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Decontamination potential of date 
palm fruit via non‑thermal plasma 
technique
Khaled Lotfy1,2*, Salem Al‐Qahtani1, Nadi Al‑Harbi1, Karima El‑Absy1,3, Faisal Bu Shulaybi4, 
Saeed Alali4 & Tamer Mashtoly4,5

The potential of the surface dielectric barrier discharge technique (SDBD) was evaluated to 
decontaminate the date palm fruit. Preliminary investigations emphasized that Aspergillus niger 
fungus was predominant in most date samples as a post‑harvest infestation. The influence of SDBD 
techniques on the viability of A. niger isolated from date varieties was investigated and documented. 
Physical and chemical characterizations of treated dates were assessed, and statistical correlation 
coefficients were calculated and elucidated. A 4  log10 reduction of A. niger radial growth was observed 
at 3 min exposure/15 days of incubation. Simultaneous reductions in pH, water activity, and moisture 
content of treated dates were observed when compared to untreated dates. Statistical analysis 
showed a positive correlation between physical and chemical variables with the viability of A. niger 
in treated samples. Therefore, we believe that SDBD treatment will be a promising technique for 
decontaminating date fruits from attacked fungi, which will positively impact sustainable food 
security and consumer health.

The date palm (Phoenix dactylifera) is one of the most adapted plants in the desert due to its capability to toler-
ate high temperatures, droughts, and  salinity1. Meanwhile, date fruits are distinguished by containing primary 
essential nutrients and supplements such as proteins, sugars, fatty acids, minerals, and  vitamins2. Thus, date fruits 
represent an essential integrated diet for humans and sometimes animals in the Arabia  region1. The Kingdom 
of Saudi Arabia is the second largest producer of palm dates globally, with an estimated annual production of 
1.5 million tons after Egypt, the first producer with an annual production of 1.8 million tons (FAO, 2021). Great 
efforts were exerted to maintain the date palm quality and safety. Unfortunately, date palm fruit, whether pre-or 
post-harvest, is attacked by many pests such as fungi, bacteria, and insects, causing an economic loss for this 
strategic crop yield. Most of the dates offered in the Saudi market are consumed without any kind of treatment 
to reduce microbial contamination, which could be spread out during transportation, handling, storage, and 
production  lines3.

Furthermore, high levels of converted sugars and moisture content along with the humid weather while 
harvesting and ripening render date fruit suitable for fungi  infections4. Aspergillus flavus, Aspergillus niger, 
Penicillium chrysogenum, and Rhizopus stolonifer were the most found infectious mycotoxins in marketed  dates3. 
Aflatoxins are specific mycotoxins produced in infected foods by A. flavus and A. parasiticus, which are well 
known as genotoxic and carcinogenic agents and pose a severe threat to human  health5. Furthermore, demand 
for dates is normally influenced by a lack of product quality and safety, particularly if the dates appear in exotic 
black due to external or internal fungus growth.

Chemical synthetic fungicides prepeared from organo-thiocarbamates and dithiocarbamates, such as Ziram®, 
Thiram®, Ferbam®, Maneb®, and Propineb®, were effective against pre- and post-harvest pathogenic fungi. Over 
the last decade, methyl bromide has been shown to be effective as an ozone-depleting fumigant in controlling 
post-harvest pests that attack commodities in  storage6. The extensive use of methyl bromide resulting in serious 
impacts on the environment and human  health7.

A lot of concerns about the use of methyl bromide in storage or pre-shipment have been raised worldwide, 
even in developing countries. Therefore, looking for alternative substances or techniques that may be used as 

OPEN

1Department of Biology, Faculty of Science, Branch of Tayma, University of Tabuk, P.O. Box 741, Tabuk 71491, 
Saudi Arabia. 2King Marriott Higher Institute of Engineering & Technology, Alexandria, Egypt. 3Eco-Physiology 
Unit, Plant Ecology and Ranges Department, Desert Research Center, Cairo, Egypt. 4Palm and Dates Research 
Center, Ministry of Environment Waters, and Agriculture, Al Mubarraz 36321, Al-Ahsa, Saudi Arabia. 5Department 
of Plant Protection, Faculty of Agriculture, Ain Shams University, Cairo 11241, Egypt. *email: Khaledlotfy52@
yahoo.com

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-022-22335-5&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |        (2022) 12:17323  | https://doi.org/10.1038/s41598-022-22335-5

www.nature.com/scientificreports/

decontaminants to protect commodities after harvest has become  imperative8. A failure of the temperature-based 
technique was documented as an alternative disinfectant in combating pathogenic fungi due to its adverse effects 
on nutritional value as well as agricultural product  quality9. Hence, recently, many non-thermal decontamina-
tion techniques such as ultraviolet, ultrasound, and non-thermal plasma have been developed to overcome the 
side effects of traditional thermal decontamination  methods10. Recently, the interest in plasma technology has 
increased due to its special features such as quick treatment, low cost, high impact on microbial inhibition, no 
use of toxic gas, no harmful by-products, and safety to  humans11.

Non-thermal plasma is considered a modern decontamination technique distinguished by the emission 
of charged reactive particles of oxygen, nitrogen, ozone, and ultraviolet radiation that exhibit effectiveness in 
microbial inhibition, preserving food commodities and agricultural  products12.

Interestingly, the application of non-thermal plasma in agriculture has been increased in treating seeds, water, 
soil, and food manufacturing as  well13,14. Non-thermal plasma stops fungi from growing by breaking conidia and 
cell membranes, which causes cytoplasm to leak out of fungal  cells15.

Non-thermal plasma has more remarkable power to inhibit gram-negative bacteria than gram-positive bac-
teria due to the different composition of the cell envelope for  them16,17. The break of conidiophores and vesicles, 
the crevasse of cell walls and cell membranes structures, and the cytoplasm leak occur for fungal cells after 
non-thermal plasma  treatment18. Recently, it has been shown that non-thermal plasma has a new effect on how 
mycotoxins  decompose19.

The physicochemical and organoleptic measures, such as color, pH, acidity, and electrical conductivity, of 
fruit and vegetable juices treated with non- plasma for microbial decontamination did not  change20–23. Also, the 
non-thermal plasma treatment had no effect on the dry matter or pH of the fresh tomato  juice22.

Surface dielectric barrier discharge (SDBD) has recently received broad interest in many applied sectors, 
especially in the decontamination of products. SDBD is composed of two metal electrodes separated by a dielec-
tric  material24,25. Plasma is generated at the electrode-air interface and usually emerges in the form of arrays of 
many unique sub-millimeter  discharges26,27. For food processing, SDBD can be applied to ambient air so that 
there is no direct contact between the food and the active plasma area. Therefore, only neutral species partici-
pate in the decontamination process, and foods are not affected by UV or charged particles, ensuring optimal 
processing  conditions24,25. The concern about the undesirable effects of the generated free radicals in the air 
using  SDBD28 can be overcome by not contacting the products with the active plasma area. Due to its unique 
design, low operating cost, not using any toxic gas, and uniform distribution of neutral reactive species over the 
whole sample, SDBD is considered an economical and environmentally friendly alternative to traditional food 
processing  technologies24,25,29.

Generating an optimum and economic ozone dose is the critical outcome of using SDBD in the food 
 processor29. Artificially inoculated cherry fruits revealed that inhibition of fungal spores by the SDBD prolongs 
their shelf life. The enhancement of the fight against infections can be attributed to the stimulating defense 
responses in plant tissues that occur during the pretreatment of fruits or vegetables using  SDBD30. The inhibi-
tion process using dielectric barrier discharge inhibited the growth of bacteria and mold species encountered in 
spoiled produce (green beans, grape tomatoes, lettuce, and strawberries), resulting in a more significant than 5 
 log10 decrease of microbial  colonies29.

