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ABSTRACT
Dried apricots are highly susceptible to fungal contamination, particularly by Aspergillus niger, posing serious concerns for food safety

and shelf life. This study is the first to systematically evaluate and optimize cold plasma treatment (CPT) parameters for the decontami-

nation ofA. niger in dried apricot samples (DASs). A central composite design (CCD) was used to assess the effects of exposure time and

the distance between the plasma source and the sample. The optimized conditions (15 min exposure at 2 cm distance) resulted in a

maximum fungal reduction of 4.3 log colony-forming unit (CFU)/g (the mean value of the center-point replicates was 4.63Æ 0.13).

Scanning electron microscopy (SEM) revealed significant surface damage, confirming the etching effect of CPT. Moreover, the treat-

ment enhanced total phenolic content (TPC) (from 104 to 204.3mg GAE/100 g, the mean value of the center-point replicates was

198.3Æ 0.9mg GAE/100 g [n= 5]) and improved antioxidant activity, indicated by decreased 2,2-diphenyl-1-picrylhydrazyl (DPPH)

absorbance (from 0.052 to 0.033 at 517nm, themean value of the center-point replicates was 0.036Æ 0.005 [n= 5]), without significantly

affecting pH or titratable acidity. These findings demonstrate that CPT not only effectively reduces fungal contamination but also

improves functional quality, indicating its strong potential for industrial-scale application in the dried fruit sector.

1 | Introduction

Dried apricots (Prunus armeniaca), as a key agricultural product

in Iran, hold a significant place in both domestic consumption

and international trade due to their rich nutritional profile and

long shelf life. These dried fruits are a valuable source of essential

vitamins, such as A, C, and E, as well as minerals like potassium

and iron, making them a popular healthy food [1]. However,

despite their benefits, dried apricots are highly susceptible to

microbial contamination, particularly by fungal species. Among

these, Aspergillus niger (A. niger) stands out as a major concern.
A. niger is a common filamentous fungus that can be found in
soil, decaying plant matter, and various food items. While it is
important for industrial uses, such as producing citric acid and
enzymes, its presence in dried foods like apricots raises concerns
about spoilage and the risk of mycotoxin production. A study that
examined 50 samples of dried fruits, including apricots, cranber-
ries, papaya, pineapple, and raisins, revealed that live fungi con-
taminated 25% of the apricot samples. Researchers identified
A. niger as the most frequent mold, followed by species of
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Penicillium. This research underscores the common occurrence
of A. niger in dried apricots and other dried fruits [2].

One major concern regarding A. niger contamination in dried
foods is its capacity to produce mycotoxins, especially ochratoxin
A (OTA). Researchers have linked OTA, a nephrotoxic com-
pound, to kidney damage and believe it may have carcinogenic
effects. The presence of A. niger strains that produce OTA in
dried fruits poses serious health risks for consumers [3]. Addi-
tionally, people with weakened immune systems or respiratory
issues may face heightened risks when exposed to A. niger.
Breathing in fungal spores can trigger allergic reactions or lead
to invasive infections, highlighting the need for careful monitor-
ing and control of fungal contamination in food products. The
presence of OTA in dried fruits can lead to several economic
challenges in international trade, such as rejection of shipments,
increased testing and certification costs, market access limita-
tions, and price depressions. For instance, 17.1% of dried fruits
from Morocco were found to be contaminated with OTA. These
contamination rates suggest potential economic risks, especially
concerning export quality standards.

Current global food safety regulations impose strict limits on OTA
in food products to protect consumer health and ensure the safety
of the global food supply. For instance, the European Union has
set strict maximum levels for OTA in various food commodities
under Commission Regulation (EC) No 1881/2006, ranging from
2.0 µg/kg in wine to 15.0 µg/kg in certain spices. Noncompliance
with these standards can result in the rejection of contaminated
products in international markets, leading to significant economic
losses for producers and exporters. As a result, there is an urgent
need for effective decontamination methods that reduce fungal
contamination while maintaining the quality of food products.
Implementing such methods not only helps ensure compliance
with food safety regulations but also minimizes the risk of market
rejection and economic damage.

