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ABSTRACT ARTI CLE HISTORY 

Mycotoxins are health-threatening fun gal metabolites th at have been foun d in sever al foods Received 20 April 2021 

around the world. Although agricultural , transportation, and storage management st rategies Accepted 23 June 2021 

have be en emp loyed t o reduce the pr oduction of m ycotoxins, they are not eff ecti ve in elim inating 
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mycot oxins, In this context, the application of ozone has emerged for the degradation of m ycotox­ Ozone; food safety;
 
ins. Ozone has a stron g oxi dat ion rate and gen erates more free radica ls, wh ich can counter the
 mycotoxins; sustainable food 
funct ion al groups of the mycotoxin by changing their molecular structures and forming products consumption; sustainable 
having lower molecu lar wei ght reduced number of double bond s, and reduced toxicity. Research development goals 
indicat es that ozone could be able to destroy mycotoxin s without leaving any residues in the 
commoditi es. The ozo ne processing par ameters, surface and nutrit ional propert ies of food , and 
fungal species are the primary determinants affecting the pr ocessing effic acy. Ozone can contribute 
to susta inable food consumption throu gh mycotoxin degra dat ion to achieve sustainable develop ­
ment goals (SDGs). 

Introduction 

Critical aspects of food system s such as food produ ction, 
mycotoxin classes of substantial agro -econom ic rele­

availability, access, utilization, quality, an d stabili ty are 
vance are aflatox ins, ochratoxins, tricho the cenes, furno­

challenged by clima te change and the increased global 
nisins, fusarium mycotoxins, ergot alkalo ids, enniatins, 

populatio n, affecting all the facets of food safety and 
alterna ria toxins , and patulin. Therefore, the allowable 

nutn tional security. Studies repo rted changes in global 
amounts of these toxic metabolites in food and feed have 

weather pattern s, i.c., higher temperatur es, lower preci­
been restricted by legislation in several countries (Afsah­

pitation rate, water scarcity, dr oughts, floods, and high er 
Hejri et a1. 20 11; Sarmast et a!. 2021) . Park and Troxell 

concentration of carbon dioxide in the atmosp here and 
(2002) demonstrated that elem ents of mycotoxin man­

consequen t pest and disease incidence, consequently 
agement programs by the U.S. FDA are standardi zing 

result ing in lower yields and higher mycotoxin contam ­
regulatory limits, sampling procedure, anal ytical meth ­

ination rates (Peter et al. 2020). In due cour se, it leads to 
ods , decontam ination process, and con verting to lower 

a global co ncern since fungal colonization, and myco­
risk uses for the contaminated product. Also, eliminat­

toxin produc tion on economically important agricul­
ing such hazardous chemicals from foods can contribute

tura l co mmodit ies could globally affect food safety and 
to sustainable food consumption, among the sustainable 

food securit y (Magan, Me dina, and Aldred 2011; 
development goals (SDGs). 

Medi na, Gonzalez-Iartin, an d Sainz. 20 17). 
Mycotoxin contam ination of food is predisposed by 

Mycotoxins arc toxic fungal metabolites can infect diverse circumstances throughout production 
multiple-food matr ices showing carcinogenic, terato­ (Gavahian et a!. 2021). It can occur in the food chain 
genic, nephr otoxic, hepatot oxic, and genotoxic effects from disea sed crops, which may be directly con sumed 
(Kim and Chan 20 15). Marin et a!. (2013) stated that by human beings or utilized as livestock feed, also 
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present in animal produ cts. Contaminat ion of cereal and 
cerea l-based products \ ith mycotoxins implicated more 
significant con cerns due to its adverse health effects on 
human s (Khaneghah et al, 10 19; Mokhtarian et al. 2020). 
Mycotoxin occurrence in various crops can be seen in 
di fferen t food chai n levels like pre-harvest, harvest, and 
post -harvest (Khaneghah et al. 2020). Hencefort h. effec­
tive and un ique technologies that can degrade mycoto x­
ins are ind ispensable. To mitigate mycotoxins in food 
systems, strategies such as prevention . deto xification, 
and decontamination can be adopted at stages before 
and after harvest (Mah mood, Roya, and Arnin, 2018; 
Moha mrnadi et a1. 2020). About detoxification pro ­
cesses, the r should detoxify mycotoxins witho ut any 
toxic residues, assu ring the food's nutritive value and 
with no altera tion in the techno logical traits o f the 
commodity to mitigate adverse pressures on health and 
econ omics in all the societies (Khaneghah, Rafael, and 
Hamid, 20 17; Spada ro and Garibaldi 20 (7) 

As the food industry grows incresaingly com petitive 
and dynamic, it tries to develop excellent quality, freshly 
pre pare d, safer ready-to-eat food products. The focus is 
now on ozone technology, a non-therm al, no n­
chem ical, and residue- free process that can detoxify 
myco toxin levels in food. Ozone is considered 
a power ful sanitizer that cou ld be ut ilized in any food 
industry app roved by the regulatory bodies and has 
con sume r acceptance (Khadre, Yousef, and Kim 2001) . 
As ozon e has a higher oxida tion rate and generates more 
free radi cals when the ozone concentration is h igher, it 
affects th e function al groups found within the myco­
tox in molecules. Th is can cause modifications in the 
molecular structures, thereby forming pro ducts with 
less molecular weight, the minimum number of do uble 
bon ds, and redu ced toxicity. lead ing to decontaminating 
and detoxifying m cotoxin in contaminated food or feed 
(Pandiselvarn et al. 2017). 