This work aimed to use the surface dielectric barrier discharges (SDBD) system in palm dates decontamina-
tion. Investigate the influence of the non-thermal plasma on the vitality of A. niger spores were isolated from some 
date varieties. Explore the bioactive site of  H2O2 with amino acids of A. Niger using molecular docking. Assess the 
positive and negative impacts of SDBD treatment on the physicochemical properties of date varieties. However, 
to our knowledge, no previous studies have been found regarding the effect of SDBD on palm date varieties.

Experimental setup
Plasma system. The surface dielectric barrier discharges (SDBD) electric circuit (Fig. 1a) has been adjusted 
in a Teflon box (24 × 12 × 8 cm) (Fig. 1b). To reduce the temperature of the produced plasma, the Teflon box has 
been attached to a cooler fan with a speed of 200–1200 rpm. The opposite side of the cooling fan was closed using 
a cork plug after the sample was placed inside the Teflon box. Commercially available SDBD with an alumina 
dielectric and printed electrodes in a honeycomb geometry (Fig. 1c) were used in this  system31. The cell geom-
etry of a honeycomb has been illustrated in Fig. 1d. The honeycomb breadboard is made of a 9 × 4  cm2 alumina 
dielectric surface, 1 mm in thickness, with an aluminum esagonal exposed electrode with a diameter of the 
circumscribed circumference of 7 mm. The ground electrode is a metallic plain plate. The plasma was generated 
by a high voltage (HV) power supply working in a power range between 8 and 30  W32 and a frequency of the 
order of 10 kHz. The applied HV is between 5 and 10  kVpp33,34. The SDBD is generated by the flowing air into 
the Teflon box via the cooler fan. The emission spectra of generating plasma over a broad wavelength range of 
200–900 nm was detected using HR4000CG-UV-NIR (Ocean Optics) spectroscopy. Moreover, the spectrometer 
consists of a lens connected to a detector via a fiber optic cable (QP400-2-SR) with a diameter of 400 mm.

Ethics approval and consent to participate. The collection of palm date fruit samples from the local 
markets in the Al-Ahsa region, Saudi Arabia was permitted by local shopkeepers on a survey. The plant collec-
tion and the study complied with local and national (Saudi Arabia) regulations. The study was approved by the 
institutional research ethics committee of the Palm and Dates Center, Ministry of Environment, Waters, and 
Agriculture, Al-Ahsa, Saudi Arabia, and written informed consent was obtained from each participant. All the 
methods in this manuscript were carried out in accordance with relevant guidelines and regulations.
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Sample collection for fungi inhibition using SDBD. Twenty-five samples of dates (2 kg/sample-Tamr 
stage) were randomly selected from seven date varieties; Ajwa, Rashodia, Nabtet Ali, Magdol, Shalabi, Sukkari, 
and Khudari from the local markets in the Al-Ahsa region, Saudi Arabia. Special paper bags were used for 
 sampling35; they were sterilized to correct for external contamination. The samples were transferred promptly 
within 15 min in an equipped ice box container aseptically to the Dates Quality and Safety Unit at the Palm and 
Dates Center for microbiological inspection.

Isolation and identification of fungi associated with dates. To separate the obviously infected dates, 
100 g of each sample were subjected to physical examination for  fungi36. Moreover, 10 individual dates from each 
sample were surface sterilized by 2% sodium hypochlorite solution for 2 min, washed twice with sterile double 
distilled water, and then cut into small pieces (1  cm2/piece) under aseptic conditions. Each small piece was cul-
tured separately on Potato Dextrose Agar (PDA) plates and incubated for 5 days at 26 to 28 °C ± 1; RH 72–75 ± 1. 
Single hyphen tips of each different shape or color were subjected to sub-culturing under the same previous con-
ditions and repeated until they had pure fungal growth. The purified isolates were manually  identified37,38 and 
then maintained at 4 °C until used. The fungal species which were isolated from all the varieties of palm dates 
are Aspergillus niger, Fusarium, and Penicillium.

Decontamination treatment using SDBD system. In this work, A. niger represented the predomi-
nant isolated among fungi. A glass slide was sterilized with ethanol 70%, and wiped with a sterilized towel to 
be ready for the decontamination of date samples. In all runs, a 5 mm disc of A. niger was transferred onto the 
pre-sterilized glass slide. The individual disc of spore fungi was put on the sample holder 0.5 cm apart from the 
electrode for five different exposure time: 1, 1.5, 2, 2.5 and 3 min have been operated separately to evaluate the 
impact of the SDBD system in inhibiting A. niger spores and determine the proper decontamination time.

Sample collection for palm dates treatment using SDBD. Samples of the seven commonly used 
date palm varieties were subjected to a decontamination process in food science manufacturing at the Date Palm 
Research Center Al-Ahsa, Saudi Arabia. Samples were inspected and deteriorated fruits were eliminated and 
disposed of. Healthy fruits were kept at 5 °C for about 24 h. Date samples were treated using the SDBD system 
for 3 min dependent on the electrode coverage area and sample size, after the preliminary examination suggested 

Figure 1.  SDBD electric circuit (a); [Power supply (1), HV electrode(2), Dielectric barrier (3), Ground 
electrode (4), Plasma (5), Sample holder (6) Palm date samples (7)], Teflon box contains the SDBD system (b), 
honeycomb geometry of SDBD (c), the cell geometry of honeycomb (d), and the emission spectrum of the 
plasma from SDBD in the range of (200–900 nm) (e).
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this was the proper decontamination time. Ten to fifteen samples of each date cultivar were treated by exposing 
them to SDBD, 0.5 cm away from the electrode.

Molecular docking. H2O2 was obtained as a sdf file from PubChem and converted to a PDB file using 
PyMOL 2.5 software. The A. niger proteins (PDB: 3K4Q, 1KS5) were obtained from the Protein Data Bank 
(PDB)39. Before docking analysis, interacting ligands and water molecules were removed from the used proteins. 
Autodock tools were used to perform the docking analysis. In the present study, LigPlot+ was used to identify 
interacting residues and the interacting bonds between the target and hydrogen  peroxide40.

Physicochemical measurements. The moisture content of control and treated samples of dates with 
SDBD were determined using AOAC  procedures41. Water activity of date samples were measured using a water 
activity meter (AQUA Lab aw, Decagon). Total soluble solids (TSS) of date samples were determined as % using a 
hand refractometer (Digital Refract meter, SPER Scientific), SPER SCIENTIFIC LTD, Laboratory Digital Refrac-
tometer (Brix), Type: 300034 Brix nD. A pH meter was used to estimate the pH values of treated and untreated 
dates. Texture profile analysis of palm date samples was measured using a texture analyzer (TA. XT plus, Stable 
Micro Systems Ltd., Surrey, UK), 75-mm-diameter disk plunger (P 75)42.The force was measured by compact-
ing the date fruits while they were placed  horizontally43. The squeezing procedure included two bites to get 
the texture profile analysis properties, which included basic properties such as hardness, chewiness, resilience, 
cohesiveness, gumminess, adhesiveness, and springiness. Color reflectance values of date samples (L*, a*, b*, c* 
and h*) were measured using a Hunter Minolta Chroma meter (Hunter Associates Laboratory Inc. Restan VA., 
USA)44.

Statistical analysis. Data values are expressed as Mean ± standard error (SE). Analysis of variance 
(ANOVA) was performed to determine the effect of treatment using SPSS software package (version 20). The 
Least Significance Difference (LSD) was conducted when a significant difference at P ≤ 0.05 was statistically 
occurred. The principal component analysis was applied for a better understanding of the relationship among 
studied measures across palm date varieties that were both untreated and treated with SDBD, using Origin Pro 
2021 version b 9.5.0.193 computer software program.

