0.05.
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3 Results and discussion

3.1 Temperature profiles during TP and DBD
ACP treatments

Table 1 presents the temperature variations in fresh mandarin
juice before and after TP and DBD ACP treatments across varying
exposure times. This parameter was measured to quantify the
thermal load imposed by each processing method, as temperature
is a critical factor influencing microbial inactivation, nutrient
degradation, enzyme activity, and sensory attributes in juice
processing (Petruzzi et al., 2017; Zia et al, 2024). TP treatment
resulted in a significant rise in juice temperature, from an initial
23°C£0.5°Cto 94 °C £ 0.5 °C, consistent with conventional high-
temperature short-time (HTST) pasteurization protocols. This
substantial thermal input is well-documented for its effectiveness
in microbial inactivation and enzymatic denaturation (Umair et al.,
2022), mechanisms that are further discussed in later sections.
However, such elevated thermal exposure also contributes to the
degradation of thermolabile compounds, particularly ascorbic acid
and phenolic constituents, as previously demonstrated by Polydera
etal. (2005), Patras et al. (2010), and Chen et al. (2013). The high exit
temperature observed confirms the thermal stress imparted to the
juice matrix, which corresponds with the observed reductions in
antioxidant capacity and ascorbic acid content reported later in this
study, consistent with prior findings (Nayak et al., 2020). In contrast,
the DBD ACP treatments induced only moderate increases in juice
temperature, ranging from 27 °C + 0.5 °C (30 s) to a maximum of
42 °C £ 0.5 °C (120 s). These values remained well below the
thresholds  typically degradation,
reaffirming the non-thermal classification of this technology. The

associated with thermal
minimal temperature rise aligns with the operational mechanism of
cold plasma, which relies primarily on RONS, ultraviolet photons,
and local electric fields rather than thermal energy for microbial
inactivation and biochemical modulation (Mishra et al., 2025).
Similar findings were reported by Misra et al. (2011) and Ziuzina
etal. (2014), who documented temperature increases below 45 °C in
plasma-treated juices and vegetables, confirming the mild thermal
footprint of the process. The low thermal input during DBD ACP
treatment accounts for the high retention of heat-sensitive
nutritional compounds (e.g., ascorbic acid, total phenolics) and
the limited inactivation of enzymes such as polyphenol oxidase
(PPO) and pectin methyl esterase (PME), as presented later in this
study. This contrast in temperature profiles between TP and DBD
ACP underscores a fundamental trade-off in juice processing
technologies. While TP ensures microbial and enzymatic stability
through intense heat application, it compromises nutritional and
sensory quality. Conversely, DBD ACP preserves nutritional and
sensory attributes due to its minimal thermal impact but may
require additional process optimization, such as extended
treatment duration or integration with mild heat, to achieve
comparable microbial and enzymatic inactivation levels
(Bermudez-Aguirre et al., 2013; Ozen and Singh, 2020; Zargarchi
et al, 2024). In summary, TP treatment subjected the juice to near-

boiling temperatures, resulting in significant thermal stress and
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TABLE 1 Temperature changes in the fresh mandarin juice after TP and DBD ACP treatments.

Treatment type Treatment time (Sec.)

Temperature before treatment (°C)

Temperature after treatment ("C)

TP 60 23£05 94 + 0.5
DBD ACP 30 23 +£05 27 £ 05
DBD ACP 60 23 +£05 31 +£05
DBD ACP 90 23+ 05 36 £ 0.5
DBD ACP 120 23 +£05 42 £ 0.5
“Data is expressed as mean + SD, n = 3.
TABLE 2 Microbial stability in fresh mandarin juice after TP and DBD ACP treatments during storage at 4 °C (log CFU/mL).
Treatment Micro Day O Day 3 Day 6 Day 9 Day 12 Day 15 Day 18

Control TPC 3.11 + 0.05f 4.22 £ 0.07e 5.60 + 0.08d 6.72 £ 0.10c 7.31 £ 0.12b 7.92 + 0.13a 8.40 + 0.15a