The ozone application in the food secto r has 
expanded in the cereals, meat industry, dairy indu try, 
and fresh agro-prod uces and their derivatives 
(Pandiselvarn et al. 2019). As it comprises three singlet 
oxygen atoms, ozone is a po tent oxidizing agent and has 
the powerful sanitizing property to main tain food sur ­
face hygiene, reuse wastewater, sanita tion of food plan t 
equipme nt, packaging materials disinfection , and 
decontaminat ion of storage pest and di cases. The an ti­
m icrobial action of ozo ne is getting popular because of 
residue-free products (EEA 20 (8). Application of ozone 
in food or feed is made eithe r in its gaseous state o r 
aqueous form as ozo nized water (De-felice et al. 2( 08). 
The ozo ne application in gaseous form was reported to 
have higher effectiveness and practical adva ntages than 
aqueous solut ions (Vithu et al., 2015). Its treatment 

saves energy as thermal ene rgy is not used (Khadrc, 
Youse f, and Kim 200 I). The V.S. FDA has approved of 
using ozone as a direc t add itive for food (FDA. 20tH). 

This review focuses on an overview of the various 
rn ycotoxins, their divers ified structures, health implica­
tions on humans and an ima ls, degradation or detoxify ­
ing prope r ties of ozone techno logy to enhance food 
com modities' safety and quality. 

Mycotoxins types, fungal genera producing 
mycotoxins, and their mycotoxicosis 

Mycotoxicosis is caused due to exposure to mycotoxins 
which have an acute or chronic impact on human health, 
potentially caus ing dea th (e.g., anatoxicosis, ergo tism) 
(Marin et a1. 2013; Os try et a1. 2017). Mycotoxi ns in 
food are caused by two types of fungi a t the pre-harvest 
and post-harvest phases of the crops. The favorable con­
ditions for producing mycotoxins arc improper agro ­
nomic, harvesting, and post-harves t practices. 
Aspergillus, Fusa rium, Penicillium, Alternaria, and 
Claviccpsspp. are the major mycotoxin-producing fungi 
(Akhila et 01 1. 202 1; Alassane-Kpembi et al. 2017; Bashiry 
et a1. 2021) (Table I) . Khaneghah et al. (2021) collected 
and assessed the quantitative data con cern ing the occur 
renee and concentration of several food products and 
elucidated that the potent means of myco toxin exposure 
to hu mans are cont act, ingest ion, and inhalation. Ma in 
rnycotoxins are afl atox ins (APs) (BI (AFB!) , B2 (AFH2), 
G I (APG 1), G2 (AFG2), M 1 (AFM I )), ochratoxins (OTs) 
(ochratoxin A (OTA)), fumoni ins (FBs) (fumonisins B1 
(FBI) , 13 2 (FB1), and 83 (FB3)), tr ichothecenes (T s) 
(with type A represented by HT-2 toxin (HT2) and T-2 
toxin (T2), and type B repre ented ma inly by deoxyniva­
lcnol (DON)), zearaleno ne (ZEN), the emerging 
Fusariu m mycotoxins (Iusaproliferin (FP), monililor ruin 
(Ma N), beauvericin (BEA), N, -2 toxin, and enniat ins 
(E ' Ns)), ergot alkaloids (E s), Alternaria toxins (ATs) 
(s uch as altcnucne (ALT), alternariol (AOH), alternario l 
methyl ethe r (AME), altertoxi n (ALTs), and tenuazon ic 
aci I (TeA)), and patulin (PAT) (Bryden 2012; Farhadi 
et al. 202 1; Khodae i, Iavanmardi, and Khaneghah 2020). 

Aflatoxins are Iuranocoumarin s formed by Aspergillus 
jla vus, Aspergillus nomius, and AspcIgillus parasiticus in 
food/feeds and are contaminated chien)' insufficiency of 
farming or storage techniques (Iavanmardi et al. 2020). The 
most studied aflatoxin out of 20 known types is aflatoxin 
Ar B!, AFB2, AFGI, and AFG2, named per the blue and 
green fluorescence displayed in VV. The presence of 
hydrox..ylated metabolites like aflatoxin M I (AFM I) and 
aflatoxin M2 (AFM2) are seen in animal meat and animal 
products, such as eggs and milk products (Bailey et al. 2006; 
de Souza, Khancghah, and Oliveira 2021; Han ct al. 2008; 

,
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Table1. Major mycotoxins in food commodit ies. 

Mycotoxin Structure type Mycotoxin Food Commodity Health-based guidance References 
producing fungi value (HBGV) 

Zearalenone (ZEN) 6·(10-Hydroxy-6-oxo-tram Fusarium spp. Found mostly in all PMTDI 0.5 ~g / k g BW/day for (JE( FA 2000, 
- l -undecenyll-Bv resorcyllc grains; highest ZEN, recommended that European Food 
acidlactorie levels in maize and the total intake of ZE N Safety Authority 

wheat bran and its metabolites (U SA) 201 1b) 
should not exceed the 
PMTDI (JECF A 2000); TOI 
0.25 ~g /kg BW/d for ZEN 
(EFSA 2011b) 

Aflatoxins FB1, Difuranocoumarins Aspergillus Bean s, nuts, figs Because of carcinogenicity, (JEC FA 2001a), (IARC 
FB2, FG I, FG2; parositicus, cottonseed, barley exposure should be kept 2012; EFSA 2007; 
metabolite A. flavus wheat, Peanu t's as low as reasonably JE CFA 1999, (EFSA 
AFM l in milk cocoa, rice, copra, achievable. No official 2007; IARC 2012; 

maize. dried fruits, HBGV JECF A 1999, 
spices, crude 2001a) 
vegetable oils 

Deoxynivalenol F, graminearum, Wheat, triticale, TOI 1 ~g/ kg BW/day for (E FSA 2004, 2011 a; 
(DON) and its F. culmorum barley, maize. rye, DON (SCF 2002, EFSA JECFA 2001a, 
acetylated oats, less often 2004); group PMTOll ~ g l 2011), (EFSA 2004; 
derivates (3­ rice, and sorghum kg BWIday; ARfD 8 >I g/kg IARC 1993; JECF A 
and 15­ BW/day for DON and its 2001a; SCF 2002), 
acelylDON) acetylated derivatives (JECFA 2011 ) 