Results
Plasma diagnostics. The emission spectrum of the SDBD in the range of (200–900 nm) was measured 
using optical emission spectroscopy (OES), as can be seen in Fig. 1e. The molecular spectra of a nitrogen second 
positive system  (N2 SPS) were shown at 316, 337, and 357 nm. However, the peak of nitrogen first negative sys-
tem  (N2 FNS) was shown at 389 and 405 nm. Furthermore, the OH radical has emerged at 308.9 nm. It is well 
known that hydroxyl radical (OH) negatively affects the microorganisms’ cell  membranes45. On the other hand, 
in this work, the smell of ozone was easily distinguished while the SBDB device was running. The produced 
reactive radicals by non-thermal plasma generate an oxidative stress response driving harmful oxidative cell 
 spoilage46, followed by inhibition of microorganisms viability and  vitality47. By conserving specific bioactive 
chemicals, non-thermal plasma may be a useful technique for extending the shelf life of vegetable  juice23.

However, A. niger and palm date samples have been treated without operating the SDBD system to study 
the effect of the cooler fan air (results not included). The results revealed no impact of the cooler fan air on the 
treated samples.

Inhibition of A. Niger using SDBD system. The effect of SDBD on A. niger after 48 h of incubation at 
different treatment times is illustrated in Fig. 2a. The increase in the treatment time led to the efficacy of SDBD 
to inhibit A. niger. Moreover, after 15 days of incubation, the survivor numbers (CFU/g) of A. niger in treated 
samples were decreased with an increasing exposure time to plasma (Fig. 2b). Simultaneously, for untreated 
samples, the survivor numbers of A. niger reached 4.33 ± 0.09 CFU/g, while for plasma-treated A. niger, with an 
increase in the exposure time from 1 to 3 min, the cell numbers decreased from 2.50 ± 0.29 to 0.33 ± 0.03 CFU/g, 
respectively. The reduction of A. niger was 1.83  log10 after 1 min of exposure, and it increased to 4  log10 after 
3 min of exposure. The results revealed significant differences (p < 0.05) in the survivor numbers of A. niger 
between the exposure time of plasma.

After 16 and 17 days of incubation, we find that the survivor numbers of A. niger for untreated samples are 
4.47 ± 0.03 and 4.50 ± 0.00 CFU/g, respectively. Moreover, as the exposure time is increased from 1 to 2.5 min, 
the survivor numbers of A. niger increase with the incubation period. However, at an exposure time of 3 min, 
the survivor numbers of A. niger did not increase with the incubation period. The results showed that the growth 
rate of A. niger cells after 16 and 17 days of incubation gradually decreases with increasing exposure time from 
1 to 3 min, and it became zero at 3 min. Statistically, the results displayed no significant difference (p > 0.05) on 
the growth rate of A. niger after 16 and 17 days of incubation. These results indicated that the optimum condi-
tions for inhibition of A. niger using SDBD are at an exposure time of 3 min. Similar results were reported, it 
was found that, a considerable drop in the overall viable count was seen after 30 s of plasma treatment and in 
the yeast and mold count after 60  s23.

Recently, it was proved that non-thermal plasma virtually inhibited Aspergillus parasiticus in conidia and 
hyphae within a few minutes of  treatment48. Complete inhibition of the extracted A. niger from palm dates was 
recorded after 9 min at a 3.5 L/min argon flow rate using a DBD  system49. However, complete inactivation of 
the formed Aspergillus sp. on saffron after 15 min plasma exposure at 60 W using radio-frequency  plasma50. 
After 20 min of plasma exposure, P. buchwaldii, P. expansum, and P. bialowiezense were reduced by 2.6, 2.2, and 
1.9 log10,  respectively51. It has been found that after 60 s of DBD treatment, the cell walls and cell membrane 
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structures of Ascochyta pinodella and Fusarium culmorum were destroyed, resulting in leakage of cytoplasm, while 
the cells were flattened after 180  s52. From previous and current results, it can conclude that, the effect of plasma 
on the fungi depends on many factors such as, the supplied gas type, the device design, the distance between the 
electrodes and the sample, the plasma power, the plasma temperature, and the exposure time.

The antimicrobial efficacy of plasma can be explicated as the destruction of the cellular structure and cell 
 leakage53 or the destruction and cracking of the cell walls or cell membrane of  microorganisms54, which occurs by 
free radicals, UV-emitting species, and charged particles after nonthermal plasma treatment. On the other hand, 
hydroxyl radicals can destroy microbial cells due to their high electronegativity, making them potent oxidizing 
agents. The various enzymes, proteins, and unsaturated fatty acids of the membrane lipid bilayer are considered 
the main targets of oxidative processes for  germ55. Also, hydrogen peroxide has high microbicidal  effects56. 
Hydrogen peroxide could be produced in a non-thermal plasma environment due to the reaction between two 
hydroxyl  radicals57 and it would act as a  decontaminant56. However, the generated ozone by the DBD over 3 
and 15 min resulted in at least a 1 and 4  log10 reduction in microbial colonies present in the spoilage inocula, 
 respectively29. Furthermore, atomic oxygen, O(1D), has been shown to play an important role in the inhibition 
of Aspergillus oryzae and Penicillium digitatum58.

Molecular docking. Molecular docking was used to investigate the mechanism of interaction between the 
active plasma species  (H2O2) and the two enzymes of A. niger (PDB: 3K4Q, 1KS5). The docking simulation of 
 H2O2 against A. niger enzyme (PDB: 1KS5) has a binding affinity of -3.29 kcal/mol. Figure 3a illustrated that 
 H2O2 has hydrophobic interaction with Gln31, Ala205 and Tyr61. On the other hand, three hydrogen bonds with 
a length of 2.82, 2.70 and 2.50 Å were generated between  H2O2 and Thr203, Ser62 and Ser60 respectively. The 

Figure 2.  Inactivation of A. niger using SDBD at different treatment time; (a) A. niger spore after 2 days of 
incubation and (b) A. niger spore  log10 (CFU/g) after 15, 16 and 17 days of incubation, P value = 0.00.
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docking simulation of  H2O2 against the A. niger enzyme (PDB: 3K4Q) has a binding affinity of -3.57 kcal/mol. 
Moreover, a hydrophobic interaction between  H2O2 and Asn185, Pro189, Ser314, and Asn184 can be observed 
in Fig. 3b. Also,  H2O2 formed three hydrogen bonds with Thr191, Gly190, and Ser183, with a length of 2.91, 2.85, 
and 2.60 Å. Numerous hydrogen bonds were produced between  H2O2 and A. niger enzymes, indicating powerful 
binding in these systems. The results showed the possibility of an interaction between the amino acid residues 
of A.niger enzymes by forming hydrogen bonds. Therefore, the produced hydrogen peroxide from non-thermal 
plasma can inhibit fungi, especially A. niger under  study59.

The effect of SDBD treatment on physicochemical properties of palm dates. Water activity and 
moisture of palm dates. It is known that the decontamination methods play a significant role in the value of 
water activity and  moisture60. Changes in the water activity and moisture of seven types of palm dates treated 
with SDBD for 3 min are shown in Fig. 4A and B. From these results, there was a significant difference (p < 0.05) 
among palm date varieties in the water activity and moisture values. After plasma treatment, the water activity 
and moisture values of palm date varieties have decreased. The Shalabi date cultivar had the highest decreases 
in the water activity and moisture values, while the Ajwa date cultivar had the lowest after plasma treatment. It 
found that, a 5% moisture loss within 4 s of treatment in cucumbers, carrots, and pear plants was  observed61.