YM 240 £ 0.03e 2.55 + 0.04e 2.71 £ 0.05e 3.11 + 0.06d 3.80 £ 0.07¢c 4.41 + 0.09b 5.00 £ 0.10a

TP TPC NDd NDd NDd 1.05 + 0.06¢ 1.20 £ 0.07¢ 2.10 + 0.08b 3.05 + 0.09a

YM NDe NDe NDe 0.35 + 0.07d 0.60 + 0.02c 1.22 + 0.03b 231 £ 0.04a

DBD ACP 30s TPC 2.00 + 0.04f 2.20 + 0.05f 2.52 + 0.06e 4.83 + 0.07d 5.12 + 0.08c 6.13 + 0.10b 6.55 + 0.11a

YM 1.13 + 0.05e 1.41 £ 0.0e 2.38 + 0.05d 2.61 + 0.05d 3.20 £ 0.03¢ 3.50 + 0.04b 3.80 £ 0.06a

DBD ACP 60s TPC 1.80 + 0.0f 2.05 + 0.04f 2.40 + 0.06e 3.60 + 0.07d 4.80 + 0.08c 5.40 + 0.10b 570 £ 0.11a

YM 0.63 + 0.05f 1.08 + 0.06e 1.63 + 0.05d 2.10 £ 0.03c 2.20 + 0.03c 3.11 + 0.03b 3.81 £ 0.05a

DBD ACP 90s TPC NDf NDf 1.90 £ 0.06e 2.20 + 0.06d 3.32 + 0.0c 4.20 + 0.08b 4.80 £ 0.09a

YM NDe NDe 0.77 + 0.04c 1.05 + 0.0b 1.20 + 0.03b 2.23 + 0.02a 2.52 + 0.04a

DBD ACP 120s TPC NDd NDd NDd 2.00 £ 0.06¢ 2.33 £ 0.07¢c 2.80 + 0.08b 3.30 £ 0.09a

YM NDe NDe NDe 0.25 + 0.04d 0.60 + 0.03c 1.10 + 0.02b 2.40 + 0.03a

“Different letters in the same row indicate statistically significant differences (p < 0.05). Values are expressed as mean + SD (n = 3).

associated quality degradation. In contrast, DBD ACP treatment-
maintained juice temperatures within a non-thermal range even
after 120 s of exposure, thereby preserving thermosensitive bioactive
compounds and organoleptic properties. These findings reinforce
the potential of DBD ACP as a non-thermal preservation technology
for fruit juices, particularly in applications prioritizing nutrient
retention and minimal processing.

3.2 Effect of TP and ACP-DBD treatments on
microbial stability during storage

Table 2 presents the total plate count (TPC) and yeast and mold
(YM) levels in fresh mandarin juice subjected to TP and DBD-ACP
treatments at various exposure durations. Microbial stability was
monitored over 18 days of storage at 4 °C. The results showed that in
untreated control samples, microbial proliferation occurred rapidly.
TPC increased from 3.11 + 0.05 to 8.40 + 0.15 log CFU/mL, while
YM increased from 2.40 + 0.03 to 5.00 + 0.10 log CFU/mL by day 18,
confirming the high perishability of fresh juice due to its nutrient-
rich composition and native microflora. These trends align with
previous findings for untreated citrus juices (Tiwari et al, 2009;
Wibowo et al,, 2015). Results indicate that the TP significantly (p <
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0.05) reduced both TPC and YM to non-detectable levels (ND) at
day 0, with microbial regrowth delayed until after day 6. By day 18,
TPC and YM levels reached 3.05 + 0.09 and 2.31 + 0.04 log CFU/mL,
respectively. This moderate regrowth may be attributed to post-
processing contamination or the recovery of sub-lethally injured
microorganisms, as previously observed in TP-treated juices (Pala
and Toklucu, 2013). Despite this, microbial counts remained below
the spoilage threshold of 6 log CFU/mL, confirming TP’s
effectiveness in extending shelf life, albeit at the expense of
sensory and nutritional quality (Mandha et al, 2023). In
comparison, the antimicrobial efficacy of DBD ACP was strongly
dependent on treatment duration. At 30 s, DBD ACP achieved a
partial reduction in TPC (2.00 + 0.04 log CFU/mL), but microbial
growth resumed rapidly, reaching 6.55 + 0.11 log CFU/mL (TPC)
and 4.90 # 0.08 log CFU/mL (YM) by day 18, values comparable to
the untreated control. This limited efficacy is consistent with earlier
reports highlighting insufficient microbial suppression at shorter
plasma exposure times (Luo et al., 2025; Sohbatzadeh et al., 2021). A
60-s DBD ACP treatment demonstrated improved microbial
control, delaying exponential microbial growth until the mid-
storage stage. However, by day 18, microbial levels (TPC: 5.70 +
0.11; YM: 3.81 + 0.05 log CFU/mL) remained significantly higher
than those in TP-treated samples, indicating partial but insufficient
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Comparative efficacy of TP and DBD ACP treatments on microbial reduction and regrowth in fresh mandarin juice during the storage period.