Patulin (PAT) Seste rterpene cyclic Byssochlamys sop.. Many fruits, PMTOI 0.4 ~ g / kg BW/day (IARC 19B6; JECFA 
hexadepsipeptides, Penicillium spp., strawberries, (JECFA 1996) 1996) 
3·hydroxycyclobut-3- ene­ Aspergillus spp. tomatoes, olives, 
l ,2-dione, 4-hydroxy-4HfuroI3,2'cJ and cerea ls 
pyran2(6 Hl-one 

Oth"r Tel racyclic·12,13-epoxy trichothenes F. sporotrichioides, Cereals Group TOI 0.1 >l g/kg BWI (JECFA 2001a, (USA 
trichothecenes, F. fangsethiae), day (EFSA 2011 a) and 2013),(European 
e.g.. T-2 toxin, F. poae and group PMTDI 0.06 pgl kg Food Safety 
HT-2 toxin, F. cereotis, BW/day (J ECFA 2001a)for Authority (U SA) 
nivalenol (NIV) F. culmorum T-2 and HT-2 toxins 201 1a (IARC 1993) 

and combined, TOll.2 ~ g /kg 

F. graminearum BW/day for NIV(EFSA 
2013) 

Ergot alkaloids Tetracyclic ergolines (tryptophan­ Ciovicep: spp., in True grasses; most Various EAs seem to have (EFSA 2012, BfR 
derived alkaloids) Europe mostly important on similar toxic potency; 2004), 

C. purpurea cereals (wheat, rye group ARfD 1 pg/kg BWI 
triticale, mil let, day and group TO! 
barley, and oats) 0.6 >Ig /kg BWI day; both 

apply ( 0 the sum of EAs 
(EFSA 2012) 

Fumonisins B1, B2, 1, 2,3-propanetricar·boxyIJc acid Fusarium grapes (A. niger), Group PMTOand group TOI, (EFSA 2005;JECFA 
and B3 (FB 1, venicihioides, Maize (Fusarium 2 ~ g l k g BW/day for FB1, 2001 a, 2012), 
FB2, FB3) F. proiiietotum, spp .) FB2, and FB3 alone or in (EFSA 2005;JECFA 

Aspergillus niger combination 2001a; SCF 2003, 
IARC 2002), (IARC 
2002). I (JEC FA 
2001a, 2012) 

Ochratoxin Polyketide­ Aspergillus Peanuts, dried fruits, PTWI 120 ngi kg BW/day (EFSA 2006), (JECF A 
A (OTA) deriveddlhydroisocoumarinsbound aiutoceus. Grain, legumes, and 100 ng/kg BW/day zoo». EFSA 

toL-()-phenylalanin byamid bond Aspergillus wine, grape juice, 2006), (IARC 1993) 
corbonarius, oleaginous seeds, 
Penicillium cashews, coffee, 
verrucosum spices, cocoa, 

meat products 

PTWI provisional tolerable weekly intake, PMTOI provisional maximum tolerable daily intake, TOI tolerable daily intake. ARfD acute reference dose (for I-day 
exposure) 

Kumar ct aJ. 2016; Richard 2007). Ochratoxin A (O'I'A) is rnoniliformi n. In cereal-based foods, these generally 
a phenylalan yl der ivative primarily produced by two occ ur either sing ly or in combi na tions wit h other m yco ­

groups of fungi, Aspergillus ochraccus and Penicillium ver­ toxi ns, such as aflatoxins (Sad iq et al, 2019). The pa tulin 

rUCOSlI nl , which is categorized as carci nogenic to human is produced by fungi, such as Penicillium, Aspergillus, and 
(Group 2B) by lARe (Ostry et al. 20 17). Byssochlamys species. It is a usual co n tam inant in frui t 

The major fusarium toxins in food are fum onisins, and vegetabl e produc ts, especially in apples. Damages to 
trichotheccnes, zcaralenone, and emerging mycotoxins the vital organs, suc h as the kidney an d liver, are seen 
such as bcauver icin and en niatins fusap roliferin, and in vitro toxicity assessmen ts (Pal, Singh, an d An sari 
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Figure 1. Hum an impli cati ons caused by mycotoxins. 

2017). Amon g more than 70 ph ytotoxins syn thesized, the 
alternaria mycotoxins pr od uced by Alternaria are chem i­
cally character ized and repo rted to cause mycotoxicosis 
(£1'5A, 20l lb). The groups like altern ariol (AOH) , alter­
nariol monom eth yl ether (AME), alten uene (ALT) , alter ­
toxins (ATX-I and 11), tenu azon ic acid (TeA), and iso­
tenu azonic acid (iso-TeA) belon gs to Alternaria toxins 
(Marin et al. 2013). Myotoxicity is seen in carcin ogeni ­
city, mutagen icity, DN A strand bre aks, photophosphor ­
ylation, and enzyme activity inactivation (Escriva et al., 
2017). Ergot alkaloids (EAs) are toxic componen ts that 
usually infect major grain cereals, and they are pr esent in 
Claviceps species. It majorly affects the nerv ous system. 
Hodgson (2012) reported that ingestion of contaminated 
rye (Secale cereale) caused gangreno us and convulsive 
ergo tism epidemics. 