Traditional decontamination methods, such as thermal treat-
ments and chemical fumigation, have been widely used to con-
trol microbial contamination in food products. While these
methods can be effective in reducing fungal loads, they often
come with significant drawbacks [4]. Thermal treatments can
cause undesirable changes in the sensory and nutritional proper-
ties of dried fruits, such as alterations in texture, flavor, and color
[5, 6]. Similarly, chemical fumigants, while efficient in killing
fungi, pose environmental and health risks due to the residues
they leave behind [4, 7]. Moreover, growing consumer demand
for natural and chemical-free food products has increased the
pressure on the food industry to adopt safer and more sustainable
alternatives to conventional decontamination techniques.

In response to these challenges, nonthermal technologies such as
cold plasma, pulsed electric fields (PEFs), high-pressure proces-
sing (HPP), ultraviolet-C (UV-C) irradiation, and ultrasound
have gained increasing attention due to their ability to reduce
microbial load while preserving nutritional and sensory attri-
butes [5, 8]. Cold plasma is a partially ionized gas containing
reactive species, such as reactive oxygen species (ROS) and reac-
tive nitrogen species (RNS), which can effectively inactivate a
wide range of microorganisms, including bacteria, fungi, and
viruses [9]. The advantage of cold plasma lies in its ability to
deactivate pathogens without the use of chemicals or excessive

heat, thus minimizing any negative impact on the quality of the
treated food. This technology has been shown to disrupt the cell
walls of microorganisms, cause oxidative damage to DNA and
proteins, and ultimately lead to microbial inactivation [10].

Cold plasma is a particularly attractive option for the treatment
of dried fruits, as it offers a noninvasive approach to reduce
fungal contamination without compromising the sensory and
nutritional attributes of the fruit. Furthermore, cold plasma is
considered an environmentally friendly technology due to its
low energy consumption and lack of chemical residues [11].
Although several studies have demonstrated the effectiveness
of cold plasma in decontaminating various food products, such
as grains and fresh produce, its specific application in dried apri-
cots remains underexplored. Prior research has largely focused
on other dried fruits, leaving a gap in understanding the optimal
parameters and effects of this technology in apricot matrices [12,
13, 14]. Moreover, existing studies have often lacked a detailed
statistical optimization approach, limiting their ability to propose
practical guidelines for industrial application.

The present study seeks to address this research gap by investi-
gating the efficacy of cold plasma for decontamination of dried
apricots contaminated with A. niger. Using a central composite
design (CCD), the key variables, exposure time and distance
between the plasma source and the sample, were optimized
through response surface methodology (RSM) to achieve maxi-
mum fungal reduction. This study not only evaluates the antifun-
gal performance of cold plasma but also its impact on the
physicochemical and functional properties of dried apricots. By
providing a statistically optimized treatment protocol, this
research contributes a scalable and sustainable solution for
improving food safety in dried fruit production.

2 | Materials and Methods

2.1 | Sample Preparation

Dried apricots (P. armeniaca) were obtained from a local market
in Urmia, Iran. The fruits were processed using traditional drying
methods with sulfur dioxide and stored in a dry environment at
room temperature until further analysis. Prior to cold plasma
treatment (CPT), the dried apricots were confirmed to be free
of fungal contamination and subsequently inoculated with
A. niger under controlled laboratory conditions to evaluate the
decontamination efficacy of cold plasma. To ensure that the apri-
cots were free of natural fungal contamination prior to inocula-
tion, all samples were subjected to microbiological screening.
Approximately 10 g of each sample was aseptically homogenized
in 90mL of sterile peptone water and serially diluted. A 100 µL
aliquot from each dilution was plated onto potato dextrose agar
(PDA) supplemented with chloramphenicol (100mg/L) to inhibit
bacterial growth. Plates were incubated at 28°C for 3–5 days.
Samples showing no visible fungal colonies were considered
fungal-free and used for subsequent inoculation with A. niger.
Fungal inoculation was performed using a standardized A. niger
spore suspension. The inoculum was prepared by flooding a 7-
day-old culture of A. niger grown on PDA plates with 10mL of
sterile 0.1% Tween-80 solution and gently scraping the surface to
release the spores. The resulting suspension was filtered through
sterile gauze to remove mycelial fragments. Spore concentration
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was adjusted to 1× 106 spores/mL using a hemocytometer and
confirmed spectrophotometrically (OD550). Each dried apricot
sample (DAS) (~10 g) was inoculated with 100 µL of the standard-
ized spore suspension (1× 106 spores/mL), resulting in an esti-
mated initial load of 1× 104 colony-forming units (CFUs)/g. The
inoculum was spread evenly over the surface and allowed to
attach for 30min under a biosafety cabinet before CPT.

