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Introduction
Aflatoxin B1 (AFB1), ochratoxin A (OTA), and 
fumonisin B1 (FB1), the secondary metabolites 
produced by different species of mycotoxigenic 
molds, were categorized within the most commonly 
encountered mycotoxins that constitute a great concern 
to human and animal health due to their toxigenic, 
carcinogenic, and mutagenic effects in addition to 
their economic impacts (Majeed and Khammas, 2010; 
Abbas et al., 2012; Jawad and Alwan, 2020; Awuchi et 
al., 2021). Mycotoxigenic molds exist throughout the 

environment, so, mycotoxins enter the food chain as 
a result to mold infection for human foods and animal 
feeds, especially crops (Ashiq, 2015; Khalifa et al., 
2017; Mohamed and Al-Shamary, 2022; Minati and 
Mohammed-Ameen, 2023). Contamination of feeds 
with mycotoxins represents a major risk to animal 
health, in addition to their serious health threats to 
humans subjected to these mycotoxins indirectly 
through consuming foods of animal origin obtained 
from animals fed on contaminated feeds (Awuchi 
et al., 2021). Several research studies documented 
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Abstract
Background: Plasma-activated water (PAW) is considered one of the emerging strategies that has been highlighted 
recently in the food industry for microbial decontamination and mycotoxin detoxification, due to its unique provisional 
characteristics.
Aim: The effectiveness of PAW for aflatoxin B1 (AFB1), ochratoxin A (OTA), and fumonisin B1 (FB1) detoxification 
in naturally contaminated poultry feeds with its impacts on the feed quality were inspected. 
Methods: PAW-30 and PAW-60 were utilized for feed treatment for six time durations (5, 10, 15, 20, 40, and 60 
minutes) each. The alterations in the physicochemical properties of PAW after different time durations of plasma 
inducement and treatment with and without feed samples were monitored. Competitive enzyme-linked immunosorbent 
assay (ELISA) was employed for estimation of mycotoxin levels and high performance liquid chromatography 
(HPLC) was utilized for results confirmation. Feed composition analyses with peroxide values (PVs) estimation were 
implemented according to standard analytical methods.
Results: The physicochemical properties of PAW showed a significant decrease (p < 0.05) in pH value from 6.72 
to 2.68 and a significant increase (p < 0.05) in oxidation–reduction potential (ORP), electrical conductivity (EC), 
and temperature from 235 mV, 5.1 μS/cm, and 20.5°C to 499.2 mV, 727.6 μS/cm, and 26.8°C, respectively, after 60 
minutes of plasma inducement in a time-dependent manner. The mycotoxins decay kinetics after PAW application 
were illustrated. Mycotoxins degradation efficiency significantly increased (p < 0.05) with increasing water activation 
time. A significant increase (p < 0.05) in AFB1, OTA, and FB1 degradation levels was reported mainly during the first 
10 minutes of treatment for AFB1 and the first 15 minutes for OTA and FB1 to record values of 28.33%, 32.14%, and 
34.62% and 33.80%, 40.70%, and 43.38% after 60 minutes of feed exposure to PAW-30 and PAW-60, respectively. 
Significant differences (p < 0.05) between examined mycotoxins in their degradation levels were recorded, where FB1 
exhibited the highest degradation levels. Generally, feed compositions were slightly affected by PAW and fats were 
still having good quality.
Conclusion: The possibility of PAW for degrading more than a quarter to a third of the original quantity of targeted 
mycotoxins in poultry feeds after 10 minutes of treatment with a slight effect on feed quality.
Keywords: Aflatoxin B1, Fumonisin B1, Ochratoxin A, Plasma-activated water, Poultry feeds.
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the occurrence of AFB1, OTA, and FB1 in animal 
feeds, particularly poultry feeds and their ingredients 
worldwide (Mokubedi et al., 2019; Kemboi et al., 
2020; Rahim et al., 2020; Sadeeq, 2020; Zhao et al., 
2021; Gueye et al., 2022; Sokolovic et al., 2022). 
Many strategies have been developed to rid or 
inactivate mycotoxins in the food chain, including 
physical, chemical, and biological strategies (Al-
Naemey et al., 2008; Hassan, 2017; Marshall et al., 
2020). Non-thermal physical technologies occupied 
growing attention recently as they are inexpensive, 
time-saving, have low side effects on food quality, and 
the capacity to be employed with a wide range of foods 
(Allai et al., 2023). 
Plasma-activated water (PAW), a non-thermal physical 
technology, has acquired great attention in recent years 
in food safety, as it is an eco-friendly and chemical-
free technique without or with minimal negative 
impacts on food quality (Ma et al., 2015). PAW can 
be generated through plasma discharge over the water 
surface, in water, or in gas bubbles underwater. A series 
of convoluted processes such as excitation, ionization, 
and dissociation can originate as a consequence of the 
collision of high-energy electrons produced by a plasma 
discharge with water resulting in the production of an 
abundance of reactive oxygen and nitrogen species 
(RONS) (Thirumdas et al., 2018). Many chemical and 
physical operations, including molecule collision, mass 
transfer, sputtering, liquid evaporation, and ultra-violet 
radiation happen during reactive species transmission 
(Bruggeman et al., 2016). The characteristics of PAW 
generated depend on the chemical reactions that happen 
between reactive molecules generated by plasma and 
those present in the water leading to modification in 
pH, ORP, EC, and surface tension of activated water 
(Malajowicz et al., 2022). So, as with cold plasma 
(CP), the most prominent influence of PAW in 
mycotoxins degradation is related to reactive species 
generated in the gas phase which are transported to 
water through the plasma–water interface resulting in 
the induction of secondary reactive species in water. 
These reactive species react with the various active 
rings, double and triple bonds, and functional groups 
related to mycotoxins structure. Reactive species 
distribution in water results in uniform exposure to 
these reactive species and the capability to control their 
dosages (Zhou et al., 2020). Mycotoxins detoxification 
by PAW is primarily attributed to the reaction of 
reactive nitrogen species (RNS) with water as nitrates 
(NO3−), nitrites (NO2−), and peroxynitrate (OONO2−) 
to form nitric acid, nitrous acid, and peroxynitrous acid 
leading to production of a plentiful of hydrogen ions, 
in addition to generation of reactive oxygen species 
(ROS) as ozone (O3), hydrogen peroxide (H2O2), and 
hydroxyl radical (OH•) (Xiang et al., 2019).
As PAW recently came into light, studies involving 
mycotoxins detoxification of foods using this technique 
were not investigated extensively. AFB1 detoxification 