Mycotoxin contamination problems (Economic 
burdens and health effects) 

Th e mycotoxins can cause mycotoxicosis in hu man, 
livestock, and domestic an imals and therefore has p ublic 

health significance . Th e exten t of exposure , phys iologi­
cal and nutrit ional status, type of mycotoxins, pharma­
cogenetic variabili ty, and synergi stic effects with oth er 
chemicals are the probable factors (Figur es l and 2) that 
determine the extent of adverse mycotoxin; effects 

(Adak u et al., 2020; Gajecka et al., 2013) . 
Mycotoxin implicates both chronic and acute adverse 

effects on human health, such as reducing immu nity, liver 
cancer, gangrene , convulsions, modifications in the pro tein 
metabolism , and respiratory disorders (Negedu et al, 29 J I). 
In this cont xt, interven tions to strengthen and im ply 
legislations to contro l the extent of food mycotoxin con­
tamin ation at the global level are very much essen tial 
(Freire and Da Rocha 20 l6). 

Mycotoxins' economic consequences in socie ty may be 
either by the di rect ma rket costs about the fewer revenues 
caused by contamination of various food commodities or 
the adverse health effects on hum ans. Mycotoxins cause 
lethal effects on hum ans and anima ls, causing higher health 
and veterinary costs, lower pro duction efficacy, or making 
the food commodities unacceptable for do mestic or global 
trade due to non-confirma tion with the maximu m 

,
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Figure 2. Health implications of mycotoxins in animal species. 

tolerated levels mycotoxins contained in it (Pitt and Miller, 

2017). The socio-economic impact of mycotoxins in foods 

is depicted in Figure 3. 

Mycotoxin's occurrence in agricultural commodities 
affecting food quality 

The toxins production is mainly confined to predispos­
ing factors such as biological, chem ical, physical, or 

environmental cond itions (Figur e 4). The mycotoxin 
production is majorly confined to the type of fungi 
present, agronom ic practices, food com position, har­

vesting, handling, and storage conditions (Ashiq 2015; 
Bryden 2009). The quantity of the toxin production 
depends on conditions such as ph ysical (moisture, tem­
perature, rela tive humidity, and mechanical damage), 

chemical (oxygen , carbon dioxide, substrate composi ­
tion, pesticide, an d fung icides), and biological factors 

(plant variety and biot ic and abiotic stress) (Lahouar 

et al. 2015). Mycot ox ins can get into to food chain by 

dir ect consumption of contam ina ted food and plants 

and indirectly via animal food (mil k, meat, and eggs) 
residues. Th e mycotoxin inciden ce in the food cha in has 
been shown in Figure 5. The post-h arvest strategies to 

lim it mycotoxin contamination in food were assessed by 
Ma gan et al. (2010) . The regul atory authorities should 
take stringent control strategies to mitigate thi s contam­

ination issue for the country's safety and economy. Key 
critical cont rol points in the grain process ing chain for 
effective mycoto xin prevention are de picted in Figure 6. 

Allowable mycotoxin level in food 

There was a significant decline in the economy, nearly 
about 25%, owing to rnycotoxins' presence in various 

food m atrices (Marin et al. 2013 ). Fo r limiting various 
mycotoxins , Food and Dru g Adm inistra tion (FDA ) has 
set up various control pr ograms that can remove th ese 
components that attack vario us food matr ices and essen ­
tial commodities in the food industry through risk 
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Figure 3. Socia-economic impli cations of mycotoxins. 
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Figure 4. Pre-harvest factors affecting mycotox ins occurrence in food chain. 

assessments. However, the requirement of specific 
ex ten t lim its o f myc o toxin s in food commodities 

depends on two m ajor issues, that is, the im pact on 
hu ma ns and animals' health by mycotoxin conta mina ­

tion an d the occ urrence of mycotoxins in huma n foods 
derived from an imals fed with m ycotoxin-contaminated 
feed (Park and T roxell 2002). 

Continuous efforts of the Foo d Safety and Standards 
Autho rity of Ind ia (f SSAI) , .S, fDA, and European 
Union (EU) lim its and levels (Table 2) conveys pu blic 

health implications fo r co mbating mycotoxi ns in com ­
mon foods milk residues, and animal feeds. Safety is 

a significan t concern , an d limi ts are imp osed accord­

ingly for public safety an d animal health. Various health 
hazards and infe ctions are caused if the levels arc no t 

standard ized correctly in various food and feed . As 

mycotoxins arc hazardo us and crucial in the food indus ­

try, sa fety assuran ce m ust be followed at all stages of 
food processing (Lee and Ryu, 20 J7). 

Table 2. de picts all the regu lations establish ed by the 
United States food and Drug Administ ration (US FDA) 

and European Un ion (EU) on d iffere n t m ycotoxins by 
various fun gal species on cerea ls (maize, wheat, rye , 
barley, and sorghum ), legumes (pea nuts), nu ts (pi sta ­
ch io , almond s, tree nu ts ), vegetables (asparagus), fruit s 
(apple, pears, grapes, ap rico t, olives, and other low acid 

fruits an d jui ces), oi lseeds, fer mented beverages (wine 
and beer), fibers (co ttonseed), spices, m illets , m ilk an d 

its products, and mea t. While the ir (The Int ernation al 

Agency for Research a ll Cancer) nu mber given by the 
intern ational agency of can cer re .earch based on th eir 
severity and carcinogenicity. However, there are no 

,
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Table 2. Allowable mycotoxin levels in food in accordance with the U.S. FDA and EU.
 