Total soluble solid (TSS). Total soluble solid (TSS) of the current palm dates has not been affected by SDBD 
treatment. Data illustrated in Fig. 5A demonstrated that there was no significant difference (p > 0.05) in TSS 
between treated and control palm dates. Similarly, it has been found that, non-thermal plasma treatment for 
2.5 min had no significant effect on TSS of  strawberry62. Further, atmospheric non-thermal plasma treatment 
for 10 min and 15 min had no significant effect on TSS of strawberry, but 30 min had a significant effect on TSS 
of  strawberry63. In another study, no significant changes occurred in the solid soluble content of apple fruits after 
plasma  treatment64.

pH. The effect of SDBD treatment on the pH values of palm dates is given in Fig. 5B. For all palm date tested 
varieties, pH value has decreased after SDBD treatment for 3  min. A significant difference (p < 0.05) in pH 
between treated and untreated palm dates was found. Khadri date fruit had the highest decrease in pH (from 
6.83 ± 0.09 to 6.08 ± 0.01), while the Maghol date fruit had the lowest decrease (from 6.67 ± 0.03 to 6.41 ± 0.06). 
However, decreasing limits in pH among all treated palm date varieties were comparatively small.

Moreover, it has been proved that a decrease was found in the pH of strawberry after non-thermal plasma 
 treatment63. Also, an increase was observed in acidity in terms of a pH decrease in treated brown rice with 
 plasma65 and similarly occurred in treated orange juice with non-thermal  plasma66. The non-thermal plasma 
might have a more significant effect on the pH value of liquid specimens than solid  ones67 due to the interaction 
between the moisture phase of liquid samples and generated reactive gases. In contrast, acidic compounds are 
generated just on the surface in the case of solid specimens. The pH of the control samples and tomato juice 
exposed to non-thermal plasma for 30 and 60 s did not differ  significantly23. For plasma treatments lasting 120 
and 300 s, the pH increase was somewhat greater in tomato  juice23.

Texture. Texture is a crucial quality character utilized in processing food to evaluate the quality of products. 
The hardness of fruits and vegetables is considered the essential character texture to determine the freshness of 
 foods68. Texture profile analysis was conducted in dates  fles69.

The hardness of control palm dates ranged from 362.50 ± 9.67 N up to 870.65 ± 6.24 N. However, the hardness 
of treated palm dates using SDBD plasma for 3 min ranged from 375.55 ± 5.01 N up to 881.76 ± 8.20 N, as shown 
in Fig. 6A. The hardness of palm dates has decreased after SDBD treatment for Nabtet Ali date cultivar from 

Figure 3.  The interaction between  H2O2 and the amino acid residues of A. niger (a) 1KS5 and (b) 3K4Q.
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761.70 ± 3.03 to 759.51 ± 6.26. However, the hardness values were increased for the rest of the palm date treated 
varieties. Statistical analysis showed that there was no significant difference (p > 0.05) in the hardness between 
treated and untreated palm date varieties.

The adhesiveness values of Swkari and Khadari varieties decreased after SDBD treatment from 
− 1587.88 ± 99.51 to − 1602.65 ± 27.15 Ns and from − 364.82 ± 99.41 to − 544.35 ± 64.70 Ns respectively. On the 
other hand, the adhesiveness values of the rest of the date varieties were increased as can be seen in Fig. 6B. None-
theless, there is no significant difference (p > 0.05) in the adhesiveness between treated and control palm dates.

Figure 6C elucidated that cohesiveness values of untreated samples ranged from 0.26 ± 0.11 to 0.67 ± 0.02, 
while they were ranged from 0.30 ± 0.05 to 0.51 ± 0.04 for treated samples. The cohesiveness of palm date varieties 
has increased after SDBD treatment, for Nabtet Ali date cultivar increased from 0.45 ± 0.14 to 0.51 ± 0.04 and for 
Sukkari from 0.26 ± 0.11 to 0.48 ± 0.01. However, it has decreased for the rest of the palm date treated cultivars.

Regarding chewiness values, which appeared in Fig. 6D, an increasing trend was noticed after SDBD treatment 
for all palm date varieties except Khadari, which decreased from 356.63 ± 3.48 to 350.13 ± 7.87 N. Chewiness 
values ranged from 272.19 ± 13.38 to 360.12 ± 07.03 N for control samples, while they ranged from 290.08 ± 07.35 
to 378.34 ± 06.09 N for treated ones. Despite that, there is no significant difference (p > 0.05) in the chewiness 
between treated palm dates using SDBD and untreated ones.

The gumminess of palm dates increased after SDBD treatment for  Rashodia  from 428.79 ± 26.65 to 
456.52 ± 27.31 and for Khadari from 291.26 ± 53.81 to 310.29 ± 31.52 but decreased for the other palm date types 
as apparent in Fig. 6E. The gumminess values of untreated samples ranged from 250.77 ± 8.02 to 428.79 ± 26.65, 
while they ranged from 232 ± 9.82 to 456.52 ± 27.31 for treated ones. Nevertheless, there is no significant differ-
ence (p > 0.05) in the gumminess values between treated and control palm date samples.

Figure 4.  The influence of SDBD on Water activity, P value = 0.016 (A), and Moisture, P value = 0.002 (B) of 
Palm dates varieties.
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Moreover, the results of springiness indicate that, there was no significant difference (p > 0.05) in the springi-
ness between treated palm dates and untreated ones. The springiness values decreased for all palm dates varie-
ties except for Ajwa and Swkari varieties, it increased from 0.57 ± 0.00 to 0.60 ± 0.02 and from 0.56 ± 0.10 to 
0.71 ± 0.01, respectively, as explained in Fig. 6F.

In the case of resilience, untreated samples ranged from 0.10 ± 0.02 to 0.18 ± 0.04, on the other hand, they 
ranged from 0.12 ± 0.00 to 0.22 ± 0.01 for treated ones. The resilience of palm dates decreased following SDBD 
treatment in Ajwa whereas, ranged from 0.15 ± 0.01 to 0.12 ± 0.00 and in Swkari ranged from 0.16 ± 0.02 to 
0.13 ± 0.01 but increased for the other palm date types as apparent in Fig. 6G. Regardless, no significant differ-
ence exists (p > 0.05) between resilience values of treated and untreated palm date samples.

Statistical analysis demonstrated that no significant difference occurred in the texture of palm dates between 
treated and untreated samples. Simultaneously, most previous studies reported thatno significant differences 
appeared in texture change after non-thermal plasma treatment between control and treated samples of  banana70, 
of  radicchio71, and of  lettuce72.

Color. It is noteworthy that L*, Chroma, and Hue food might be affected by the storage period, type of treat-
ment, or both. The effect of SDBD treatment for 3 min on the color of current palm dates was illustrated in 
Fig. 7. The measured L* values of palm dates have decreased after SDBD treatment for Ajwa from 2.43 ± 0.17 to 
1.22 ± 0.27 and Maghol from 7.81 ± 0.14 to 7.49 ± 0.29, but they have increased for the rest of the treated palm 
date types (Fig. 7A). While L* values varied from 2.36 ± 0.21 to 13.90 ± 0.18 for untreated samples and they var-
ied from 2.58 ± 0.15 to 14.30 ± 0.15 for treated ones. No significant difference was shown (p > 0.05) in L* values 
between treated and control samples.