inactivation. The 90-s DBD ACP treatment yielded more favorable
results. No microbial growth was detected until day 3, and by day 18,
TPC and YM counts remained relatively low (4.80 + 0.09 and 2.52 +
0.04 log CFU/mL, respectively). This trend aligns with previous
findings where DBD ACP durations of 90 s or greater significantly
delayed microbial regrowth and extended shelf life in various fruit
juices (Dasan and Boyaci, 2018). The most pronounced
antimicrobial effect was observed with 120 s of DBD ACP
treatment. Both TPC and YM remained non-detectable up to day
6, with final counts by day 18 reaching 3.30 + 0.09 (TPC) and 2.40 +
0.03 log CFU/mL (YM). These values were comparable to those
observed in TP-treated juice, confirming that extended DBD ACP
treatment can achieve similar microbial suppression without the
need for heat application. The observed microbial inactivation is
attributed to the generation of RONS in the plasma field, which
disrupts cellular membranes and damages microbial DNA and
proteins (Xu and Bassi, 2025). Many studies have reported
similar findings, observing microbial suppression and prolonged
shelf life in ACP-treated fruit juices with longer treatment durations
(Dasan and Boyaci, 2018; Starek et al., 2019; Xiang et al., 2018).
Moreover, Figure 2 summarizes and compares the efficacy of TP and
various DBD ACP treatments in controlling microbial load over the
storage period. In untreated control samples, TPC and YM levels
increased steadily from day 0, confirming the high spoilage
(Wibowo et 2015).
inactivation on day O (non-detectable), with regrowth delayed

al, TP achieved complete microbial

until day 9. Final counts at day 18 remained below spoilage
thresholds,
suppression in thermally pasteurized citrus juices, albeit often

consistent with previously reported microbial
accompanied by sensory and nutritional degradation (Basak
et al, 2025; Vieira et al, 2018). DBD ACP demonstrated
30-s
treatment yielded partial reductions but failed to prevent rapid

treatment time-dependent antimicrobial activity. The
microbial resurgence by day 18. A 60-s exposure delayed peak
microbial growth, yet final counts remained above spoilage limits,
reflecting limited long-term efficacy (Luo et al., 2025; Sohbatzadeh

etal, 2021). The 90-s treatment showed enhanced suppression, with
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undetectable microbial counts until day 3 and lower final values
compared to shorter treatments (Dasan and Boyaci, 2018). The 120-
s DBD ACP treatment exhibited the most effective microbial
control, delaying detectable growth until day 9 and resulting in
TPC and YM levels comparable to TP by the end of storage. This
finding aligns with those of Starek et al. (2019) in ACP-treated apple
juice. Collectively, these results underscore the potential of DBD
ACP as a non-thermal alternative to conventional pasteurization for
enhancing the microbiological safety of fruit juices. However, results
obtained also highlight the importance of optimizing treatment
duration to achieve sufficient microbial inactivation. Additionally,
microbial regrowth observed across all treatments emphasizes the
critical role of aseptic packaging and hygienic post-treatment
handling in ensuring product safety.