2.2 | CPT

Prepared samples were placed in sterile, empty Petri dishes, and
CPT was applied using a custom-built cold atmospheric pressure
plasma jet (CAPPJ) system developed at Urmia University
(pulsed high-voltage direct current [DC] [12 kHz]). The device
consists of a single-electrode configuration with a quartz dielec-
tric barrier and cylindrical nozzle. The plasma is generated using
high-voltage DC at a frequency of 12 kHz. Ambient air served as
the working gas. Specific parameters such as gas flow rate, nozzle
diameter, and power density were not recorded for this custom
device and are therefore acknowledged as limitations for repro-
ducibility. The device’s configuration and operational settings are
described above to provide as much detail as possible for replica-
tion. The plasma jet was directed vertically onto the sample sur-
face at varying exposure times and distances. A total of 13
experimental runs were performed by combining these two vari-
ables. During treatment, the emission of a purple glow visually
confirmed plasma exposure. Detailed treatment parameters are
provided in Table 1. The extraction procedure was conducted in
four replicates. In each run, 160 g of finely chopped dried apricots
were mixed with 800mL of solvent (comprising 640mL of meth-
anol and 160mL of distilled water) and stirred at room tempera-
ture for 6 h. The resulting mixture underwent initial filtration
through sterile gauze, followed by vacuum filtration using filter
paper. The final extract was concentrated using a rotary evapora-
tor to isolate the pure extract.

2.3 | Morphological Analysis by Scanning Electron
Microscopy (SEM)

For morphological analysis, both a control sample and a sample
exposed to cold plasma at optimal conditions (15 min exposure
and 2 cm distance) were prepared. The samples were coated with
a thin layer of gold to enhance conductivity and improve imaging
resolution. SEM was then used to observe the surface morphol-
ogy, allowing for detailed examination of surface changes caused
by the CPT. All SEM images were captured at a magnification
of 100×with an accelerating voltage of 5.00 kV. The scale bar
shown in each image represents 500 µm, providing a reference
for structural comparison. This method provides high-resolution
images of the sample’s microstructure, offering insights into sur-
face modifications at the micrometer-scale level.

2.4 | Chemical and Antioxidant Analysis

For the determination of total phenolic content (TPC), 1mL of apri-
cot extract was mixed with 5mL of Folin–Ciocalteu reagent and 4
mL of sodium bicarbonate. The mixture was incubated in darkness
for 2h, after which the absorbance was measured using a spectro-
photometer. The phenolic content was quantified by constructing a
calibration curve using various concentrations of gallic acid. The
absorbance values of solutions containing gallic acid instead of
extractwere plotted, and the equation y=ax+bwas obtained,where
a and b are constants derived from the gallic acid calibration. The
phenolic content (x) was then calculated and multiplied by 10 to
express the result as milligrams of phenol per liter.

For the antioxidant activity assessment using the 2,2-diphenyl-1-
picrylhydrazyl (DPPH) assay, 0.004 g of DPPH powder was dis-
solved in 100mL of methanol in a flask wrapped with aluminum
foil. A 5mL portion of this solution was combined with 1mL of
apricot extract and left in darkness for 30min. A control was
prepared by mixing 5mL of the DPPH solution with 1mL of
distilled water. The reduction in absorbance at 517 nm was
used as an indicator of antioxidant capacity; therefore, lower
absorbance values correspond to higher DPPH radical scaveng-
ing activity, reflecting stronger antioxidant potential.

The pH of the apricot extract was measured using a calibrated pH
meter. Acidity was quantified via titration with 0.1N sodium
hydroxide, using phenol red as an indicator. A 2mL sample
was diluted, and titration proceeded until the pH reached 8.1.