Moreover, b* values have increased after SDBD treatment for Ajwa from 1.41 ± 0.08 to1.69 ± 0.11, Maghol 
from 11.01 ± 0.65 to 12.12 ± 1.04, Rashodia from 18.13 ± 0.48 to 18.69 ± 1.04 and Khadari from 5.87 ± 0.29 to 

Figure 5.  The influence of SDBD on TSS, P value = 0.70 (A), and pH, P value = 0.00 (B) of Palm dates varieties.
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7.25 ± 0.71 while, it has decreased for the rest of the treated palm date varieties, as illustrated in Fig. 7B. There 
was no significant difference (p > 0.05) in b* values between treated and untreated samples.

Figure 6.  The influence of SDBD on texture of palm dates (A) Hardness P value = 0.06, (B) Adhesiveness P 
value = 0.75, (C) Cohesiveness P value = 0.06, (D) chewiness P value = 0.07, (E) Gumminess P value = 0.69, (F) 
Springiness P value = 0.24, (G) Resilience P value = 0.183.
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The a* values were in increasingly trend for all treated palm dates with SDBD treatment except for Nabtet Ali, 
Maghol and Shalbi, whereas they were in decreasing trend from 12.97 ± 1.44 to 10.83 ± 2.47, from 18.63 ± 0.73 
to 17.83 ± 1.56 and from 15.84 ± 1.00 to 14.84 ± 0.89, respectively, as shown in Fig. 7C. Even so, there was no 
significant difference (p > 0.05) in a* values between treated palm dates using SDBD and control ones.

In addition, from Fig. 7D, illustrated the measured C* values of treated palm dates varieties using SDBD 
for 3 min, the results indicate that, C* values have increased after SDBD treatment for Ajwa from 2.21 ± 0.15 
to 3.05 ± 0.17, Rshodya from 22.67 ± 1.59 to 24.75 ± 1.59 and Khadari from 11.22 ± 1.57 to 11.71 ± 1.57, while it 

Figure 7.  The impact of SDBD on color parameter of palm dates; (A) L*, P value = 0.08, (B) b*, P value = 0.76, 
(C) a*, P value = 0.82 (D) c*, P value = 0.74 (E) h*, P value = 0.57 and (F) ΔE.
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was decreased for other treated palm date varieties. Nevertheless, no significant difference was shown (p > 0.05) 
between treated and untreated palm dates.

From Fig. 7E, hue values (h*) increased after SDBD treatment for Nabtet Ali from 40.85 ± 4.51 to 43.37 ± 5.55, 
Maghol from 30.84 ± 2.51 to 34.27 ± 3.76 and Khadari from 29.27 ± 0.94 to 31.89 ± 4.67 but decreased for the rest 
of the treated palm date varieties. The results revealed no significant difference (p > 0.05) in hue values between 
treated and untreated palm dates.

It was reported that the total color difference(ΔE) could be classified as follows; highly observable (ΔE > 3), 
observable (1.5 < ΔE < 3), and unobservable (ΔE < 1.5)73. Thus, we could realize that the total color difference 
might be unobservable for Ajwa, Maghol, and Khadari varieties. The results indicated that, no significant dif-
ference in the total color difference between treated and untreated palm date varieties. Similarly, no significant 
difference was determined in color change after non-thermal plasma treatment between control and treated 
samples of  banana70 and treated samples of chili  pepper74. In contrast, a significant change of color has been 
observed after non-thermal plasma treatment between treated and untreated samples in  lettuce75, in cucumber 
and carrot  slices61, and in blueberries as  well76.

Principal component analysis. The association between measured variables was assessed using principal 
component analysis (PCA) across palm date varieties that were both untreated and treated with SDBD. The six 
PCAs for studied variables affected by untreated and treated palm dates using SDBD are given in Table 1, which 
had eigenvalues higher than one (eigenvalue > 1). Out of all the PCAs, the two main PCAs (PCA1 and PCA2) 
were kept for the final analysis because they both have the highest eigenvalues greater than one and explain 
more than 65% of the total variance of all analyzed variables in untreated and treated palm dates using SDBD, 
respectively. These results indicate the variability in treated palm dates using SDBD was higher than in untreated 
palm dates using SDBD and confirm that the testing variables were different in both treatments. In treated and 
untreated samples, the PCA1 explained 38.16% and 45.13%, while the PCA2 accounted for 27.65% and 20.51% 
of the total variation of analyzed variables, respectively. Thus, PCA1 and PCA2 can be used as the basis for 
assessing the relationship between investigated variables of untreated and treated palm date varieties. The PC1 
and PC2 explained 31.00% and 21.00%77, 60.27% and 17.11%78 and 77.9% and 11.4%79 of the total variance of 
date palm fruit variables, respectively.

PCA1 and PCA2 were employed to draw a biplot in order to show the correlation between studied variables 
under the main effects of untreated (Fig. 8) and treated (Fig. 9) palm date varieties. The PCA1 and PCA2 were 
positively correlated with most measured variables in both untreated and treated palm date varieties. PCA1 
is highly positively correlated with b*, C*, h*, a*, water activity, hardness, springiness, and resilience in both 
untreated and treated palm date varieties, and with cohesiveness in treated palm date varieties. In untreated palm 
date types, the PCA2 is strongly positively associated with moisture, cohesiveness, adhesiveness, and springiness, 
while in treated palm date types, it is strongly correlated with pH, TSS, hardness, chewiness, and cohesiveness. 
The PCA1 and PCA2 were positively correlated to most quantitative and qualitative traits in the investigated 
date palm  cultivars77. A wide range of color and flavor flavonoids and hydroxycinnamates of date palm fruit were 
found to correlate with PCA1 and some showed no correlation with  PCA179. They added, that PCA1 had a strong 
positive correlation with regulatory polyamines, glutathione-mediated antioxidant activity, energy production, 
lysophospholipids, amino acids, tannins, non-reducing sugars, and hormones.

A sharp angle was identified among the most measured variables in this investigation in both untreated and 
treated with SDBD, demonstrating a positive correlation between these variables, but they vary in degree and 
consistency in quantity. Our findings revealed that most measured variables had sharp angles below 90-degrees, 
indicating a positive correlation between these variables. The highest and positive correlation (smallest sharp 
angles) were observed among the most studied variables during each/both treatments. For example, among 
water activity, hardness, springiness, a*, b*, c* and h* in both treatments. These findings indicate that there are 
differences between palm date varieties as a result of treatment with plasma. These differences were also higher 
than in untreated palm dates. Therefore, these variations among these varieties are due to SDBD treatment.

The PCA1 and PCA2 mainly distributed and distinguished the studied variables into four groups according 
to their degree of correlation in both untreated and treated palm date varieties. Based on the PCA, the results 
demonstrated substantial variability, and the sixteen quantitative and qualitative qualities evaluated of date palm 
cultivars revealed a strong discriminating  factor78. The analyzed variables inside each group were significantly 
positively or negatively associated with each other, the inverse was true. The first group was related to the highest 
PCA1 and PCA2 (the first quarter) and included moisture, cohesiveness, springiness, and a* under untreated, as 
well as cohesiveness, springiness, hardness, chewiness, and h* treated using SDBD, which are strongly positively 
associated with the varieties Maghol, Rshodya and Nabtet Ali as well as the Swkari variety only, respectively. The 

Table 1.  Results of PCA in the first six PCAs for the studied variables during untreated and treated palm date 
varieties.