3.3 Effect of TP and ACP-DBD treatments on
the chemical composition of mandarin juice

The impact of TP and DBD ACP treatments on the chemical
composition and antioxidant activity of mandarin juice is presented
in Table 3. The parameters evaluated include total sugar content,
ascorbic acid content, total phenolics, and antioxidant capacity.
Results showed that the total sugar content of untreated (control)
mandarin juice was 94.67 + 0.40 g/L. TP treatment significantly
reduced the sugar content to 88.31 + 0.42 g/L (p < 0.05), likely due to
thermal degradation or Maillard-type reactions. In contrast, juices
treated with DBD ACP for 30-120 s retained most of their sugar
content, with values ranging from 94.40 + 0.36 to 91.87 + 0.34 g/L.
The minimal reduction observed in the DBD ACP treatments was
not statistically significant for the 30- and 60-s durations, indicating
that non-thermal plasma processing does not substantially impact
sugar integrity. These findings are consistent with those of Umair
etal. (2019), who observed minimal changes in the sugar content of
carrot juice subjected to non-thermal plasma, suggesting that the
short exposure time and ambient temperature of DBD ACP
treatments preserve sugar stability. Authors reported that cold
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TABLE 3 The effect of TP and DBD ACP treatments on the chemical composition of fresh mandarin juice.

Treatment  Total sugar (g/L) Ascorbic acid (mg/L) Total phenolics (mg GAE/L) Antioxidant capacity (%DPPH)
Control 94.67 + 0.40a 429 + 5.2a 615 + 6.0a 52.14 £ 0.9a
TP 8831 + 0.42¢ 317 + 5.1b 476 + 6.2¢ 39.22 + 1.3b
DBD ACP 30s 9440 + 0.36a 423 + 47 612 + 5.6a 50.05 + 1.2a
DBD ACP 60s 94.12 + 0.352 420 + 4.5 587 + 5.5 ab 50.02 + 1.0
DBD ACP 90s 92.27 + 0.38b 419 + 4.6a 572 + 6.3b 49.07 £ 1.1a
DBD ACP 120s 91.87 + 0.34b 414 + 49 558 + 5.8b 49.09 + 1.0

“Different letters in the same column indicate statistically significant differences (p < 0.05). Values are expressed as mean + SD (n = 3).

plasma treatment at 60 kV for 3-4 min slightly enhanced the sugar
content in carrot juice compared to the untreated control. While
treatment at 70 kV for 4 min yielded the highest concentrations of
sucrose, fructose, and glucose, indicating improved extractability of
intracellular sugars, likely due to membrane disruption without the
thermal degradation associated with conventional processing.
Authors also reported that treatment at 80 kV for 4 min resulted
in significant reductions in sugar content, particularly in fructose
and glucose. This decline may be attributed to oxidative degradation
driven by the excessive generation of reactive species at longer
plasma treatment duration. Regarding ascorbic acid content,
results showed that the
degradation of ascorbic acid, decreasing from 429 + 5.2 mg/L in