Mycotoxin IARC Number' Acronym Fungal Species Food 

Comrn drty 
US FDA ( ~g/kg) EU (~g/ 

kg) 
Aflatoxins Sl, 1" AF Bl Aspergillus flavus, Aspergillus Maize, wheat, rice, peanut, sorghum, 20 for total 2-12 for 81 4­

B2,Gl ,G2 parasitieus pistachio, almond, ground nuts, tree 15 for total 
nuts, figs, cottonseed, spices 

Aflatoxin Ml 2B' AFMl Metabolite of aflatoxin B7 Milk, milk products,meat 0.5 0.05 i milk 
0.02 in 
infant 
formulae 
and infant 
milk 

Ochratoxin A 2S' OTA Aspergillus ochraceus, Aspergillus Cereals, dried vine fruit, wine, grapes, Not set 2- 10 
carbonarius Penicillium verrucosum, coffee, cocoa, cheese 
Penicillium nordicum 

Fumonisins Sl , 2S" FB l FB2 Fusarium verticillioides, Fusarium Maize, maize products, sorghum, 2000-4000 200- 4000 
S2, S3 F33 proliferatum asparagus 

Zearalenone 3' ZEN Fusarium graminearum IF. roseum), Cereals, cereal products, maize, wheat, Not set 20- 100 
Fusarium culmorum Fusarium barley 
equiseti, Fusarium cerealis, Fusarium 
verticillioides, Fusarium incarnatum 

Trichothecenes	 deoxynivalenol) 3* DON Fusarium 
(typ" B: 

grc1mmearum, Cerea ls, products 1000 200-50
 
Fusarium cereal
 
eulmorum,
 
Fusarium
 
cerea/is
 

Patulin 3" PAT Penicillium expansumBysochlamisnivea, Apples, apple ju ice, and concentrate, 50 10-50 
Aspergillus clavatus, Penicillium pears, peaches, grapes, apricots, 
patu/um Penicillium crustosum olives low acid fruit juices 

Trichothecenes J> HT2 Fusarium langsethiae, Fusarium Maize, wheat, barley,oat, rye 15 25- 1000 
(type A: HT- sporotrichioides 
2) 

Trichothecenes 3" T-2 Fusarium /angsethiae, Fusarium Maize, wheat, barley, oat, rye 15 25- 1000 
(type A: T-2 sporotrichioides 
toxin) 

Enniatins ENNs Fusarium tricinctum. Fusarium Corn Not set Not set 
avenaceum 

Ergot alkaloids EAs C1aviceps purpurea, C1aviceps tusitormis, Rye, rye-containing commodit ies, Not set Not set 
C1avicepsafricana, Neotyphodiumspp wheat, triticale, barley, millet, and 

oat 
Alternariol AOH Alternaria alternata Grain and grain-based products, Not set Not et 

vegetables and vegetable products, 
fruits and fruit products, wine and 
beer, oilseeds, and vegetable oils 

IARC number definitions: " the mycotoxin is carcinogenic to humans; 2B, the mycotoxin is possibly carcinogenic to humans; 3, the mycotoxin is not classifiable as to 
its carcinogenicity to humans 
source:(Agriopoulou,Stamatelopoulou, and Varzakas 

findings on levels for some mycotoxins like Enniatins , 
Ergot alkaloids, and Alter na riol as U.S. FDA and EU do 
no t set them. 

Mycotoxin degradation in food products using 
ozone 

The agric ultural ind ustry has major ongoing concerns 
abo ut pre-harvest and post-harvest contamination in 
developing nations. The facto rs such as high tempera­
ture, inadequate prod uction technologies, and unsterile 
cro p storage conditions contribute to mycotoxins' fun ­
gal growt h and production . Th e presence of mycotoxins 

dete rio rates the grain quality, having a negative eco­
nom ic impact. Severa l pr e-harvest and post-harvest stra­
tegies are in practice to preven t mycotoxin 
contamination in agricu ltural comm odi ties. Good agr i­
cult ural p ractices (GAPs), manufacturing p ractices 
(GMPs), op timizing env iro nme ntal [actors , and storage 
practices are significant strategies for pre-harvest pre­
ven tio n. GAPs invo lve crop rotation using registered 
herbicides. insecticides. and fungicides to manage var­
ious pests, fungi, and weeds. The prolonged stora ge 
condit ions. extreme temperature, and humidity after 
crop harvesting in cereals contri bu te to fungus de velop­
ment and mycotoxin co ntam ination. Post -harvest 
approaches include sanitization of mycotoxins in 

,
 



Table 3. Mycotoxin degradation using ozone in diffe rent food commodit ies. 

Food Matrix 

Malting Barley 
Peanut kernels 

Pistachio Kernels 

De-hulled Dried Pistachio 

Wheat grains 

65%,62%,59% 
Scabbed Wheat 

Wheat Flour 

Contaminated Wheat, Com and Bran 
Wheat Bran from contaminated 

grains 

Wheat grains, Semolina and Pasta 

Target Mycotoxin 

Deoxynivalenol (DON) 
Aflatoxin B1 (AFB1) 

AFBI 

AFBI 

AFBI 
AFB l 
AFT 
AFBl 

AFBl 

AF and DON 

DON 
AFB1, AFB2, AFG1,AFG2 

Cit rinin 

Ozone 
Concentration 

26 g m-3 
21 9 rn-J 

6 9 m-3 

50 9 m-3 

8 9 rn-J
 
9 9 m-3
 
9 9 m-3
 

10 9 m-3
 

40 9 m-3 

60 9 m-3 

11 89 m-3 
1189 m-3 

118 9 m-3 

Exposure State of 
time 

120 Min 

ozone 

Gaseous 

% Reduct ion 

Zero (May be due to the less initial concentrations of DON) 

References 

Dodd et al. (2011) 
I -­

96 h Gaseous 25% de Alencar et al. 
(2012) 

30 Min Gaseous 66% Proctor et al. 
(20044) 

60 h Gaseous 89% Diao, Hou, and 
Dong (201 3) 

2 h Aqueous 48% Bashirl et al. (;2 013) 
420 Min Gaseous 23% Akbas and 
420 Min Gaseous 24% Ozdemir (2006) 
15 Min Aqueous 0% Nooghi et al. 