by PAW was investigated only in the study performed 
by Xu et al. (2023) which referred to the efficacy of 
PAW in combination with cold atmospheric-pressure 
plasma (CAP) in AFB1 degradation. PAW efficiency 
in detoxification of deoxynivalenol (DON) was studied 
by other researchers, as in the study conducted by Chen 
et al. (2019), which reported a significant reduction in 
DON concentration in raw barley to reach degradation 
level of 22.5% in the first 5 minutes of treatment. Also, 
Qiu et al. (2022) recorded a DON degradation rate 
in wheat of about 58.78% after 24 h PAW treatment. 
Feizollahi et al. (2023) elucidated that PAW bubbles 
resulted in 57.3% DON degradation during the malting 
process of naturally infected barley.
PAW efficacy in AFB1, OTA, and FB1 detoxification 
in feeds has not been studied yet, so the objectives of 
this study were to investigate the efficiency of PAW 
in AFB1, OTA, and FB1 detoxification from poultry 
feeds and to evaluate its impact on the nutritional 
components and PVs of the feeds.

Materials and Methods
Feed samples
Pelleted poultry feed samples were obtained from 
poultry feed plants and poultry farms in Nineveh 
Province, northern Iraq from April to September 2022. 
The samples were homogenized and quartered to obtain 
a 1  kg of representative samples. The samples were 
ground using a laboratory mill and sieved through NO. 
18 mesh sieve. The samples that showed co-occurrence 
for AFB1, OTA, and FB1 at the highest levels were 
used for PAW application. 
CD system
The corona discharge (CD) was used to create the 
PAW. CD system was comprised of many components 
including a DC power supply, a zero voltage switch 
circuit (ZVS) with a transformer, an air pump, an 
electrode assembly, and a sample treatment plate. 
The plasma was generated under normal atmospheric 
pressure conditions using a DC input voltage to the 
ZVS switch circuit with an output voltage up to 10 kV 
and a frequency of 100 Hz. The plasma was produced 
through CD between two stainless steel electrodes, and 
the discharge showed characteristics of a streamer type. 
For a plasma plume creation and avoiding spark, an air 
pump (Model RS-510, Bulgaria) was employed. The 
pump worked at a constant airflow rate of 2.5 liters per 
minute (lpm), and dry air was utilized as the gas for jet 
emission or as a carrier gas. 
PAW production
The plasma was created above the deionized water 
surface in the gas and gas–liquid interphase at 
approximately 1.5 cm distance between the electrode 
tip and the water surface. One hundred milliliters of 
deionized water were put in a modified container of 
polypropylene equipped with a stainless steel base 
(8.3 × 8.3 × 8.3 cm) to permit CD generation with 
agitation every 5 minutes. The activated water by 
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CD for 30 (PAW-30) and 60 (PAW-60) minutes was 
used instantly for feed samples treatment. The ground 
feed sample with PAW at a ratio of 1:2.5 w/v was 
put in an Erlenmeyer flask with a glass stopper and 
agitated using an orbital shaker. Treatments of the feed 
samples with PAW-30 and PAW-60 were achieved at 
six time durations (5, 10, 15, 20, 40, and 60 minutes). 
The control group was treated in a similar way with 
deionized water for the same time durations. After 
treatment, feed samples were put in a thin layer of about 
0.1 cm and immediately dried in the oven (Memmert 
UM 400, Germany) at 40°C until reached moisture 
content of about 9.85%, the moisture content in the 
samples before treatment. The samples were analyzed 
immediately after treatments. All the experiments were 
implemented in triplicate. 
Physicochemical properties of PAW
The physicochemical properties of PAW including 
pH, ORP, EC, and temperature were estimated before 
(deionized water at zero time) and after plasma 
treatment for different activation times (5, 10, 20, 30, 
40, 50, and 60 minutes). Also, pH, ORP, and EC of 
PAW-30 and PAW-60 with and without feed samples 
were estimated after different exposure time durations. 
The pH, ORP, and temperature were estimated using 
pH/mV/temperature bench top meter (PHB-213, USA). 
EC was measured using EC meter (ATO-CDTYM-
DDS-11C, China).
ELISA for AFB1, OTA, and FB1 quantitation in poultry 
feeds
AFB1, OTA, and FB1 concentrations in poultry 
feed samples before and after PAW application were 
estimated using ELISA kits (Elabscience Biotechnology 
Inc., USA). The test kit is based on the competitive-
ELISA for the detection of targeted mycotoxins in feed 
samples.
Feed samples pretreatment was achieved according to 
the instructions of the kit manufacturer. 
Competitive ELISA procedures for AFB1, OTA, 
and FB1 were implemented according to the kit 
manufacturer instructions. The standards and samples 
were examined in duplicate. The optical density (OD) 
values were determined using a microplate reader 
(HumaReader HS, Germany) at 450 nm within 10 
minutes from stopping reaction. 
Results confirmation by HPLC analysis
Chromatographic analysis was conducted on poultry 
feed samples that showed co-occurrence of AFB1, 
OTA, and FB1 at the highest levels for PAW treatment. 
Also, samples that exhibited the highest mycotoxin 
degradation levels after treatment were analyzed in 
order to confirm the ELISA results. 
HPLC analysis for AFB1 was performed according to 
Kim et al. (2001). AFB1 standard was obtained from 
Sigma-Aldrich (St. Louis, MO, USA). Acetonitrile-
methanol (1:1 v/v) of HPLC-grade was used for 
preparing AFB1 stock solution. At first, AFB1 was 
extracted from ground poultry feed samples. Clean-