2.5 | Microbial Response to CPT

PDA medium was prepared by dissolving 39 g of PDA in 1 L of
distilled water, followed by autoclaving at 121°C for 15min. After
cooling, the mediumwas poured into sterile Petri dishes. Peptone
water was also prepared by dissolving 1.1 g of peptone in 110mL
of distilled water for use as a dilution medium. A suspension of
A. niger was prepared by adding sterile distilled water to a Petri
dish containing mold mycelium, creating a 0.5 McFarland stan-
dard suspension, verified using a spectrophotometer at 550 nm.
The suspension was diluted in a 1:10 ratio with the extract and
peptone water. For colony counting, 100 µL of the diluted sam-
ples were spread onto PDA plates. After incubation at 28°C for
48 h, the colonies were counted. The antifungal effect of each
treatment was quantified by calculating the log reduction using
the following formula:

Log reduction¼ log10
N0

N

� �
;

where N0 is the mean colony count of the untreated control
sample, and N is the mean colony count after CPT. The optimal
treatment condition was identified as the one achieving the high-
est log reduction in CFUs.

TABLE 1 | Cold plasma treatment conditions.

Type of the
cold plasma Power source Sample Working gas

Distance between
sample and the nozzle tip

Exposure
time

CAPPJ Voltage: 15KV high voltage DC
Frequency: 12 kHz

Dried apricots Air 2, 5, 8 cm 5, 10, 15min

Note: Distance= distance between sample and nozzle tip, exposure time=duration of plasma treatment, working gas= ambient air.
Abbreviations: CAPPJ, cold atmospheric pressure plasma jet; DC, direct current.
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2.6 | Statistical Analysis

Statistical analysis was performed using version 8 of Design-
Expert software, based on RSM and the CCD model. In this
design, plasma exposure time and the distance between the
device and the sample were considered as independent variables.
The software generated a statistically significant model, and
experiments were conducted in 13 runs according to the design
matrix. This approach enabled the evaluation of the individual
and interactive effects of the variables and the optimization of
CPT conditions. Model performance for microbial analysis was
assessed using standard diagnostic criteria: R2= (0.88), adjusted
R2= (0.80), predicted R2= (0.64), and lack-of-fit p-value= (0.71),
confirming the model’s adequacy and predictive reliability. The
experimental design included five center point replicates to allow
estimation of pure error and model adequacy. However, factorial
and axial points were not replicated. All measurements were
performed in triplicate, and results are presented as meanÆ stan-
dard deviation (SD). Statistical significance among treatments
was determined using ANOVA followed by Tukey’s post hoc
test at a confidence level of p <0:05.

3 | Results and Discussion

3.1 | Optimization of CPT Processing Conditions
Using Response Surface Methodology

The experimental design matrix generated by RSM is presented
in Table 2, outlining CPT conditions (treatment time and dis-
tance). The corresponding results are reported separately in
Table 3 (physicochemical properties) and Table 4 (fungal load)
for clarity and detailed analysis.

The optimization aimed to evaluate the strong inactivation
potential of cold plasma on microbial load while maintaining
product quality. The optimal CPT condition, 15min exposure
at 2 cm distance, resulted in a maximum fungal reduction of
4.3 logCFU/g, highlighting strong inactivation while preserving
the quality of samples. The RSM model revealed a statistically

TABLE 2 | Central composite design matrix showing standard order,

run number, and factor levels (time and distance) for cold plasma treat-

ment of dried apricots.

Standard order Run Time (min) Distance (cm)

6 1 15 5

11 2 10 5

2 3 15 2

8 4 10 8

1 5 5 2

9 6 10 5

10 7 10 5

7 8 10 2

5 9 5 5

3 10 5 8

13 11 10 5

12 12 10 5

4 13 15 8

Note: Time= exposure time in min; distance= distance from plasma noz-
zle tip in centimeters.

TABLE 3 | Physicochemical properties of dried apricots after cold plasma treatment.

Std Run
A: Time
(min)

B: Distance
(cm) pH

Acidity
(mg malic acid

equivalents/100 g)
TPC

(mg GAE/100 g)

DPPH
(absorbance at

517 nm [unitless])