(2016) 
20 Min Gaseous Mc kenzie et al. 

(1998) 
300 Min Gaseous 64%,48% Trombete et ,11. 

(2016) 
180 Min Gaseous 5avi et al. (2014a) 
180 Min Gaseous 95% Savi, Piacentini, 

and Scussel 
(2015) 

180 Min Gaseous 75% Savi, Piacentini, 
and Sc usse l 
(2015) 

AFB1 2.59 m-3 180 Min Aqueous 40% 
AFGl and AFG2 2 &19 m-3 180 Min Aqueous 100% Kouchesfahani et 

al.(2015) 
DON 109 m-3 30 s Gaseous 94% Li, Guan, and Bian 

(2015) 
DON 20 9 m-3 130 Min Gaseous 25% li, Guan, and Bian 

(2019) 
HT-2 toxin (HT-2I, T-2 toxin (T-2l and 209 m-3 40 and 130 ,\linutes Gaseous 

Z:wrd e n o n ~ WbA)Rem a s et a . 16) 
DON 

DON 

10 9 m-3 

65 9 m-3 

30 s 

180 Min 

Gaseous 

Aqueous 

94% 

78% 

Reinholds et at. 
(2016) 

Alexandre et al, 

a 
N 
a 
z 
!:' 

(2017) Vl 
n 

DON 
DON 
DON 

100 9 m-3 
75 9 m-3 
80 9 m-3 

1 h 
90 Min 
10 Min 

Gaseous 
Gaseous 
Aqueous 

78% 
54% 
76% 

Sun et al, (2016) 
Wang et al. (2016) 
Sun et al, (2016) 

iii 
z 
n 
m 
Qo 

DON 30 Min Gaseous 45% Alexandre et al. 
(2018) 

m 
z 
~ 

ZEA 62 9 m-3 240 Min Gaseous 61% Alexandre et al. z 
m 

(2018) m 
~ 

DON and DON-3-GIc 409 m-3 6 h Gaseous 29%,44% Piemontese et al, 
(2018) 

z 
C'l 

(Continued) CD 
N 
lJ1 

~
 



IV 
(J\ 

CD 
o 
~ 

V> 

~ 
» 
-< » 
V> 
:>:J 
rn 
rn 
en.., 
» 

" 
Table 3. (Continued). 

Food Matrix Target Mycotoxin 
Ozone 

Concent ration 
Exposure 

t ime 
State of 
ozone % Reduction Re ferences 

Corn AFB 1 90 9 rn-3 40 Min Gaseous 88% EI-Desouky et al. 
(2012) 

ZEAand OTA 100 9 m-3 180 Min Gaseous 91%,71% Qi et al. (2016) 
ZEN 10 mg/L 2 s Aqueous Qi et al. (2016) 
alA 10 mg/L 120 s Aqueous 65.40% Liju n et al. (2016) 

Cornflour AFB1. AFLATOXIN 13 2 (AFB2), AFLATOXIN Gl 75 9 rn-S 60 Min Gaseous 79%,71%,72%,75% Luo et al. (2014a, 
(AFGl j AND AFLATOXIN G2 (AFG2) 2014b) 

ZEN 50 9 m-3 90 Min Aqueous 95% Xu et al. (2019) 
ZEA 52 60 Min Gas eous 62% Alexandre et al. 

(2019) 
ZEA 51.5 mg/L 60 Min Gaseous 62.30% Allana et al. (2019) 

Corn Grits AFB1, AFB2, AFG1, and AFG2 60 9 m-3 480 Min Gaseous 55%,57%,36%.30% Porto et al. (2019) 
Poultry feed composed of corn, AFBl 5.3 g m-3 240 Min Gaseous 86% Torlak et al. (2016) 

barley, soybeanand sunflower 
meal 

Apple Juice Patulin 12 mg/L 15 Min Gaseous 100% Cataldo (2008) 
Brazil Nut AFT 14 mg/L 30 days Gaseous 100% Giordano et al, 

(2010) 
Dried Figs AFBI 13.8 mg/l. 180 Min Gaseous 95.20% Zorl u gen~ et al. 

(2008) 
AFBI 1.71 mg/L 180 Min Aqueous 88.60% Zo r l u g e n~ et al. 