TP treatment led to a marked

the control to 317 £ 5.1 mg/L, representing a 26% reduction (p <
0.05). Conversely, DBD ACP treatments preserved ascorbic acid
content effectively, with values ranging from 423 + 4.7 to 414 +
4.9 mg/L. No significant differences were found between the control
and any of the DBD ACP-treated samples. This aligns with a prior
study by Leite et al. (2021), which demonstrated that ACP could
maintain the integrity of heat-sensitive compounds such as ascorbic
acid. The degradation observed in thermally processed samples is
likely due to the oxidative and thermal lability of ascorbic acid,
which is well documented in thermally treated citrus juices
(Polydera et al., 2005). In addition, the total phenolic content in
the control juice was 615 + 6.0 mg GAE/L. The TP treatment
significantly decreased this value to 476 + 6.2 mg GAE/L (p < 0.05),
indicating phenolic degradation due to heat exposure. DBD ACP
treatment for 30 s resulted in a non-significant change (612 + 5.6 mg
GAE/L), whereas longer treatments (90 and 120 s) led to moderate
reductions, with values of 572 + 6.3 and 558 + 5.8 mg GAE/L,
respectively. The preservation of phenolics under ACP conditions
may be attributed to the lack of thermal input and limited oxidative
stress during plasma exposure. These findings are consistent with
the observations reported by Illera et al. (2019) and Leite et al.
(2021), who noted the relative stability of polyphenolic compounds
during non-thermal plasma treatment of apple juice. In particular,
Illera et al. (2019) observed a significant increase in total phenolic
content (TPC) following all cold plasma treatments, with the highest
increases recorded after 4 and 5 min of exposure 69% and 64%,
respectively. Although TPC values declined during subsequent
storage, they remained elevated compared to the untreated
control even after 28 days of storage. The results of the present
study align with these earlier findings. DBD-ACP treatment did not
significantly reduce TPC levels for treatment durations up to 60 s.
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However, a slight reduction in TPC was observed at 90 and 120 s of
treatment. Despite this, the TPC in these samples remained higher
than that observed in the thermally pasteurized sample. These
suggest that DBD-ACP
enhances TPC more effectively than conventional thermal

outcomes treatment preserves or
methods. Nevertheless, further investigation is needed to explain
the mechanisms underlying the observed variations in TPC
following DBD-ACP treatment, particularly in relation to the
complex reaction chemistry of phenolic compounds during
plasma exposure. Moreover, results showed that the antioxidant
capacity was highest in the control (52.14% * 0.9%). TP treatment
significantly decreased antioxidant activity to 39.22% * 1.3% (p <
0.05), indicating a loss of bioactive compounds. In contrast, the
antioxidant values in DBD ACP-treated samples (50.05% + 1.2% to
49.09% + 1.0%) were statistically similar to those in the control,
indicating a minimal impact on antioxidant potential. This is
consistent with the retention of ascorbic acid and phenolic
content in DBD ACP-treated samples, both of which contribute
significantly to antioxidant activity. The present findings are in
agreement with those reported by Almeida et al. (2015), who
investigated the effects of both direct and indirect cold plasma
treatments (70 kV) on prebiotic orange juice across various
treatment durations (15, 30, 45, and 60 s). Their study
demonstrated that cold plasma application had no significant
impact on the antioxidant capacity of the juice, regardless of the
treatment time. In short, TP treatment resulted in significant
reductions in all measured quality parameters of mandarin juice,
particularly ascorbic acid (26%) and antioxidant activity (24.8%). In
contrast, DBD ACP treatments, particularly at shorter durations
(30-60 s), effectively preserved the chemical integrity and
antioxidant properties of the juice. These results support the
application of DBD ACP as a promising non-thermal technology
for juice preservation, capable of maintaining nutritional and
functional properties while avoiding the detrimental -effects
associated with conventional thermal processing. On the other
hand, one limitation of this study is the use of high-quality,
hand-selected fruits for juice extraction, which likely resulted in a
lower initial microbial load. In industrial or bulk processing, such an
ideal selection is not always feasible, and microbial contamination
may be significantly higher due to variable fruit quality and handling
conditions. Therefore, the results observed under these controlled
conditions may not fully represent the microbial challenges
encountered in industrial processing. Future studies should
consider simulating more realistic worst-case contamination
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TABLE 4 The effect of TP and DBD ACP treatments on the enzyme inactivation of fresh mandarin juice.