6 1 15 5 4.24 73.5 191.1 0.05

11 2 10 5 4.27 59.9 198.6 0.036

2 3 15 2 4.24 62.1 204.3 0.052

8 4 10 8 4.36 76.3 193 0.038

1 5 5 2 4.33 76 203.8 0.032

9 6 10 5 4.38 60.9 197.2 0.035

10 7 10 5 4.34 60.7 198.9 0.036

7 8 10 2 4.28 58.5 202.5 0.036

5 9 5 5 4.29 65 201.7 0.035

3 10 5 8 4.28 67 195.5 0.035

13 11 10 5 4.42 60.4 199.3 0.033

12 12 10 5 4.26 59.7 197.7 0.044

4 13 15 8 4.25 87.6 186.2 0.049

Note: A= exposure time (min); B= distance from nozzle (cm). Factorial and axial design points represent single experimental observations. The center
point condition (10 min exposure time, 5 cm distance) was replicated five times as part of the CCD to estimate experimental variability. For the center
point, the meanÆ standard deviation (SD) values were as follows: pH= 4.33Æ 0.07, titratable acidity= 60.32Æ 0.5mg malic acid equivalents/100 g, total
phenolic content= 198.3Æ 0.9mg GAE/100 g, and DPPH absorbance= 0.037Æ 0.004 (n= 5).
Abbreviations: DPPH, 2,2-diphenyl-1-picrylhydrazyl; GAE, gallic acid equivalents; TPC, total phenolic content.
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significant interaction between exposure time and distance. Spe-
cifically, fungal inactivation and enhancement of TPC/DPPH
increased with longer exposure times and shorter distances, but
a threshold effect was observed. For instance, while increasing
exposure from 5 to 10min at 2 cm significantly improved out-
comes, further extension to 15min showed only marginal gains,
indicating diminishing returns. Similarly, reducing the distance
from 8 to 5 cm enhanced plasma efficiency, but the improvement
from 5 to 2 cm was less dramatic. These nonlinear effects are
evident in the response surface plots (Figures 1–3), where the
slope of improvement plateaus beyond certain parameter values.
This interaction suggests the presence of optimal windows rather
than a linear benefit from increasing intensity, emphasizing the
importance of precise calibration for energy efficiency and qual-
ity preservation. The second-order regression model and 3D plots
generated by Design-Expert confirmed the significant interaction
term (time× distance) and supported the selection of 15min and
2 cm as the optimal compromise between microbial inactivation
and quality retention. This finding mirrors similar optimization
studies in other dried products, such as nuts and seeds, where
short-distance, extended exposure treatments also maximized
microbial inactivation [14, 15].

TABLE 4 | Fungal load (microbial response).

Standard order 6 11 2 8 1 9 10 7 5 3 13 12 4

Time (min) 15 10 15 10 5 10 10 10 5 5 10 10 15

Distance (cm) 5 5 2 8 2 5 5 2 5 8 5 5 8

A. niger
(log CFU/g)

4.72 4.5 4.3 4.98 4.9 4.53 4.6 4.42 5.05 5.1 4.72 4.8 4.93

Note: For the center point, the meanÆ standard deviation (SD) values were 4.63Æ 0.13.
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3.2 | Microstructural and Morphological
Characterization

3.2.1 | Surface Microstructure of Cold Plasma-Treated
Apricots

SEM observations showed noticeable microstructural differences
between cold plasma–treated dried apricots and the untreated
control samples (Figure 4). The treated samples displayed surface
etching, increased roughness, and the presence of small pores,
whereas the control samples retained a more compact and rela-
tively smooth surface structure.

Cold plasma affects plant tissues through multiple intercon-
nected mechanisms, primarily driven by reactive oxygen and
nitrogen species (RONS). These mechanisms, including surface
oxidation, cell wall disruption, protein denaturation, activation
of secondary metabolism, and hydrophobicity enhancement, col-
lectively modify both the surface and internal structures of the
tissues, enhancing the extraction of valuable compounds. Recent
studies have shown that cold plasma etches various segments of
plant tissues, making it a promising pretreatment for extracting
bioactive compounds, as it increases yield and reduces extraction
time. This finding highlights the potential of CPT as a pretreat-
ment technique for modifying texture for different purposes, such
as extraction [16].

Cold plasma generates a complex mixture of ROS and RNS, such
as ozone (O3), singlet oxygen (1O2), hydroxyl radicals (·OH), and
nitric oxide (NO), which can interact with plant tissue surfaces.
These reactive species induce oxidative stress, disrupting cell wall
polysaccharides, denaturing membrane proteins, and increasing
membrane permeability. This action facilitates water uptake,
loosens the matrix structure, and enhances the release of intra-
cellular components, including phenolics and organic acids.
Additionally, localized oxidation on the cuticle or surface layers
may contribute to microstructural changes such as pore forma-
tion. In addition to altering surface appearance, the pore struc-
tures generated by cold plasma may influence functional
properties of dried apricots. Increased surface porosity can
enhance moisture diffusion and reduce water retention, which
may in turn reduce the risk of mold regrowth during storage.
Conversely, in some cases, excessive pore formation may acceler-
ate moisture loss and affect textural stability. Therefore, these

microstructural changes may have implications for shelf-life
extension by limiting available moisture for fungal proliferation.