(20081 
Flaked Red Pepper AFBl 66 Mgl L 60 Min Gaseous 93% Inan, Pala, and 

Doymaz 12007) 

~ 
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agricultural produce after harvest. The m ycotoxin 

decontamination throu gh chem ical (oxidat ion, reduc­
tion, hydrolysis, alcoho lysis, and absorp tion ), physical 
(thermal insulation, rad iation treatmen t, low ­

temperature plasma), and bio logical means are ineffec­
tive, time-cons uming , expe ns ive, an d may cause nutri­

ent loss. 
Ozone plays a central ro le in contro lling myco­

toxigenic fungi in agricult ural com modi ties and food 
products. Ozone has been sho wn to pro tect con tami ­

nated food and feed and to en hance food sa fet y 
(Pandisclvam et al. 2019; Sivara rija n i et al. 2021). 
Post-harvest decomp osi t ion problems ar e assoc iate d 
with molds, majo rly to Fusarium, Aspergillus, and 

Penicillium species, at th e tim e o f storage 
(Filtenborg, Fr isvad , a nd Th ran e 1996; Rod rigues 

et al. 2009). Ozo ne is u tilized in the detoxi ficat io n 
of agricultural co m modities, wh ich com prises th e 
organically labeled uni ts (Gabler et '11. 20 10), and 

has given promisi ng resu lts in the food industry, 
such as myco toxin and pest icide residues degrada­
tion. Tab le 3 represents the previously at tem p ted 

mycotoxin inactiva tion in variou s grai n and food 

products. 
Ozone was used to deco ntaminate m yco tox ins in 

barley, whea t, figs, and Braz il nu ts (W u, Do an, an d 
Cuenca 2006; Zorl ugenc et al., 2008), wi th ou t affect­
ing its nu triti on al an d m orp h ologica l ch a racteris tics. 

The impro ved sto rage tra its o f co m m on cereals , 
namely wheat, co rn , and r ice (less fungal gr owth 
and mycotoxin ), h ave been repo rt ed by ozon e appli­

cation (Ferreira et al. 20 18). Add itio nally, oz one 
caused no modi fica tio n in color a nd overall ap pear­
ance of ozona ted ba rle y and wheat a nd rice (W a ng 

et al. 20 10). T he s tud y co nd ucted by Ko tta palli, 
Wolf-H all, a nd Schwarz (200 5) in wheat gr ai n 
revealed tha t 15 mi n o f ozone exposure at the 

dosage at 11 mg/g reduced Fusarium growth by 
24- 36%. Allen, W u, an d Doan (2003 ) invest igated 
the fungicidal pe rfo rm a nce o f gaseous ozo n e o n the 

barley and co nfirmed tha t afte r 5 mi n of ozo ne 
exposure with a co ncent rat ion of 49 mg ozo ne/mi n ­
ute (for barley see ds of 50 g), 96 % o f fu nga l sp ores 

were inact ivated . Howe ver, the prol o nged exposure 
at this rate decrea sed th e germi na tion o f barley. T h is 

investigation co n fir me d a stro ng correla tion be tween 
contact durat ion, ga seous ozon e co ncen tration, bar ­
ley-water ac tivity , and tem perature. In general, in 

cereals, moderate ozone trea tmen ts remarkably 
impro ved the m illing t raits, swelling powe r of 
starch, and do ugh vis co sity (Zh u 20 18). Th e phytate, 
vitamin , an d lip id co nte nt in wheat kernels were 

unaffected by mo dera te ozone t rea tment s. 

OZONE: SCI ENCE & ENGINEERING 27 9 

H o wever , excessive and prolong ed ozo ne t reat ment 

denatured wheat prot ein s (gl ut en and glutenin ), 
affec ting d ou gh rheology . In rice grains, exces sive 
ozo na tion increased r ice flo ur 's visco sity d ue to 

enzym e inac tivat io n, but ri ce flo ur 's gela t ini za tio n 
propert ies were unaffected . 

Zo rlugenc ct a1. (2008) elucidated that exposure of 
figs to 13.8 g/ m: gaseous ozone for IS m inu tes inac t i­
vated all fungi. T his investigation concludes that ozone 
in the aqueous ph ase is efficaciou s than ozo ne in th e 

gaseous ph ase. Gabler et al. (2010) investigated the effect 

of gaseous ozone (up to 5 g/m 3 ) for 1 h on table grapes 
fo r co ntrolling gray m old tBotryt is cinerea) and dest ruc ­
tion of pesticide residues. The ozo nation fo r an hour 

reduced gray mold by almos t 50% for two -week storage 
at 15 C. The study co nclude d that, with an increased 
co nce ntration of 10 g/m 3 for 1 hour, the residu es of 
fenhcxarnid , cyprod inil, pyrime thanil, and pyraciost ro ­
bin were lowered by 68.5, 75.4, 83.7, and 100.0%, res pec­

tively, in table grapes . 
The co n tam ina tio n of var ious food stu ffs such as 

dai ry items, ed ib le oil, ce real, fru it-based p ro d ucts , 

nut s , and d ry fr u its wit h myco toxin is co n tin uall y 
a co ncern fo r the food ind ust ry . The fate of m yco­

toxins is m ajo rly affected by th e uni t opera tio ns 
pertaine d in the p rocessi ng line of the nu m erous 
foo d products. Mycot oxins rem ain ac tive d ur ing 

food processing, in cludi ng cookin g, b ak ing, an d pas­
te ur izing. res ulti ng in food contam in at ion (Mir ct al. 
202 1; Kha negh ah . Yadolah , and And e rso n, 20 18; 
Khane ghah et al., 2018 ;Kha negha h et al., 20 19; 
Kha neghah et al., 20 19). 