Treatment PPO residual

activity (%)

POD residual
activity (%)

LOX residual
activity (%)

PME residual
activity (%)

Control 100 + 0.00a 100 + 0.00a 100 + 0.00a 100 + 0.00a

TP 13.70 + 0.05d 17.55 + 0.30d 11.30 + 0.70d 14.10 + 0.15d
DBD ACP 30s 86.45 + 0.07b 85.20 + 0.55b 84.20 + 0.80b 87.20 + 0.30b
DBD ACP 60s 81.32 + 0.09b 82.25 + 0.22b 82.12 + 0.15b 84.35 + 0.65b
DBD ACP 90s 75.22 + 0.03bc 79.65 + 0.35bc 77.50 + 0.35bc 78.40 + 0.25bc
DBD ACP 120s 70.30 £ 0.05¢ 76.15 £ 0.25¢ 72.40 £ 0.20c 73.70 £ 0.25¢

“Different letters in the same column indicate statistically significant differences (p < 0.05). Values are expressed as mean + SD (n = 3).

scenarios better to assess the robustness and effectiveness of the
processing techniques.

3.4 Effect of TP and DBD ACP treatments on
the enzyme inactivation of fresh
mandarin juice

The enzymatic stability of fresh mandarin juice subjected to TP
and DBD ACP treatments was assessed by measuring the residual
activity of four key enzymes: PPO, POD, PME, and LOX. These
enzymes are commonly associated with quality degradation in fruit
juices, including browning, the development of off-flavors, and
changes in texture (Temiz and Ayhan, 2017). Results showed
(Table 4) that the TP treatment resulted in a significant (p <
0.05) reduction in enzyme activity across all four enzymes: PPO,
POD, PME, and LOX, which were reduced to 13.70%, 17.55%,
11.30%, and 14.10%, respectively, indicating over 80% inactivation.
These results are consistent with a previous study, which indicates
that high-temperature treatments are effective in denaturing protein
structures and inactivating enzymes (Nonglait et al, 2022). TP
disrupts the tertiary and quaternary structures of enzymes,
leading to a loss of their catalytic activity. However, while
effective, thermal processes can also cause adverse effects on
sensory and nutritional qualities (Shourove et al, 2020). In
contrast, DBD ACP treatments resulted in a time-dependent but
less pronounced reduction in enzyme activity. With increased
exposure time, residual enzyme activities progressively
significantly (p < 0.05) decreased for PPO, from 86.45% to
70.30%, POD, from 85.20% to 76.15%, PME, from 84.20% to
72.40%, and LOX, from 87.20% to 73.70%, over the 30-s to 120-s
time range. Although DBD ACP did not reduce enzymatic activities
as drastically as thermal treatment, the trends indicate a moderate
but significant (p < 0.05) inactivation, which can be attributed to
oxidative stress caused by RONS generated during plasma discharge.
These species likely alter side chains and active sites of enzymes,
leading to partial deactivation (Zhang et al, 2022). DBD ACP
treatments, while less effective, preserved more enzymatic
activity, which may be beneficial or detrimental depending on
the application. For example, PPO and POD are undesirable due
to their role in browning and off-flavor development, PME is
involved in pectin degradation, which affects texture and
stability, and LOX contributes to oxidative spoilage and off-
flavors (Temiz and Ayhan, 2017). In addition, it is suggested that
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DBD ACP has the potential to inhibit the formation of alkaline
compounds from protein decomposition during storage by
decreasing microbial growth and retarding endogenous protease
activity (Umair et al., 2019). Finally, DBD ACP shows potential as a
milder, non-thermal alternative, retaining significant enzymatic
activity even after 120 s of treatment. Further research should
explore combinatory technologies or longer plasma exposures,
sensitivities, and the effects on

enzyme-specific sensory/

nutritional properties for a holistic assessment.