While SEM analysis confirmed no overt visual damage to the
apricot surface, the formation of pores and surface etching indi-
cates notable microstructural alteration. These changes, although
potentially beneficial for extraction and bioavailability, may neg-
atively impact the textural integrity and moisture retention of the
final product. Such structural modifications could accelerate
moisture loss or influence mouthfeel, which may in turn affect
consumer acceptance. Additionally, increased porosity might
expose the internal matrix to oxidative or microbial recontamina-
tion during storage, thus potentially reducing shelf life if not prop-
erly packaged. Therefore, optimizing treatment parameters is
essential to balancemicrobial inactivation and bioactive enhance-
ment while minimizing adverse impacts on quality attributes.

3.3 | Antioxidant and Chemical Properties

3.3.1 | Impact of CPT on Phenolics, Antioxidant Activity,
and Acidity

One of the study’s key objectives was to evaluate whether CPT
enhances functional compounds in dried apricots, beyond micro-
bial inactivation. The application of CPT on DAS significantly
influenced both the TPC and antioxidant activity (DPPH), show-
casing its potential to enhance bioactive compounds while also
revealing some limitations when treatment is prolonged. The TPC
of DAS was assessed using a gallic acid calibration curve. In con-
trol samples, TPC was measured at 104mg/L, whereas CPT
resulted in a significant increase, with values ranging between
187 and 200mg/L. This rise in phenolic content underscores the
ability of cold plasma to enhance the bioactive profile of the apri-
cots. Also, it was observed that extended plasma exposure
increased TPC (Figure 1). The antioxidant capacity, as measured
by the DPPH assay, improved following CPT. Absorbance values
at 517nm decreased significantly in plasma-treated samples com-
pared to the control (0.045), indicating enhanced radical scaveng-
ing activity, particularly at 15-min exposure times and at 2, 5, and
8 cm distances. Prolonged exposure conditions further increased
antioxidant activity (Figure 2), while the distance factor did not
significantly influence either DPPH or TPC outcomes. CPT signif-
icantly increased TPC values (p <0:05), with the highest increase
observed at 15min exposure at 2 cm. Treatments at 5 and 8 cm
showed no statistically significant difference (p >0:05). In overall,
CPT significantly enhances the TPC andDPPH radical scavenging
activity in dried apricots, with longer exposure times further
amplifying these effects. These findings highlight CPT’s effective-
ness in boosting the antioxidant properties of dried apricots.

Researchers attribute the rise in TPC after CPT to the plasma-
induced breakdown of cellular structures, which helps release
and extract phenolic compounds. Reactive species generated by
the plasma, such as RONS, can disrupt cell walls and mem-
branes, making bound phenolics more accessible [17]. Extended
CPT likely intensifies this effect by further permeabilizing cellu-
lar barriers, resulting in an even greater release of these com-
pounds. The observed increase in TPC is likely a result of
multiple converging mechanisms. Primarily, plasma-induced
membrane disruption facilitates the release of phenolics that
are normally bound to the cell wall matrix. Additionally, RONS
may chemically cleave esterified or glycosylated phenolics,

(a) (b)

FIGURE 4 | Surface microstructure of dried apricots observed by

scanning electron microscopy at 100×magnification. Plasma-treated

samples (15min exposure, 2 cm distance) (b) show increased surface

roughness and formation of micro-scale pores compared with untreated

control samples (a). Scale bar= 500 µm. Images are representative of three

independent biological replicates. Only one magnification was used; this

is acknowledged as a limitation.
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converting them into more soluble and bioactive forms. There is
also a possibility that short-term oxidative stress triggers de novo
biosynthesis of phenolic compounds via the phenylpropanoid
pathway, although this mechanism requires further confirma-
tion. The balance between these effects depends on treatment
duration, intensity, and the physiological status of the tissue.
The simultaneous increase in DPPH radical scavenging activity
suggests that the released phenolic compounds remain bioactive
and may even be activated by CPT. Prolonged exposure to plasma
could encourage the formation of additional antioxidant mole-
cules or convert existing phenolics into more effective antioxi-
dant forms. Other studies have reported similar observations; for
instance, research on fresh-cut pitaya (Hylocereus undatus) fruit
found that CPT treatment resulted in higher levels of phenolic
compounds and improved antioxidant activity. The study noted
an increase in TPC and DPPH radical scavenging activity, sug-
gesting that phenolic precursors were transformed into more
effective antioxidant substances.