Variables

Untreated Treated

PCA1 PCA2 PCA3 PCA4 PCA5 PCA6 PCA1 PCA2 PCA3 PCA4 PCA5 PCA6

Eigenvalues 5.72 4.15 1.99 1.56 1.15 0.43 6.77 3.08 2.66 1.47 0.64 0.38

Variance % 38.16 27.65 13.26 10.38 7.67 2.88 45.13 20.51 17.77 9.81 4.27 2.52

Cumulative% 38.16 65.81 79.07 89.45 97.12 100.00 45.13 65.63 83.40 93.21 97.48 100.00
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second group comprised adhesiveness and L* in untreated as well as pH and L* in treated using SDBD, which 
were located in the second quarter (the highest PCA2 and the lowest PCA1) with the Khadari variety only as 
well as the two varieties Shalbi and Ajwa, respectively. The pH, TSS (untreated), and adhesiveness (treated) in 
the third quarter formed the third group (the lowest PCA1 and PCA2) with Ajwa and Shalbi in the control 
treatment and with Khadari and Maghol in the SDBD treatment. The other variables in both treatments in the 
fourth quarter (the fourth group) had the highest PCA1 and the lowest PCA2 and were associated with only 
Swkari variety as well as Nabtet Ali and Rshodya varieties under untreated and treated using SDBD, respectively. 
According to the PCA  biplot79, the Ajwa variety was distinguished from the rest of the date palm fruit by mois-
ture, fiber, and protein.

Opposite, there were other relationships between studied variables between groups that were positive (low) 
or negative, depending on whether the angles between them were acute (large) or obtuse, respectively. It was 

Figure 8.  A biplot diagram based on PC1 and PC2 shows similarities and dissimilarities in relationships among 
the measured variables across different varieties of palm dates under untreated.

Figure 9.  A biplot diagram based on PC1 and PC2 shows similarities and dissimilarities in relationships among 
the measured variables across different varieties of palm dates under after SDBD treatment.
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found that, a correlation between the corresponding metabolite abundance profile of date palm fruit and the 
PCA  scores80.

Conclusions
Non-thermal plasma treatment using SDBD successfully inhibited A. niger growth that was extracted from palm 
date varieties after 3 min treatment. SDBD treatment conditions produced significant changes in physicochemical 
indexes of palm date varieties, e.g., water activity and, moisture. There were minor variations in the pH values of 
the palm date varieties after SDBD treatment. The SDBD treatment showed maintenance of color, total soluble 
solids, and texture characteristics, not inducing any textural change compared with the control. The decrease 
in moisture content may play a role in inhibiting fungal growth. Therefore, SDBD could be a valuable safe, and 
quick technique for the decontamination of fungi associated with agricultural products, not only for palm date 
varieties but it could be utilized for other vegetables and fruits as post-harvest treatment. Regardless of statisti-
cal significance, the values of physicochemical properties of palm date varieties changed to a cramped extent. 
Furthermore, the color indices and the texture parameters of treated palm date varieties were not changed under 
specific conditions of SDBD treatment. Non-thermal Plasma treatment maintained the quality of the dates, not 
inducing any chemical composition and/or physical properties change compared with the control treatment, 
these results had confirmed by the correlation between them, therefore the edibility of SDBD-treated palm dates. 
The results of PCA analysis could be useful and might help to understand the relation between studied variables 
of palm date varieties under untreated and treated with SDBD.

Data availability
All data generated or analyzed during this study are included in this published article.  H2O2 was obtained as a sdf 
file from PubChem and converted to a PDB file using PyMOL 2.5 software. The A. Niger proteins (PDB: 3K4Q, 
1KS5) were obtained from the Protein Data Bank (PDB) (https:// www. rcsb. org/ struc ture).

Received: 22 June 2022; Accepted: 13 October 2022

References
 1. Zohary, D. & Hopf, M. Domestication of Plants in the Old World 3rd edn. (Oxford University Press, 2000).
 2. Zaid, A. & de Wet, P. F. Date palm cultivation. In Origin, Geographical Distribution and Nutritional Values of Date Palm, Plant 

Production and Protection Paper No. 156 (eds Zaid, A. & AriasJiménez, E. J.) 29 (Food and Agriculture Organization of the United 
Nations (FAO), 1999).

 3. Gherbawy, Y. A., Elhariry, H. M. & Bahobial, A. A. S. Mycobiota and mycotoxins (aflatoxins and ochratoxin) associated with some 
Saudi date palm fruit. Foodborne Pathog. Dis. 9(6), 561–567 (2012).

 4. Palou, L., Ali, A., Fallik, E. & Romanazzi, G. GRAS, plant-and animal-derived compounds as alternatives to conventional fungicides 
for the control of postharvest diseases of fresh horticultural produce. Postharvest Biol. Technol. 122, 41–52 (2016).

 5. Kader, A. A. & Hussein, A. M. Harvesting and Postharvest Handling of Dates (ICARDA, 2009).
 6. Wazir, A. M. et al. Chemical control of sudden decline disease of date palm (Phoenix dactylifera L.) in Sindh Pakistan. Pak. J. Bot. 

45(1), 7–11 (2022).
 7. Nunes, C. A. et al. Biological control of postharvest diseases of fruit. Eur. J. Plant Pathol. 133(1), 181–196 (2012).
 8. Zhang, H. et al. Augmentation of biocontrol agents with physical methods against postharvest diseases of fruit and vegetables. 

Trends Food Sci. Technol. 69, 36–45 (2017).
 9. Berk, Z. Thermal processing. In Food Process Engineering and Technology (ed. Berk, Z.) (Academic Press, 2008).
 10. Li, X. & Farid, M. A review on recent development in non-conventional food sterilization technologies. J. Food Eng. 182, 33–45 

(2016).
 11. Mir, S. A., Shah, M. A. & Mir, M. M. Understanding the role of plasma technology in food industry. Food Bioprocess Technol. 9(5), 

734–750 (2016).
 12. Scholtz, V., Pazlarova, J., Souskova, H., Khun, J. & Julak, J. Nonthermal plasma: A tool for decontamination and disinfection. 

Biotechnol. Adv. 33(6), 1108–1119 (2015).
 13. Ambrico, P. F. et al. Reduction of microbial contamination and improvement of germination of sweet basil (Ocimum basilicum L.) 

seeds via surface dielectric barrier discharge. J. Phys. D. Appl. Phys. 50, 305401 (2017).
 14. Lotfy, K., Al-Harbi, N. A. & El-Raheem, A. Cold atmospheric pressure nitrogen plasma jet for enhancement germination of wheat 

seeds. Plasma Chem. Plasma Process. 39(4), 897–912 (2019).
 15. Misra, N. N., Schlüter, O. & Cullen, P. J. Cold Plasma in Food and Agriculture: Fundamentals and Applications. http:// www. scien 

cedir ect. com/ scien ce/ book/ 97801 28013 656 (2016).
 16. Lotfy, K., Khalil, S. M. & AbdEl-Raheem, H. Inactivation by helium cold atmospheric pressure plasma for Escherichia coli and 

Staphylococcus aureus. J. Theor. Appl. Phys. 45(14), 37 (2020).
 17. Lotfy, K. The impact of the carrier gas composition of non-thermal atmospheric pressure plasma jet for bacteria sterilization. AIP 

Adv. 10(1), 015303 (2020).
 18. Misra, N. N., Yadav, B., Roopesh, M. S. & Jo, C. Cold plasma for effective fungal and mycotoxin control in foods: Mechanisms, 

inactivation effects, and applications. Compr. Rev. Food Sci. Food Saf. 18, 106–120 (2019).
 19. Hojnik, N. et al. Unravelling the pathways of air plasma induced aflatoxin B1 degradation and detoxification. J. Hazard Mater. 403, 

123593 (2021).
 20. Ma, T. J. & Lan, W. S. Effects of non-thermal plasma sterilization on volatile components of tomato juice. Int. J. Environ. Sci. Technol. 