3.5 Effect of TP and DBD ACP treatments on
sensory characteristics of fresh
mandarin juice

Sensory evaluation plays a pivotal role in assessing the quality
and consumer acceptance of fruit juices, providing direct insight
into the organoleptic attributes of color, flavor, aroma, and taste.
These parameters are essential in determining product desirability
and often reflect subtle physicochemical changes that may not be
fully captured through instrumental analysis (Zia et al., 2024). As
shown in Table 5, TP caused a significant (p < 0.05) degradation of
color, resulting in a darker appearance of the juice compared to the
untreated control. Panelists consistently noted that TP-treated
samples had reduced visual appeal. This change is attributed to
heat-induced non-enzymatic browning reactions, primarily
Maillard reactions and pigment oxidation, leading to the
breakdown of carotenoids such as p-cryptoxanthin, lutein, and
violaxanthin (Aghajanzadeh et al., 2023). DBD ACP treatment, in
contrast, exhibited a time-dependent effect on color retention.
Shorter treatments (30 and 60 s) preserved color scores
statistically similar to the control, while longer exposures (90 and
120 s) induced slight but significant (p < 0.05) darkening. These
changes are likely due to oxidative degradation of chromophoric
compounds by plasma-generated RONS, especially under extended
exposure times (Bayati et al., 2024). However, optimized DBD ACP
conditions resulted in only minor and acceptable modifications,
consistent with previous findings in kiwi and other fruit juices (Kaur
et al,, 2024; Mundanat et al., 2025; Pipliya et al., 2023; Zhu et al.,
2023). Flavor, aroma, and taste were also significantly affected by
processing methods. TP markedly degraded these sensory attributes
(p <0.05), primarily due to the formation of off-flavor compounds
such as a-terpineol and the loss of key citrus volatiles, including
d-limonene, through Maillard browning, terpene hydration, and
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TABLE 5 Effect of TP and DBD APC treatments on sensory characteristics of fresh mandarin juice using a difference from control. Data expressed as mean +

SD for sensory evaluators, n = 40.

Treated mandarin juice samples

Level of differences (L of D) Control TP

L of D in colour 3.10 + 1.09 b 481 +1.05a
L of D in flavour 3.50 £ 1.05 b ‘ 4.65 + 1.06 a
L of D in aroma 325+ 1.07 b ‘ 480 +1.03 a
L of D in taste 315+ 1.02 b 470 + 1.04 a

“Different letters in the same row indicate statistically significant differences at (p < 0.05).

thermal degradation (Mundanat et al., 2025). In contrast, DBD ACP
treatments at all tested durations preserved these attributes, with
sensory scores statistically comparable to the fresh control. The non-
thermal nature of DBD ACP minimizes the
undesirable volatiles and protects native flavor compounds,

formation of

maintaining the integrity of citrus aldehydes and esters (Maia
et al,, 2023; Pipliya et al., 2023; Rodrigues and Fernandes, 2023).
Moreover, taste retention under DBD ACP was also attributed to the
minimal thermal stress, which preserves the natural balance of
sugars and acids, thereby avoiding bitterness and astringency. On
the other hand, Lipoxygenase (LOX) is a key enzyme responsible for
generating off-flavours in fruit and vegetable juices. It catalyzes the
oxidation of polyunsaturated fatty acids, primarily linoleic and
linolenic acids, into hydroperoxides, which are further converted
into volatile compounds such as hexanal, (E)-2-hexenal, and
nonanal. These compounds are associated with “green”, “grassy”,
or even “rancid” aromas, especially at higher concentrations. While
low levels of these volatiles can contribute to freshness, excessive
LOX activity, particularly after juice extraction, processing, or
during storage, leads to rapid flavor degradation and reduces
consumer acceptability (Baysal and Demirdéven, 2007). TP
denatures the enzyme’s protein structure, typically reducing LOX
activity and thereby limiting the production of off-flavour volatiles.
However, TP can also degrade desirable aroma compounds,
negatively affecting the nutritional quality of the juice. In
contrast, DBD-ACP treatment is generally less effective at
completely inactivating LOX. A study on carrot juice has shown
reductions in LOX activity of around 30%-60% after DBD-ACP
treatment, leaving a significant portion of the enzyme active (Umair
et al, 2019). As a result, juices treated with DBD-ACP may still
develop off-flavours over time due to ongoing enzymatic oxidation.
In summary, while DBD-ACP helps retain freshness and aroma in
the short term, it may not sufficiently inhibit LOX to prevent off-
flavour formation during storage. Therefore, balancing LOX
inactivation with sensory and nutritional preservation remains a
key challenge when selecting juice processing methods. Combining
DBD-ACP with LOX inhibitors may enhance flavour stability. These
findings highlight the advantage of DBD ACP in maintaining both
flavor intensity and overall sensory quality in heat-sensitive juice
matrices (Mundanat et al., 2025). In summary, DBD ACP proved
superior to TP in preserving the sensory characteristics of mandarin
juice. It maintained color vibrancy, retained native flavor and aroma
compounds, and prevented the development of off-notes, even at
extended treatment durations. These results reinforce the potential