up of samples was conducted using Sep-Pak® silica 
cartridges (Waters Corporation, Milford, MA, USA). 
Chloroform-acetone (9:1 v/v) was used for AFB1 
elution. After derivatization, the lower phase of the 
derivatized solution was used for HPLC (Shimadzu 
Corporation, Japan). The column used was a 
Nucleodur® C18 column (4.6 × 250 mm, Germany). 
The fluorescence detector wavelength was adjusted 
at 360 nm excitation and 440 nm emission (Shimadzu 
Corporation, Japan). The mobile phase used was 
methanol-acetonitrile-water (17:17:70 v/v/v). The flow 
rate was adjusted at 1 ml/minute. 
OTA existence confirmation in poultry feed samples by 
HPLC was performed as recommended by Nesheim et 
al. (1992). OTA standard was purchased from Sigma-
Aldrich (St. Louis, MO, USA). OTA stock solution 
was prepared in benzene-acetic acid (99:1 v/v). After 
mycotoxin extraction, cleanup of the bicarbonate extract 
was conducted by using Sep-Pak® C18 cartridge (Waters). 
Ethyl acetate-methanol-acetic acid (95:5:0.5) was used 
for OTA elution. OTA estimation was performed by 
HPLC with fluorescence detection adjusted at 333 nm 
for excitation and 460 nm for emission. The mobile 
phase was acetonitrile-water-acetic acid (99:99:2 v/v/v). 
The flow rate was adjusted at 1 ml/minute.
FB1 standard was purchased from Sigma-Aldrich (St. 
Louis, MO, USA) and stock solution was prepared in 
acetonitrile-water (1:1 v/v). FB1 was extracted from 
poultry feed samples for HPLC analysis according 
to Shephard et al. (1990). After FB1 extraction, an 
aliquot was cleaned-up by strong anion extraction 
(SAX) cartridges (InertSep SAX, GL sciences, Japan). 
FB1 was eluted with acetic acid in methanol. HPLC 
injection was performed between one to 2 minutes 
after derivatization. The fluorescence detector was set 
at excitation and emission wavelengths of 335 and 440 
nm, respectively. The mobile phase was methanol: 0.1 
M sodium dihydrogen phosphate (80:20). The flow rate 
was set at 1 ml/minute. 
Mycotoxin degradation percentages and mycotoxin 
degradation kinetics
After PAW application, mycotoxin degradation 
percentages in poultry feeds were measured according 
to the following equation: 
Mycotoxin degradation (%) = (1−Ct/C0) × 100  
Where: 
Ct = the concentration of mycotoxin at time (t). 
C0 = the initial concentration of mycotoxin at zero time.
Mycotoxin degradation kinetics were modeled using 
exponential decay model (Bosch et al., 2017), which 
can be fit as follow: 
y = y0+A1*exp(-(x-x0)/t1) 
Where:
y ≡ Ct; y0 ≡ C0; x ≡ t; A1, x0 and t1 are constants.
Evaluation of the impact of PAW on the nutritional 
composition and PVs of the poultry feeds
The impacts of PAW on the nutritional composition 
and PVs of poultry feeds were inspected. Moisture in 
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feed depending on water loss-on-drying at 135°C for 
2 hours was estimated according to AOAC official 
method 930.15 (AOAC, 1996). Total carbohydrate 
was measured in accordance with the phenol–sulfuric 
acid method (DuBois et al., 1956). Crude fat was 
estimated by a Soxhlet system as per AOAC, method 
920.39 (AOAC, 2006). Kjeldahl method was adopted 
for crude protein determination as stated by AOAC 
method 984.13 (AOAC, 1990). Ash was measured as 
described by AOAC Official method 942.05 (Thiex et 
al., 2012). Method 965.33 recommended by AOAC 
(AOAC, 2000) was employed to estimate the PVs in 
the feed fats. 
Statistical analysis
Statistical analysis of the data was achieved using one 
way and two way analysis of variance procedure of 
the Sigma Stat for windows Version 3.10. Duncan ̓s 
Multiple Range Test was done for comparison of the 
means at p < 0.05 (Steel and Torri, 1960).

Ethical approval
Not needed for this study.

Results
Results related to detecting the alterations in the 
physicochemical properties of PAW (pH, ORP, EC, and 
temperature) after different time durations of plasma 
inducement revealed significant differences (p < 0.05) 
in their values particularly during the first 30 minutes 
of treatment. The pH value decreased significantly (p < 
0.05) from 6.72 in untreated deionized water to reach 
value of 2.68 after 60 minutes of PAW inducement. 
While, the values of ORP, EC, and temperature 
increased significantly (p < 0.05) in PAW after 60 
minutes of plasma inducement to reach values of 499.2 
mV, 727.6 μS/cm, and 26.8°C comparable with their 
values in untreated water 235.0 mV, 5.1 μS/cm, and 
20.5°C, respectively (Table 1). 
Exposing feed samples to PAW-30 and PAW-60 for 
different time durations till 60 minutes resulted in 
a significant increase (p < 0.05) in pH values with a 
significant decrease (p < 0.05) in ORP and EC values 
principally during the first-time durations. Conversely, 
PAW-30 and PAW-60 without feed samples showed 
insignificant differences (p < 0.05) in pH, ORP, and EC 
values after 60 minutes (Tables 2 and 3). 
Results concerning the degradation effects of PAW-30 
and PAW-60 for AFB1, OTA, and FB1 in poultry feeds 
submitted a decrease in concentrations of mycotoxins 
from 23.71, 164.66, and 6,850.25 µg/kg in untreated 
samples to record values of 16.96, 111.35, and 4,478.87 
µg/kg after PAW-30 exposure and 15.68, 97.29, and 
3,878.82 µg/kg after PAW-60 exposure for 60 minutes, 
respectively. A significant increase (p < 0.05) in the 
degradation levels of studied mycotoxins chiefly during 
the first 10 minutes of treatment for AFB1 and first 
15 minutes for OTA and FB1 was indicated to reach 
values of 28.33%, 32.14%, and 34.62% and 33.80%, 
40.70% and 43.38% after 60 minutes of feed samples 
exposure to PAW-30 and PAW-60, respectively. Also, 
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Table 1. The physicochemical properties (pH, ORP, EC and 
Temperature) of PAW during different time durations of 
plasma inducement.