Moreover, the absence of degradation or reduction in TPC and
DPPH with extended CPT in this study indicates that the treat-
ment parameters, such as power intensity, frequency, and gas
composition, were optimally configured to enhance rather than
degrade phenolic compounds. This highlights the necessity of
carefully managing CPT conditions to maximize benefits while
avoiding oxidative damage to sensitive bioactive compounds. In
summary, the increase in TPC and DPPH in dried apricots with
prolonged CPT exposure underscores its potential as a valuable
processing technique for improving nutritional and functional
properties.

Our findings are supported by previous research where CPT
enhanced phenolic content in fresh-cut pitaya and strawberries
[17], likely due to reactive species disrupting plant tissues and
releasing bound phenolics. Similar enhancements in antioxidant
activity post-CPT have been reported by [11], highlighting the
ability of CPT to simultaneously improve nutritional properties
and extend shelf life.

The plasma treatment had no significant impact on the pH,
which remained consistently acidic within the range of 4.2–4.4.
However, the plasma variables did influence the acidity,
although the changes followed no clear or consistent pattern.
The acidity levels varied within a range of 58–87, with a quadratic
response suggested by the data.

The measured pH, acidity, TPC, and DPPH values for the experi-
mental runs are reported individually for each standard run, with
SDs not applicable for single-replicate points (factorial and axial
points due to the limited design). For the center points, the aver-
age pH was 4.33 with a SD of 0.07, the mean acidity was 60.32mg
FMAwith a SD of 0.5mg FMA, the mean TPC was 198.3 nm with
a SD of 0.9 nm, and the average DPPH radical scavenging activity
was 0.037 with a SD of 0.004.

3.4 | Microbial Inactivation

3.4.1 | Effects of CPT Parameters on Fungal Inactivation

Achieving effective fungal decontamination, particularly of
A. niger, was the core goal of this study. The CPT significantly
reduced the fungal contamination of A. niger in dried apricots
(Figures 3 and 5). The mean A. niger count for the center points

was 4.68 logCFU/g, with a SD of 0.28 logCFU/g. The effect of
time and distance on the reduction of A. niger counts was inves-
tigated in the experimental runs. The log CFU/g values varied
from 4.3 to 5.1, indicating that both factors influenced microbial
reduction. Notably, reducing the distance from 8 to 2 cm
increased microbial inactivation; for example, at 15min, the log
count decreased from 4.98 log CFU/g at 8 cm (run 8) to 4.3 log
CFU/g at 2 cm (run 2), representing approximately a 13.7%
reduction in microbial load. Similarly, shorter distances com-
bined with longer exposure times consistently resulted in lower
counts, with run 1 (5min, 2 cm) and run 7 (10min, 2 cm) show-
ing log CFU/g values of 4.9 and 4.42, respectively, compared to
higher values at longer distances. These results highlight the
significant interaction between time and distance, demonstrating
that microbial reduction improves markedly when the treatment
distance is decreased while maintaining sufficient exposure time.

By reducing the distance between the plasma source and the
sample, a higher concentration of reactive species can directly
target the fungal cells, boosting their antimicrobial effectiveness.
When plasma is applied from a closer range, reactive particles
like ozone, hydroxyl radicals, and nitrogen oxides interact more
efficiently with fungal spores and cells. This interaction disrupts
cell membranes, induces oxidative stress, and ultimately leads to
the death of microbial cells. Earlier research also supports this
finding by showing a direct correlation between plasma intensity
and microbial inactivation rates in wheat flour, where closer
exposure to plasma results in a more potent antimicrobial effect
[15]. Additionally, extending the CPT exposure time further
helps reduce fungal contamination by increasing the total dose
of reactive species that interact with fungal cells. Longer plasma
treatment likely intensifies oxidative stress, causing protein dena-
turation, lipid peroxidation, and DNA damage, which decreases
fungal viability. For instance, a study on buckwheat seeds dem-
onstrated that increasing the treatment duration from 15 to 120 s
significantly reduced fungal colonization. The longest exposure
of 120 s resulted in a lower average number of fungal morpho-
types per plate in both common and Tartary buckwheat species.
However, while longer treatment times are advantageous for
inactivating fungi, it is important to consider possible negative
impacts on product quality, such as alterations in texture, color,
or nutritional value, which may require adjustment of the treat-
ment parameters.