Frontiers in Food Science and Technology 10

DBD APC DBD APC DBD APC DBD APC
30s 60s 90s 120s

310+ 1.08 b 340 + 1.06 b 3.80 + 1.04 ab 420 +1.05a

‘ 350 + 1.07 b ‘ 355+ 1.05 b ‘ 360 + 1.04 b ‘ 3.60 +1.08 b

‘ 320+ 1.05b ‘ 322 4£108b ‘ 3.16 £ 1.06 b ‘ 3.09 £ 1.04 b

‘ 315+ 1.03b ‘ 310+ 1.04 b ‘ 310+ 1.02b ‘ 3.05+1.08 b

of DBD ACP as a non-thermal alternative for producing high-
quality, minimally processed fruit juices. Future studies should focus
on optimizing plasma parameters, specifically frequency, treatment
time, and input power, to balance microbial inactivation efficacy
with the preservation of pigments, volatile compounds, and overall
sensory appeal.

4 Conclusion

This study comprehensively evaluated the impact of TP and
DBD ACP on microbial safety, nutritional quality, enzymatic
activity, and sensory characteristics of fresh mandarin juice
TP spoilage
microorganisms and key quality-degrading enzymes, including
PPO, POD, PME, and LOX, thereby demonstrating its efficacy
in extending shelf life. However, the thermal load significantly

during  storage. effectively  inactivated

compromised nutritional and sensory quality, with marked
reductions in ascorbic acid, total phenolics, and antioxidant
capacity, alongside perceptible degradation in color, aroma,
flavor, and taste due to pigment breakdown and the generation
of off-flavors. In contrast, DBD ACP treatments maintained a non-
thermal profile, with only minor increases in juice temperature
even at extended exposure times. This enabled superior retention
of ascorbic acid, phenolics, and antioxidant activity, as well as
sensory attributes, particularly at shorter durations (30-60 s).
Microbial suppression by DBD ACP was strongly time-
dependent, with the 120-s treatment achieving microbial loads
comparable to TP by the end of storage. However, enzymatic
inactivation remained limited across all durations, likely due to the
structural resilience of target enzymes and the absence of heat-
induced denaturation. Overall, DBD ACP demonstrates strong
potential as a non-thermal preservation technology for minimally
processed juices, offering effective microbial control and excellent
preservation of nutritional and sensory qualities. Nevertheless, its
limited enzymatic inactivation suggests that DBD ACP may
require integration with complementary strategies, such as mild
heat treatment or an enzymatic inhibitor, to ensure complete
product stability. Future research should focus on optimizing
plasma parameters and exploring synergistic hurdle approaches
to enhance enzyme deactivation while maintaining product
quality. Moreover, for the successful scale-up of DBD-ACP
technology, key factors such as treatment uniformity, exposure
time, energy efficiency, equipment design, and cost-effectiveness at
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industrial volumes must be carefully considered. Addressing these
aspects would significantly enhance the practical applicability and
commercial potential of the DBD-ACP technique in the juice
processing industry.

DBD-ACP showed a promising result regarding the natural
microbial load; however, this is not the case in industrial or bulk
processing settings. Thus, it is always mandatory to consider the
worst-case scenario during research to obtain maximum efficiency
during processing. Therefore, testing natural microbial data would
be only sufficient to a certain extent in specific conditions, and this is
one of the main limitations of this study.
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