Time  
(min) pH ORP  

(mV)
EC  

(μS/cm)
Temperature 

(°C)
0 6.72a 235.0a 5.1a 20.5a

5 5.61b 289.1b 101.1b 22.7b

10 3.92c 391.5c 272c 24.3c

20 3.35d 450.8d 593.5d 25.5d

30 2.74e 488.4e 689e 25.9e

40 2.7e 491.2ef 702.2f 26.5f

50 2.69e 494.0f 713.3g 26.6fg

60 2.68e 499.2g 727.6h 26.8g

Evaporation results in 1.5% loss in PAW. Data are expressed as means 
of three replicates. Vertically different small letters are significantly 
different at (p < 0.05).

Table 2. The physicochemical properties (pH, ORP and EC) of PAW-30 without and with feed 
samples after different time durations.

Time 
(min)

PAW-30 without feed sample PAW-30 with feed sample

pH ORP  
(mV)

EC 
(μS/cm) pH ORP (mV) EC 

(μS/cm)
0 2.74a 487a 690a 3.28a 485.8a 685.5a

5 2.74a 486.5a 690a 4.88 b 330.7b 521.4b

10 2.75a 485.8a 690a 5.69 c 276.3c 459.6c

15 2.75a 485.9a 689.9a 6 d 251.7d 428.6d

20 2.75a 484.8a 689.9a 6.12 e 249.5ed 426.5df

40 2.76a 483.2a 689.4a 6.17 e 247.8e 424.5ef

60 2.76a 482.3a 689.2a 6.2 e 247.1e 422.9e

Data are expressed as means of three replicates. Vertically different small letters are significantly different at 
(p < 0.05).
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results showed significant differences (p < 0.05) 
between AFB1 and FB1 in their degradation levels 
after treatment with PAW-30 (22.77% and 26.27%, 
respectively) and between the three studied mycotoxins 
(AFB1, OTA, and FB1) after treatment with PAW-60 
(26.50%, 29.57%, and 32.96%, respectively), where 
FB1 exhibited the highest degradation levels (Tables 
4 and 5). 
Results regarding the evaluation of the effect of 
increasing water activation time by plasma in 
mycotoxins degradation elucidated a significant 
increase (p < 0.05) in AFB1, OTA, and FB1 degradation 
levels with increasing water activation time (Tables 
6–8).
The degradation rate of mycotoxins following an 
exponential model was well fitted (Adj. R2 > 0.98) for 
AFB1, OTA, and FB1 for both PAW-30 and PAW-60 
(Figs. 1 and 2). 
ELISA results substantiation was established by HPLC 
analysis for feed samples exposed to PAW treatment 

and samples with the highest degradation levels 
after treatment. According to HPLC analysis, results 
related to detecting AFB1, OTA, and FB1 in feed 
samples before and after PAW treatment displayed 
mean concentrations less than those estimated in 
ELISA with degradation levels higher than those 
recorded in ELISA. Results of HPLC analysis showed 
the co-existence of AFB1, OTA, and FB1 at mean 
concentrations of 21.84, 149, and 6,613.5 µg/kg, 
respectively. These concentrations decreased after 40 
and 60 minutes of feed exposure to PAW-30 to reach 
15.56, 101.12, and 4,325.60 µg/kg and 15.32, 101.07, 
and 4,202.21 µg/kg, respectively, and PAW-60 to reach 
14.23, 89.62, and 3,780.20 µg/kg and 13.82, 86.81. and 
3,634.16 µg/kg, respectively. The degradation levels of 
AFB1, OTA, and FB1 after 40 and 60 minutes of PAW-
30 exposure were 28.75%, 32.13%, and 34.59% and 
29.85%, 32.17%, and 36.46%, respectively, and PAW-
60 exposure were 34.84%, 39.85%, and 42.84% and 

Table 3. The physicochemical properties (pH, ORP, and EC) of PAW-60 without and with feed 
samples after different time durations.

Time 
(min)

PAW-60 without feed sample PAW-60 with feed sample

pH ORP  
(mV)

EC

(μS/cm)
pH ORP  

(mV)
EC 

(μS/cm)

0 2.68a 499a 725.6a 3.23a 497.3a 724.8a

5 2.69a 498.7a 725.5a 4.77b 343.1b 561b

10 2.69a 498.6a 725.5a 5.55c 289.5c 499.3c

15 2.69a 498.1a 725.3a 5.84d 269d 471.2d

20 2.69a 498a 725.2a 5.94d 265e 464.9e

40 2.70a 497.5a 725.2a 5.98d 262.6ef 462.8ef

60 2.71a 497.3a 725a 6d 260.4f f

Data are expressed as means of three replicates. Vertically different small letters are significantly different at 
(p < 0.05).

Table 4. Effect of PAW-30 on AFB1, OTA and FB1 mean concentrations and degradation percentages in poultry feeds.

Treatment time 
(min)

AFB1 OTA FB1
Time effect

Conc. (µg/kg) Deg. (%) Conc. (µg/kg) Deg. (%) Conc. (µg/kg) Deg. (%) 
0 23.71 0a 164.66 0a 6,850.25 0a 0A

5 18.65 21.25b 130.78 20.28b 5,267.55 23.10b 21.55B

10 17.7 25.31bc 121.89 25.70bc 4,912.02 28.30bc 26.44C

15 17.11 27.81c 113.98 30.52cd 4,692.97 31.49cd 29.94D

20 16.99 28.30c 112.34 31.51cd 4,612.82 32.66cd 30.82D

40 16.94 28.41cd 111.68 31.92d 4,540.67 33.71cd 31.35D

60 16.96 28.33ce 111.35 32.14de 4,478.87 34.62d 31.70D

Mycotoxin effect 22.77A 24.58AB 26.27B

Data are expressed as means of three replicates. Vertically different small letters are significantly different at (p < 0.05). Horizontally different 
small letters are significantly different at (p < 0.05). Different capital letters within last row and column are significantly different (p < 0.05). 
Concentration (Conc.), Degradation (Deg.).
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36.72%, 41.74%, and 45.05%, respectively (Tables 9 
and 10). 
Results regarding PAW effect on feed components 
referred to insignificant differences (p < 0.05) in 
protein content of the control group and PAW-30 and 
PAW-60 treated feed samples with increasing exposure 
time, with the exception of feed samples treated with 
PAW-60 which showed a significant decrease (p < 
0.05) in protein content after 15 and 20 minutes of 
treatment (20.82% for both) comparable with protein 
content in untreated ones (20.88%). Results pointed out 
that increasing water activation time by plasma to 60 
minutes (PAW-60) resulted in a significant decrease (p 
< 0.05) in protein content of feed samples (20.84%) 
comparable with those treated with deionized water 
(20.87%) (Figs. 3–5, Table 11). 