The reduction in A. niger was significantly higher at 2 cm com-
pared to 5 and 8 cm (p <0:05). Complete elimination of A. niger
was not achieved in this study. This limited inactivation is likely
due to the high resistance of A. niger spores, which have thick

FIGURE 5 | Aspergillus niger counts in control sample (a), 8 cm dis-

tance and 5min cold plasma treatment (b), and 2 cm distance and 15min

cold plasma treatment (c).
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melanized walls and low water content, and may also be partially
shielded within surface micro-crevices of dried apricots. Stronger
plasma conditions—such as longer exposure times, higher dis-
charge voltage, or the use of more reactive gases (e.g., oxygen or
argon)—could potentially increase inactivation, although such
intensified treatments may affect product quality. These results
indicate that both exposure time and proximity to the plasma
source are critical factors in achieving effective fungal inactiva-
tion. Reducing the distance between the plasma device and the
sample, along with longer exposure durations, significantly
enhances fungal reduction in dried apricots during CPT.

Comparatively, our findings are in line with Waskow et al. [14],
who reported up to 4 log reductions in microbial load on seeds
using cold atmospheric plasma, and Janić Hajnal et al. [15], who
found that shorter plasma distances and longer exposure signifi-
cantly decreased Alternaria toxins in wheat flour. These studies
further emphasize the key role of plasma-sample proximity and
treatment duration in maximizing microbial inactivation across
dried foods.

3.4.2 | Practical Implications and Scalability

The optimized CPT conditions (15 min exposure at 2 cm dis-
tance) demonstrated a significant reduction of A. niger without
adversely affecting the physicochemical quality of dried apricots.
These parameters, although developed under laboratory-scale
conditions, offer promising potential for scale-up in industrial
applications. In commercial settings, cold plasma systems can
be integrated into batch treatment systems for high-value pro-
ducts or adapted into continuous-flow conveyor systems for high-
throughput lines. However, applying a 2 cm distance uniformly
across large batches presents technical challenges, as plasma
intensity diminishes with increased distance or inconsistent ori-
entation. Therefore, industrial-scale designs may require multi-
nozzle arrays, plasma tunnels, or adjustable height mechanisms
to ensure uniform exposure. The 15-min treatment time, while
suitable for lab tests, might need to be optimized (e.g., increased
power or dual-side treatment) to reduce processing time and
improve efficiency. Moreover, since ambient air was used as
the plasma-generating gas, the system remains cost-effective
and eco-friendly, with minimal additional inputs required. This
increases the feasibility of integration into existing drying or
packaging lines in the dried fruit industry. Further pilot-scale
trials are needed to validate consistency, energy consumption,
and throughput under real-world operating conditions. Similar
cold plasma systems have already been scaled for industrial
applications, including continuous-flow conveyor-based plasma
treatment units for nuts and dried fruits, air-plasma tunnels used
for decontaminating packaging materials, and roll-to-roll atmo-
spheric plasma systems for grain surface sterilization. These
examples demonstrate that the technology can be adapted for
continuous processing and has strong potential for integration
into dried fruit production lines.

4 | Conclusion

This study demonstrated that CPT is an effective nonthermal
approach for reducing A. niger contamination in dried apricots.
The optimized condition (15 min exposure at 2 cm distance)

achieved a maximum reduction of 4.3 logCFU/g while preserv-
ing the physicochemical quality of the product. CPT also
enhanced TPC and antioxidant activity without significantly
affecting pH or titratable acidity. SEM analysis confirmed surface
modifications that support plasma-induced structural changes.
Overall, the findings highlight the potential of cold plasma as a
promising technology for improving microbial safety and func-
tional quality in dried apricots.

Although the current study quantified TPC and DPPH absor-
bance, more detailed analyses such as %DPPH inhibition or
IC50 determination, HPLC-based phenolic profiling, and OTA
quantification were not performed. These analyses are recom-
mended for future studies to provide a more comprehensive
understanding of the antioxidant capacity and mycotoxin decon-
tamination efficacy of CPT in dried apricots.
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