12, 3767–3772 (2015).
 21. Pankaj, S. K., Wan, Z., Colonna, W. & Keener, K. M. Effect of high voltage atmospheric cold plasma on white grape juice quality. 

J. Sci. Food Agric. 97, 4016–4021 (2017).
 22. Liao, X. Y. et al. Application of a dielectric barrier discharge atmospheric cold plasma (Dbd-Acp) for Eshcerichia coli inactivation 

in apple juice. J. Food Sci. 83, 401–408 (2018).
 23. Starek, A. et al. Evaluation of selected microbial and physicochemical parameters of fresh tomato juice after cold atmospheric 

pressure plasma treatment during refrigerated storage. Sci. Rep. 9, 8407 (2019).
 24. Dickenson, A., Morabit, Y., Hasan, M. I. & Walsh, J. L. Directional mass transport in an atmospheric pressure surface barrier 

discharge. Sci. Rep. 7(1), 1–9 (2017).

https://www.rcsb.org/structure
http://www.sciencedirect.com/science/book/9780128013656
http://www.sciencedirect.com/science/book/9780128013656


14

Vol:.(1234567890)

Scientific Reports |        (2022) 12:17323  | https://doi.org/10.1038/s41598-022-22335-5

www.nature.com/scientificreports/

 25. Hasan, M. I. & Walsh, J. L. Influence of gas flow velocity on the transport of chemical species in an atmospheric pressure air plasma 
discharge. Appl. Phys. Lett. 110(13), 134102 (2017).

 26. Shimizu, T., Sakiyama, Y., Graves, D. B., Zimmermann, J. L. & Morfill, G. E. The dynamics of ozone generation and mode transition 
in air surface micro-discharge plasma at atmospheric pressure. New J. Phys. 14(10), 103028 (2012).

 27. Luan, P. & Oehrlein, G. S. Stages of polymer transformation during remote plasma oxidation (RPO) at atmospheric pressure. J. 
Phys. D. Appl. Phys. 51(13), 135201 (2018).

 28. Park, S., Choe, W. & Jo, C. Interplay among ozone and nitrogen oxides in air plasmas: Rapid change in plasma chemistry. Chem. 
Eng. J. 352, 1014–1021 (2018).

 29. Roy, S., Choudhury, B., Johnson, J. & Schindler-Tyka, A. Application of dielectric barrier discharge for improving food shelf life 
and reducing spoilage. Sci. Rep. 1, 1–9 (2021).

 30. Ambrico, P. F. et al. Surface dielectric barrier discharge plasma: A suitable measure against fungal plant pathogens. Sci. Rep. 10(1), 
1–17 (2020).

 31. Waskow, A., Howling, A. & Furno, I. Advantages and limitations of surface analysis techniques on plasma-treated Arabidopsis 
thaliana seeds. Front. Mater. 123, 1–10 (2021).

 32. Biganzoli, I., Barni, R. & Riccardi, C. Note: On the use of Rogowski coils as current probes for atmospheric pressure dielectric 
barrier discharges. Rev. Sci. Instrum. 84, 016101 (2013).

 33. Piferi, C., Brescia, A. & Riccardi, C. Intensity comparison between UV lamps and plasma emission for air purification studies. AIP 
Adv. 11, 085209 (2021).

 34. Piferi, C. & Riccardi, C. A study on propane depletion by surface dielectric barrier discharges. Clean. Eng. Technol. 1, 100486 
(2022).

 35. Itanna, F. Metal concentrations of some vegetables irrigated with industrial liquid waste at Akaki, Ethiopia. SINET Ethiopian J. Sci. 
21(1), 133–144 (1998).

 36. Pitt, J. I. & Hocking, A. D. Fungi and Food Spoilage 1–413 (Academic Press, 1985).
 37. Raper, K. B. & Fennell, D. J. The genus Aspergillus (Williams and Wikins, 1965).
 38. Klich, M. A. Identification of Common Aspergillus Species 116 (United state Department of Agriculture. Agriculture Research 

Service, Southern Regional research center New Oluisiana, 2002).
 39. https:// www. rcsb. org/ struc ture.
 40. Laskowski, R. A. & Swindells, M. B. LigPlot+: Multiple ligand–protein interaction diagrams for drug discovery. J. Chem. Inf. Model. 

51, 2778–2786 (2011).
 41. AOAC. Official Methods of Analysis 15th edn. (Association of Analytical Chemists International, 1995).
 42. Abdullah, M. A., Hussain, M. S., Diaeldein, O. A. & Mahmoud, A. Y. Texture profile analysis of date flesh for some Saudi date 

cultivars. Int. J. Gen. Eng. Technol. 3(3), 1–10 (2014).
 43. Chen, L. & Opara, U. L. Approaches to analysis and modeling texture in fresh and processed foods: A review. J. Food Eng. 119(3), 

497–507 (2013).
 44. McGurie, G. R. Reporting of objective color measurements. HortScience 27, 1254–1255 (1992).
 45. Montie, T. C., Kelly-Wintenberg, K. & Roth, J. R. An overview of research using the one atmosphere uniform glow discharge 

plasma (OAUGDP) for sterilization of surfaces and materials. IEEE Trans. Plasma Sci. 28, 41–50 (2000).
 46. Imlay, J. A. The molecular mechanisms and physiological consequences of oxidative stress: Lessons from a model bacterium. Nat. 

Rev. Microbiol. 11, 443–454 (2013).
 47. Mai-Prochnow, A., Murphy, A. B., McLean, K. M., Kong, M. G. & Ostrikov, K. Atmospheric pressure plasmas: Infection control 

and bacterial responses. Int. J. Antimicrob. Agents. 43, 508–517 (2014).
 48. Hoppanová, L. et al. Non-thermal plasma induces changes in aflatoxin production, devitalization, and surface chemistry of Asper-

gillus parasiticus. Appl. Microbiol. Biotechnol. 106(5), 2107–2119 (2022).
 49. Ouf, S. A., Basher, A. H. & Mohamed, A. A. Inhibitory effect of double atmospheric pressure argon cold plasma on spores and 

mycotoxin production of Aspergillus niger contaminating date palm fruits. J. Sci. Food Agric. 95(15), 3204–3210 (2015).
 50. Hosseini, S. I., Farrokhi, N., Shokri, K., Khani, M. R. & Shokri, B. Cold low pressure O2 plasma treatment of Crocus sativus: An 

efficient way to eliminate toxicogenic fungi with minor effect on molecular and cellular properties of saffron. Food Chem. 257, 
310–315 (2018).

 51. Groot, M. N., Abee, T. & van Bokhorst-vandeVeen, H. Inactivation of conidia from three Penicillium spp. isolated from fruit juices 
by conventional and alternative mild preservation technologies and disinfection treatments. Food Microbiol. 81, 108–114 (2019).

 52. Avramidis, G. et al. Fungicidal effects of an atmospheric pressure gas discharge and degradation mechanisms. Surf. Coat. Technol. 
205, S405–S408 (2010).

 53. Ohkawa, H. et al. Pulse modulated, high-frequency plasma sterilization at atmospheric-pressure. Surf. Coat. Technol. 200, 5829–
5835 (2006).

 54. Yang, L., Chen, J. & Gao, J. Low temperature argon plasma sterilization effect on Pseudomonas aeruginosa and its mechanisms. J. 
Electrostat. 67, 646–651 (2009).