Concerning the PAW effect on the carbohydrate and 
ash contents of poultry feed samples, results exhibited 
insignificant differences (p < 0.05) in their contents 
during the different feed exposure times and during the 
different water activation times (Figs. 3–5, Tables 12 
and 13). 
Also, insignificant differences (p < 0.05) in poultry feed 
fats were demonstrated after different exposure times 
of feed to inactivated water (control), PAW-30, and 
PAW-60. Although feeds treated with PAW-60 for 15 
minutes recorded a significant decrease (p < 0.05) in fat 
content (2.83%) in comparison with the untreated ones 
(2.89%). Regarding the effect of water activation time 
on fat content, results presented a significant decrease 
(p < 0.05) in fat content of feed samples treated with 

Table 5. Effect of PAW-60 on AFB1, OTA, and FB1 mean concentrations and degradation percentages in poultry feeds.

Treatment time 
(min)

AFB1 OTA FB1 Time 
effectConc. (µg/kg) Deg. (%) Conc. (µg/kg) Deg. (%) Conc. (µg/kg) Deg. (%) 

0 23.71 0a 164.66 0a 6,850.25 0a 0A

5 17.91 24.40be 126.6 22.85ce 4,853.1 29.15b 25.47B

10 16.84 28.92bf 114.91 29.95b 4,393.82 35.86c 31.57C

15 16.13 31.89f 106.19 35.26df 4,240.82 38.09cd 35.08D

20 15.89 32.90f 100.84 38.51d 4,002.82 41.57d 37.66DE

40 15.73 33.56f 98.9 39.71d 3,925.82 42.69d 38.66E

60 15.68 33.80f 97.29 40.70d 3,878.82 43.38d 39.29E

Mycotoxin effect 26.50A 29.57B 32.69C

Data are expressed as means of three replicates. Vertically different small letters are significantly different at (p < 0.05). Horizontally 
different small letters are significantly different at (p < 0.05). Different capital letters within last row and column are significantly different 
(p < 0.05). Concentration (Conc.), Degradation (Deg.).

Table 6. Effect of water activation time by plasma on AFB1 
degradation levels in poultry feed samples. 

Treatment 
time (min)

Degradation (%)

Control PAW-30 PAW-60 Treatment 
time effect

0 0a 0a 0a 0A

5 0.08a 21.25bd 24.40bd 15.24B

10 -0.01a 25.31cd 28.92ed 18.07C

15 -0.11a 27.81c 31.89ce 19.87C

20 0.00a 28.30c 32.90ce 20.40C

40 -0.06a 28.41c 33.56e 20.64C

60 0.09a 28.33c 33.80e 20.74C

Activation 
time effect 0.00A 22.77B 26.50C

Data are expressed as means of three replicates. Vertically different 
small letters are significantly different at (p < 0.05). Horizontally 
different small letters are significantly different at (p < 0.05). 
Different capital letters within last row and column are significantly 
different (p < 0.05). Control: feed sample in deionized water.

Table 7. Effect of water activation time by plasma on OTA 
degradation levels in poultry feed samples.

Treatment 
time (min)

Degradation (%)

Control PAW-30 PAW-60 Treatment 
time effect

0 0a 0a 0a 0A

5 -0.41a 20.28b 22.85b 14.24B

10 -0.32a 25.70bc 29.95bd 18.44BD

15 -0.27a 30.52c 35.26cd 21.84CD

20 -0.43a 31.51c 38.51cd 23.20CD

40 0.12a 31.92c 39.71c 23.92CD

60 -0.41a 32.14c 40.70c 24.14C

Activation 
time effect -0.25A 24.58B 29.57C

Data are expressed as means of three replicates. Vertically different 
small letters are significantly different at (p < 0.05). Horizontally 
different small letters are significantly different at (p < 0.05). 
Different capital letters within last row and column are significantly 
different (p < 0.05). Control: feed sample in deionized water.
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PAW-60 (2.85%) comparable with the control group 
(2.88%) (Figs. 3–5, Table 14). 
After PAW treatment, oxidative quality evaluation 
of poultry feed fats was conducted depending on the 
estimation of PVs. Results showed no significant 
differences (p < 0.05) in PVs after feed exposure for 
different time durations to inactivated water, PAW-
30 and PAW-60, with the exception of feed samples 
treated with PAW-60 for 60 minutes which displayed 
a significant increase in PV (3.91 meq/kg) comparing 

with the untreated ones (3.85 meq/kg). Likewise, a 
significant increase in PVs in samples treated with 
water activated for 30 and 60 minutes (3.88 and 3.89 
meq/kg, respectively) was recorded comparable with 
those treated with inactivated water (3.85 meq/kg) 
(Table 15). 

Discussion
PAW is a promising alternative strategy to conventional 
food sanitizers and has been recently researched for 
mycotoxins detoxification. PAW provides the maximal 
exposure of the whole surfaces of treated foods to 
reactive species, which may pave the way for large-
scale application on a wide variety of agricultural 
products in large quantities (Herianto et al., 2021).
Results demonstrated significant changes (p < 0.05) 
in the physicochemical properties of PAW represented 
by a significant decrease (p < 0.05) in pH value with 
a significant increase (p < 0.05) in ORP, EC, and 
temperature after different time durations of plasma 
inducement substantially during the first 30 minutes 
of treatment. These results were in consensus with 
other research studies, although the variations in the 
levels of these properties in the produced PAW (Ma et 
al., 2015; Chen et al., 2019; Feizollahi et al., 2023). 
The values of the aforementioned physicochemical 
properties are related directly to the forms and levels 
of the dissolved RONS in addition to the active ions 
in PAW. Several parameters control the forms and 
levels of the generated reactive species during water 
activation by plasma, resulting in the variations in the 
physicochemical properties of the generated PAW. 
These parameters include gas type, gas flow rate, 
plasma generating system, electrode configuration, 

Fig. 1. Degradation kinetics of AFB1, OTA and FB1 in poultry feeds after PAW-30 application for different 
time durations (n = 3). 

Table 8. Effect of water activation time by plasma on FB1 
degradation levels in poultry feed samples.

Treatment 
time (min)

Degradation (%)

Control PAW-30 PAW-60 Treatment 
time effect

0 0a 0a 0a 0A

5 0.06a 23.10b 29.15c 17.44B

10 0.15a 28.30d 35.86e 21.44C

15 -0.15a 31.49f 38.09g 23.15D

20 -0.07a 32.66h 41.57i 24.72E

40 -0.09a 33.71j 42.69k 25.44F

60 0.01a 34.62l 43.38k 26G

Activation 
time effect -0.013A 26.27B 32.96C

Data are expressed as means of three replicates. Vertically different 
small letters are significantly different at (p < 0.05). Horizontally 
different small letters are significantly different at (p < 0.05). 
Different capital letters within last row and column are significantly 
different (p < 0.05). Control: feed sample in deionized water.
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discharge time, applied voltage, power, liquid type, the 
distance between the electrode, and the water surface, 
in addition to electron temperature (Thirumdas et al., 
2018). PAW in general has a lower pH value and higher 
ORP and EC values than inactivated water (Malajowicz 
et al., 2022). Low pH values refer to the presence of 
high concentrations of dissolved RNS, such as NO2− 
and NO3− (Xiang et al., 2019). High ORP and EC 
values indicate high concentrations of dissolved ROS 
and active ions, respectively (Ma et al., 2015; Xiang et 
al., 2019). The increment in PAW temperature which 

was reported in our study was definitely inadequate 
to participate in mycotoxins degradation, where the 
optimum degradation conditions for mycotoxins in 
the food matrix amount to 210.85°C/54.71 minutes 
(Gbashi et al., 2019). 
Feed samples treatment for different time durations 
with PAW-30 and PAW-60 till 60 minutes showed 
a significant increase (p < 0.05) in pH values with a 
significant decrease (p < 0.05) in ORP and EC values 
particularly during the first-time durations. These 
alterations may be attributed to the reaction of feed 

Table 9. HPLC analysis of poultry feed samples that showed the highest co-occurrence and highest 
degradation levels of AFB1, OTA, and FB1 after PAW-30 treatment.

Treatment 
time (min)

AFB1 OTA FB1
Conc. (µg/kg) Deg. (%) Conc. (µg/kg) Deg. (%) Conc. (µg/kg) Deg. (%)

0 21.84 0 149 0 6,613.5 0
40 15.56 28.75 101.12 32.13 4,325.60 34.59
60 15.32 29.85 101.07 32.17 4,202.21 36.46

Data are expressed as means of three replicates. Concentration (Conc.), Degradation (Deg.).

Table 10. HPLC analysis of poultry feed samples that showed the highest co-occurrence and highest 
degradation levels of AFB1, OTA, and FB1 after PAW-60 treatment.

Treatment 
time (min)

AFB1 OTA FB1
Conc. (µg/kg) Deg. (%) Conc. (µg/kg) Deg. (%) Conc. (µg/kg)  Deg. (%)

0 21.84 0 149 0 6,613.5 0
40 14.23 34.84 89.62 39.85 3,780.20 42.84
60 13.82 36.72 86.81 41.74 3,634.16 45.05

Data are expressed as means of three replicates. Concentration (Conc.), Degradation (Deg.).

Fig. 2. Degradation kinetics of AFB1, OTA, and FB1 in poultry feeds after PAW-60 application for different 
time durations (n = 3).
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components including mycotoxins with RONS which 
result in the depletion or reduction in the levels of these 
accumulated reactive species. Similar findings were 
mentioned by Chen et al. (2019).
Our results elucidated a significant increase (p < 0.05) 
in the degradation levels of studied mycotoxins mainly 
during the first 10 minutes of treatment for AFB1 
and the first 15 minutes for OTA and FB1 to amount 
values of 28.33%, 32.14%, and 34.62% and 33.80%, 
40.70%, and 43.38% after 60 minutes of feed exposure 
to PAW-30 and PAW-60, respectively. AFB1 and OTA 
regulatory limits set by the European Commission 
(EC) are 20 and 100 µg/kg, respectively in poultry 
feeds (EC, 2006; EC, 2011). In accordance with these 
limits and to initial mycotoxin levels measured in 
our study, results indicated that PAW-30 and PAW-

60 application for 5 minutes was adequate to degrade 
AFB1 to levels under this limit. While, OTA required 40 
minutes of exposure to PAW-60 to reach the legal limit. 
Concerning FB1, samples used for PAW treatment 
which exhibited the highest levels were within the 
allowable limits for FB1+ FB2 in poultry feeds (20 000 
µg/kg), where no maximum limit for FB1 alone was 
established in poultry feeds by the EC (2006). Only 
one study investigated the efficacy of PAW in AFB1 
detoxification, while there are no studies related to 
studying its effect on OTA and FB1 detoxification. Xu 
et al. (2023) referred to the efficiency of employing 
CAP in combination with PAW for AFB1 degradation, 
as CAP effectively degraded AFB1 while PAW resulted 
in additional degradation but with comparatively long 
time treatment. The researchers attributed AFB1 

Fig. 3. Effect of deionized water (control) treatment on the nutritional composition (%) of poultry feeds (n = 3).