 55. Laroussi, M. Low temperature plasma-based sterilization: Overview and state-of-the-art. Plasma Process. Polym. 2, 391–400 (2005).
 56. Muranyi, P., Wunderlich, J. & Heise, M. Influence of relative gas humidity on the inactivation efficiency of a low temperature gas 

plasma. J. Appl. Microbiol. 104(6), 1659–1666 (2008).
 57. Purevdorj, D., Igura, N., Ariyada, O. & Hayakawa, I. Effect of feed gas composition of gas discharge plasmas on Bacillus pumilus 

spore mortality. Lett Appl Microbiol 37, 31–34 (2003).
 58. Hayashi, N., Yagyu, Y., Yonesu, A. & Shiratani, M. Sterilization characteristics of the surfaces of agricultural products using active 

oxygen species generated by atmospheric plasma and UV light. Jpn. J. Appl. Phys. 53(51), 05FR03 (2014).
 59. Qian, J. et al. Inactivation kinetics and cell envelope damages of foodborne pathogens Listeria monocytogenes and Salmonella 

enteritidis treated with cold plasma. Food Microbiol. 101, 103891 (2022).
 60. Monia, J. et al. Combined effect of UV-C, ozone and electrolyzed water for keeping overall quality of date palm. LWT Food Sci. 

Technol. 59(2), 649–655 (2014).
 61. Wang, R. X. et al. Atmospheric-pressure cold plasma treatment of contaminated fresh fruit and vegetable slices: Inactivation and 

physiochemical properties evaluation. Eur. Phys. J. D. 66(10), 1–7 (2012).
 62. Ziuzina, D. et al. Investigation of a large gap cold plasma reactor for continuous in-package decontamination of fresh strawberries 

and spinach. Innov. Food Sci. Emerg. Technol. 59, 102229 (2020).
 63. Rana, S. Atmospheric cold plasma (ACP) treatment improved in-package shelf-life of strawberry fruit. J. Food Sci. Technol. 57(1), 

102–112 (2020).
 64. Ramazzina, I. et al. Effect of cold plasma treatment on the functional properties of fresh-cut apples. J. Agric. Food Chem. 64(42), 

8010–8018 (2016).
 65. Lee, K. H. et al. Evaluation of cold plasma treatments for improved microbial and physicochemical qualities of brown rice. LWT. 

73, 442–447 (2016).
 66. Almeida, F. D. L. et al. Effects of atmospheric cold plasma and ozone on prebiotic orange juice. Innov. Food Sci. Emerg. Technol. 

32, 127–135 (2015).
 67. Pankaj, S. K., Wan, Z. & Keener, K. M. Effects of cold plasma on food quality: A review. Foods. 7(1), 4 (2018).

https://www.rcsb.org/structure


15

Vol.:(0123456789)

Scientific Reports |        (2022) 12:17323  | https://doi.org/10.1038/s41598-022-22335-5

www.nature.com/scientificreports/

 68. Konopacka, D. & Plocharski, W. J. Effect of storage conditions on the relationship between apple firmness and texture acceptability. 
Postharvest Biol. Technol. 32(2), 205–211 (2004).

 69. Rahman, M. S. & Al-Farsi, S. A. Instrumental texture profile analysis (TPA) of date flesh as a function of moisture content. J. Food 
Eng. 66(4), 505–511 (2005).

 70. Trivedi, M. et al. Enhancing shelf life of bananas by using atmospheric pressure pulsed cold plasma treatment of the storage 
atmosphere. Plasma Med. 9(1), 23–38 (2019).

 71. Trevisani, M. et al. Effects of sanitizing treatments with atmospheric cold plasma, SDS and lactic acid on verotoxin-producing 
Escherichia coli and Listeria monocytogenes in red chicory (radicchio). Food Control 78, 138–143 (2017).

 72. Jahid, I. K., Han, N., Zhang, C. Y. & Ha, S. D. Mixed culture biofilms of Salmonella Typhimurium and cultivable indigenous micro-
organisms on lettuce show enhanced resistance of their sessile cells to cold oxygen plasma. Food Microbiol. 46, 383–394 (2015).

 73. Adekunte, B. K. et al. Effect of sonication on colour, ascorbic acid and yeast inactivation in tomato juice AO. Food Chem. 122, 
500–507 (2010).

 74. Zhang, X. L. et al. Cold plasma pretreatment enhances drying kinetics and quality attributes of chili pepper (Capsicum annuum 
L.). J. Food Eng. 241, 51–57 (2019).

 75. Bermúdez-Aguirre, D., Wemlinger, E., Pedrow, P., Barbosa-Cánovas, G. & Garcia-Perez, M. Effect of atmospheric pressure cold 
plasma (APCP) on the inactivation of Escherichia coli in fresh produce. Food Control 34(1), 149–157 (2013).

 76. Lacombe, A. et al. Atmospheric cold plasma inactivation of aerobic microorganisms on blueberries and effects on quality attributes. 
Food Microbiol. 46, 479–484 (2015).

 77. Nowicka, P., Wojdyło, A. & Laskowski, P. Principal component analysis (PCA) of physicochemical compounds’ content in different 
cultivars of peach fruits, including qualification and quantification of sugars and organic acids by HPLC. Eur. Food Res. Technol=. 
245, 929–938 (2019).

 78. Elsafy, M., Gustavsson, L. G. & Mujaju, C. Phenotypic diversity of date palm cultivars (Phoenix dactylifera L.) from sudan estimated 
by vegetative and fruit characteristics. Int. J. Biodivers. 2015, 1–7 (2015).

 79. Abdul-Hamid, N. A. et al. Quality evaluation of the physical properties, phytochemicals, biological activities and proximate analysis 
of nine Saudi date palm fruit varieties. J. Saudi Soc. Agric. Sci. 19(2), 151–160 (2020).

 80. Diboun, I. et al. Metabolomics of dates (Phoenix dactylifera) reveals a highly dynamic ripening process accounting for major vari-
ation in fruit composition. BMC Plant Biol. 15, 291 (2015).

Acknowledgements
We would like to express our thanks to Dr. Walid Kasem, Dr. Mohamed Abdulrahman, Adnan El-Shawaker, and 
Marwa El-Eisa for their help in determining the physicochemical properties of dates.

Author contributions
K.L.: Conceptualization; Formal analysis; Investigation; Methodology; Validation; Visualization; Writing original 
draft. S.A.: Methodology; Validation Resources; Writing Review and Editing. N.A.: Methodology; Validation; 
Formal analysis; Methodology; Validation; Supervision;K.E.:  Methodology; Validation;Visualization; Writing—
review and editing. F.S.:  Methodology; Validation;Conceptualization; Formal analysis; Funding acquisition; S.A.: 
Methodology; Validation; Resources; Supervision; Visualization; T.M.:Investigation; Methodology; Validation; 
Writing—review and editing.

Funding
The authors would like to extend their gratitude to the Saudi Arabia Ministry of Environment, Water and Agri-
culture for providing financial, technical, and administrative support to fund this work through the initiative of 
encouraging the agricultural “Applied research project in the field of palm and dates No. 2200011540”.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to K.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Decontamination potential of date palm fruit via non-thermal plasma technique
	Experimental setup
	Plasma system. 
	Ethics approval and consent to participate. 
	Sample collection for fungi inhibition using SDBD. 
	Isolation and identification of fungi associated with dates. 
	Decontamination treatment using SDBD system. 
	Sample collection for palm dates treatment using SDBD. 
	Molecular docking. 
	Physicochemical measurements. 
	Statistical analysis. 

	Results
	Plasma diagnostics. 
	Inhibition of A. Niger using SDBD system. 
	Molecular docking. 
	The effect of SDBD treatment on physicochemical properties of palm dates. 
	Water activity and moisture of palm dates. 
	Total soluble solid (TSS). 
	pH. 
	Texture. 
	Color. 

	Principal component analysis. 

	Conclusions
	References
	Acknowledgements