Fig. 4. Effect of PAW-30 treatment on the nutritional composition (%) of poultry feeds (n = 3).

http://www.openveterinaryjournal.com


http://www.openveterinaryjournal.com
H. S. Alnaemi et al. Open Veterinary Journal, (2023), Vol. 13(12): 1654-1668

1663

degradation in PAW to the singlet oxygen (1O2) as the 
major reactive species that result in the methyl group 
destruction on the benzene side chain and oxidizing 
the terminal furan ring double bond in AFB1 molecule. 
Results were in agreement to a certain extent with the 
results obtained by Chen et al. (2019) which indicated 
that PAW resulted in a significant reduction in DON 
levels in raw barley mainly during the first 5 minutes 
of treatment. The crucial role of RONS in mycotoxins 
detoxification may be clarified when comparing 
the results of pH, ORP, and EC values estimation 
during feed treatment with the results of mycotoxins 
degradation, where they significantly altered during the 

first time durations of feed treatment with PAW-30 and 
PAW-60. 
Significant differences (p < 0.05) were recorded 
between AFB1 and FB1 in their degradation levels 
after exposure to PAW-30 and between the three studied 
mycotoxins (AFB1, OTA, and FB1) after exposure to 
PAW-60, as FB1 exhibited the highest degradation 
levels. Bosch et al. (2017) mentioned that mycotoxins’ 
degradation rate may be influenced by the chemical 
structure. Mycotoxins with long aliphatic chains as FB1 
are degraded rapidly after CP treatment compared with 
those with a compact structure of condensed aromatic 
rings, while mycotoxins with mixed structures of 

Fig. 5. Effect of PAW-60 treatment on the nutritional composition (%) of poultry feeds (n = 3).

Table 11. Effect of PAW application on the protein content 
of poultry feeds.

Treatment 
time (min)

Protein content (%)

Control PAW-30 PAW-60 Treatment 
time effect

0 20.88ad 20.88ad 20.88d 20.88A

5 20.9a 20.87a 20.86acd 20.88A

10 20.88a 20.85ad 20.83cd 20.85AB

15 20.86a 20.84a 20.82abc 20.84B

20 20.85a 20.85a 20.82abc 20.84B

40 20.86a 20.85a 20.83acd 20.85B

60 20.86a 20.84a 20.83ad 20.84B

Activation 
time effect 20.87A 20.85AB 20.84B

Data are expressed as means of three replicates. Vertically different 
small letters are significantly different at (p < 0.05). Horizontally 
different small letters are significantly different at (p < 0.05). 
Different capital letters within last row and column are significantly 
different (p < 0.05). Control: feed sample in deionized water.

Table 12. Effect of PAW application on the carbohydrate 
content of poultry feeds.

Treatment 
time (min)

Carbohydrate content (%)

Control PAW-30 PAW-60 Treatment 
time effect

0 56.16a 56.16a 56.16a 56.16A

5 56.17a 56.16a 56.15a 56.16A

10 56.17a 56.15a 56.16a 56.16A

15 56.16a 56.17a 56.14a 56.16A

20 56.14a 56.15a 56.15a 56.15A

40 56.15a 56.14a 56.14a 56.14A

60 56.17a 56.16a 56.16a 56.16A

Activation 
time effect 56.16A 56.16A 56.15A

Data are expressed as means of three replicates. Vertically different 
small letters are significantly different at (p < 0.05). Horizontally 
different small letters are significantly different at (p < 0.05). 
Different capital letters within last row and column are significantly 
different (p < 0.05). Control: feed sample in deionized water.
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aliphatic chains and condensed rings had intermediate 
degradation rates. As mycotoxins degradation by 
PAW is dominated by the activity of reactive species 
generated as with CP so these differences in mycotoxin 
degradation may be attributed to the differences in the 
chemical structures of studied mycotoxins. 
AFB1, OTA, and FB1 degradation levels increased 
significantly (p < 0.05) with increasing water activation 
time by plasma, where PAW efficiency increases in a 
manner dependent on increasing activation time (Ma et 
al., 2015; Guo et al., 2022).

HPLC analysis, for ELISA results confirmation, 
pointed out that AFB1, OTA, and FB1 were detected in 
feed samples before and after PAW treatment at mean 
concentrations less than those measured in ELISA 
with degradation levels higher than those reported in 
ELISA. Results were in line with the results mentioned 
by Alshawabkeh et al. (2015) which indicated that 
AFB1 levels measured by HPLC were lower than 
those detected by ELISA. Nesic et al. (2017) recorded 
an aflatoxin mean concentration by ELISA (7.47 ppb) 
higher than that recorded by HPLC (6.23 ppb), while 
ochratoxin was found at a mean concentration by 
ELISA (5.80 ppb) lower than that reported by HPLC 
(6.47 ppb).
Feed composition analysis presented insignificant 
differences (p < 0.05) in protein content of feed 
samples treated with inactivated water, PAW-30, and 
PAW-60 with exposure time increment, except feed 
samples treated with PAW-60 after 15 and 20 minutes 
of treatment displayed a significant decrease (p < 
0.05) in protein content (20.82% for both) comparable 
with the untreated ones (20.88%). Results were in 
concurrence with those explained by Astorga et al. 
(2022) which referred to an insignificant reduction 
(p < 0.05) in the protein content of beef meat after 
treatment with PAW-30. Xinyu et al. (2020) indicated 
that protein oxidation and protein structure were better 
retarded by PAW. While Herianto et al. (2021) referred 
to the occurrence of conformational changes in protein 
which may be induced as a result of a specific bond 
breakdown and side chain modulation by PAW ROS. 
Furthermore, results clarified that increasing water 
activation time by plasma to 60 minutes (PAW-60) led 
to a significant decrease (p < 0.05) in protein content 
of feed samples (20.84%) in comparison with those 

Table 13. Effect of PAW application on the ash content of 
poultry feeds.

Treatment 
time (min)

Ash content (%)

Control PAW-30 PAW-60 Treatment 
time effect

0 9.28a 9.28a 9.28a 9.28A

5 9.27a 9.29a 9.28a 9.28A

10 9.29a 9.29a 9.3a 9.29A

15 9.31a 9.28a 9.29a 9.29A

20 9.28a 9.3a 9.27a 9.28A

40 9.25a 9.29a 9.25a 9.26A

60 9.26a 9.27a 9.24a 9.26A

Activation 
time effect 9.28A 9.29A 2.27A

Data are expressed as means of three replicates. Vertically different 
small letters are significantly different at (p < 0.05). Horizontally 
different small letters are significantly different at (p < 0.05). 
Different capital letters within last row and column are significantly 
different (p < 0.05). Control: feed sample in deionized water.

Table 14. Effect of PAW application on the fat content of 
poultry feeds.

Treatment 
time (min)

Fat content (%)

Control PAW-30 PAW-60 Treatment 
time effect

0 2.89a 2.89ab 2.89a 2.89A

5 2.89a 2.9ab 2.88ac 2.89A

10 2.88a 2.88ab 2.85ac 2.87AC

15 2.9a 2.85b 2.83bc 2.86BC

20 2.88a 2.85ab 2.84ac 2.857BC

40 2.88a 2.86ab 2.85ac 2.863AC

60 2.87a 2.86ab 2.84ac 2.857BC

Activation 
time effect 2.88A 2.87AB 2.85B

Data are expressed as means of three replicates. Vertically different 
small letters are significantly different at (p < 0.05). Horizontally 
different small letters are significantly different at (p < 0.05). 
Different capital letters within last row and column are significantly 
different (p < 0.05). Control: feed sample in deionized water.

Table 15. Effect of PAW application on the peroxide values 
of poultry feed fats.

Treatment 
time (min)

Peroxide values (meq/kg)

Control PAW-30 PAW-60 Treatment 
time effect

0 3.85a 3.85ab 3.85ac 3.85A

5 3.84a 3.86ab 3.86abc 3.853A

10 3.86a 3.88ab 3.89abc 3.877AB

15 3.85a 3.89ab 3.9bc 3.88AB

20 3.83a 3.9b 3.89bc 3.873AB

40 3.85a 3.89ab 3.9bc 3.88AB

60 3.86a 3.9ab 3.91b 3.89B

Activation 
time effect 3.85A 3.88B 3.89B

Data are expressed as means of three replicates. Vertically different 
small letters are significantly different at (p < 0.05). Horizontally 
different small letters are significantly different at (p < 0.05). 
Different capital letters within last row and column are significantly 
different (p < 0.05). Control: feed sample in deionized water.
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treated with deionized water (20.87%). Increasing the 
water activation time by plasma leads to the generation 
of higher concentrations of reactive species in PAW 
(Lee et al., 2023), which may adversely affect proteins. 
Results showed insignificant differences (p < 0.05) 
in carbohydrate content of PAW-treated feed samples 
during the different feed exposure times and during 
the different water activation times. Insignificant 
differences in carbohydrate content after PAW 
treatment were reported in other studies (Choi et al., 
2019; Zheng et al., 2019; Xiang et al., 2020).
Also, poultry feed fats exhibited insignificant differences 
(p < 0.05) in their content after different exposure times 
of feed to PAW-30 and PAW-60, with the exception of 
feeds treated with PAW-60 for 15 minutes showed a 
significant decrease (p < 0.05) in fat content (2.83%) 
in comparison with the untreated ones (2.89%). An 
insignificant increase (p < 0.05) in PVs was stated after 
feed exposure for different time durations to PAW-30 
and PAW-60, except feed samples treated with PAW-
60 for 60 minutes showed a significant increase in PV 
(3.91 meq/kg) in comparison with the untreated ones 
(3.85 meq/kg). The fats and oils are classified according 
to their oxidative quality into four categories. If PV < 
5 meq/kg this means there is no oxidation, while if it 
ranges between 5 and 10 meq/kg there are first signs of 
oxidation, values between 10 and 20 meq/kg indicate the 
presence of oxidation and if PV > 20 meq/kg there is 
a strong oxidation (Wealleans et al., 2021). Our results 
recorded an increase in PVs after PAW treatment, 
however, feed fats were still having good quality, where 
PVs were less than 5 meq/kg. Also, an increment in 
PV to 1.33, 1.57, 3.68, and 4.20 meq/kg was reported 
by Jung et al. (2015) after 0, 7, 14, and 21 days of 
PAW-cured sausage storage, although this increment 
was followed by a decrease in value to 3.67 meq/kg 
after storage to 28 days. Nguyen (2022) referred to the 
insignificant modification in the fatty acids composition, 
in addition to a slight reduction in the cholesterol with 
a significant increase in its oxidized products in mussel 
samples treated with PAW. Lipid peroxidation in food 
treated with PAW is attributed to the interactions 
between ROS and food cells (Zhao et al., 2021). On the 
other hand, Astorga et al. (2022) presented a reduction in 
lipid oxidation extent in beef meat after PAW treatment, 
which may be attributed to protein denaturation by ROS 
that results in lipid oxidation limitation (Nguyen, 2022). 
In general, the efficiency of PAW in mycotoxins 
detoxification and its effect on food quality depends on 
many parameters such as the form of plasma generated, 
and the processing parameters, in addition to mycotoxin 
and food matrix type (Chen et al., 2022). 

Conclusions
The present study showed the possibility of PAW, as 
an eco-friendly non-thermal technology, for degrading 
more than a quarter to a third of the original quantity 
of AFB1, OTA, and FB1 in poultry feeds naturally 

contaminated after 10 minutes of treatment. Increasing 
water activation time by plasma resulted in an increase 
in the ORP and EC values and a decrease in pH 
value as indicators for RONS generation which play 
the most important role in mycotoxins detoxification 
by PAW. So, the more time of water activation, the 
more mycotoxin degradation efficacy. In accordance 
with mycotoxin levels estimated in our study, results 
clarified that 5 minutes of poultry feeds exposure to 
PAW-30 and PAW-60 was sufficient to reach to AFB1 
permissible limit and 40 minutes exposure to PAW-60 
to reach to OTA permissible limit. FB1 demonstrated 
the highest degradation level, then OTA, whereas AFB1 
exhibited the lowest degradation level. In general, feed 
components were slightly affected by PAW. The feed 
fats were still fresh and of good quality. 
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