Myco toxin degra d at ion using ozo ne el im inates 

the fungi produci ng myco toxin with no effect on 
the senso ry att r ibu tes of th e foo ds. These da ys, 
ozo ne is repl aced with ch lo rine to san iti ze food 
a nd p reven t oc cup at io nal and env iron men tal con ­

ta m inat io n (EPA, 1999). As ozo ne h as a very hi gh 
oxi datio n po ten tia l of 2.07 V, it m akes it 1.5 an d 1.3 
ti m es mo re po rent than chlorine and H 2 0 2 , respec­

tively (Kh ad re, Youse f, an d Kim 2001 ). O zone was 
ap proved as an an t imicrobi al fac tor in 200 1 fo r 
d etoxifying foo d s, tac klin g oc cupation al an d envir­

onm cntal p rob lem s us in g chlo rine (M ahapatra, 
M uth uku marap pan, and Ju lson 200 5; Sh arma 
2005 ). T herefo re, chlo rin e is re placed with ozo ne 

for m icro b ial in activ atio n in food commod iti es, 
su ch as fr uits and vege tables, ju ices, milk, an d its 
pr od ucts and po ult ry (Fri c tas-silva and Venancio , 
20 10). Bes ides, ozone is us ed in the food ind ust ry 

to decont ami nate food -packagin g m at erial, food ­
co n tact sur faces and lower un wan ted o ff-od ors 

m etabo li tes. 
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Application of ozonation in inactivation of 
mycotox igenic fungi in various food 
commodities 

Ozone has a great potential of up to a hundred pe rcen t 
reduc tio n rates in ina ctivat ing several mycotoxins. This 
triatomic oxid izing power ful tool ut ilized in food indus­
tr ies as mentioned by var ious au thors base d on the 
evidence given below against maj or myco toxins (Table 
3). Several facto rs such as tem perature, gra in character­
istic s, organic matt er presenc e, pathogens, insects, and 
mois ture a ffect the diffusion of ozone in crops like maize 
(Wang et al., 2016) an d simila rly in ot her food commo d ­
ities. he sens itivity of fungal conidia to ozone var ies 
among genera and can be influ enced by factors im posed 
by th e environment. For example, the type and am ount 
of organ ic material present diminish the effectiveness of 
ozone aga inst Aspergillus niger conid ia (Beuchat et al. 
1999). On the ot her hand, ozo na tion red uced the funga l 
colo nies of Fusarium verticillioides on maize at 
a concentration of 200-300 pp m (Mylona et al. 2014). 

W ang et al. (2016) revealed results for de tox ifying th e 
DO N in wh eat by treating 75 mg/L ozone for a period of 
30, 60, and 90 minutes to obtain the reduction percen ­
tages of 26.40 %, 39.16%, and 53.48 %, respectively . 
Usually , che m ical degrada tio n of DON takes place when 
0 -, mo lecules undergo a 1-3 d ipolar reaction wit h 
a do uble bond. Besides detoxifying DON, the trea tment 
could improve the flour quality (whiteness and tenacity). 
Therefore, it may be assumed that for eliminating DO N, 
gaseous ozo ne drastically affected the pericarp of wheat 
grain than in the endosperm and ozonation befo re 
milling en hanced bran friabi lity, thereby improved the 
flour quality. 

Studies reported a 100% reduction percentage of 
A FG 1 an d AFG2 mycotoxins at even low ozone concen­
trat ion s (2 and 1 g/rn ' ) for 180 minutes in wheat grains 
(Mohammadi et al. 2015) . H owever, the po tent afla­
toxin , out of all the four, Af B1, is not entirely inhibited 
through mo re ozone concentration was supplied. 
Therefore, during the tr eatm ent, ozo ne in the liq uid 
phase was a promising stra tegy for complete detoxifica­
tion of fungal growth, thereby reducing the aflatoxin. 
Altho ugh negligible in th e expe riment process, the main 
factor for complete decontaminating the aflatoxi n is the 
highest concentration, Le., 2.5 mg /1. Besides, all these 
m illings with uniform co nsistency, solubility, stability, 
and reactivity wh ich are tem perat ure-dependent ozo ne 
fac tors, resulted in proper control of mycotoxins. 

Stud ies on peanut kerne ls depicted that AFB1 is 
hazard ous among the ot her four aflatoxins and is carci­
nogen ic among aflatoxins. IARe has classified mycotox­
ins into gr oup I based on th eir carcinogenicity to 

humans (Agriopoulou, Eygenia , an d Theod oros 202 l). 
Elucida tions by Agriopo ulou et al. (2016) states tha t it is 
co nvenient to degrade arlatoxins (Ar;B1 and AFG I) as 
their structure showed C8- C9 double bonding. 

A simi lar red uction percent, i.e., complete efficiency 
of ozo ne, was reported in deshelled brazil nut at 14 g/I 
ozone co ncent ration for 30 days by Giorda no et al. 
(2010) gaseous phase agains t AFT. However , in the 
she lled br azil nut, sim ilar results were observed with 
less fungal growth due to the protection [rom the surface 
of the shell, and the destruction of mycotoxin depends 
on the facto rs like stages of growth and gas concen tra ­
tio n applied. 

T he highest reduction percen tages in Ta ble 3 show 
ozone as a po ten tial de contaminati ng age n t [o r my 0 ­

toxin in vario us foo d and feed. However, in so me 
studies co nducted by Nooghi et al. (2016) in deshelled 
p istach io, the re was no red uction o f AFB I when 
exposed to 10 gm - J 0 3 co ncen tration for 15 m in utes 
at room tem perature. They revealed that the applica ­
tion of DH A had more anti-rnycoto xigenic effe cts than 
ozo ne in th e Iranian pista chio s. H owever, th is was 
controv ers ial in the stu d ies sh own by Bash iri et 01 1. 
(2013) as they depict ed res ults from the I N choler ic 
acids when com bined with ozonated water to standar­

dize the pH. 
Powerful t riatomic ozo ne can d etoxi fy to 

a m aximu m level in very litt le time re po rted in 
some st ud ies were shown in thi s review. T he 
10 gm- 3 gaseo us ozo ne applications only fo r 30 sec­
onds resu lted in a 94% reduction in scabbed wheat 
grains (Reinho lds et al. 20 16). Th is has exp erim en­
ted in view th at mo re prolo nge d exposu re to ozo ne 
leads to a reduct ion in germ ination rates . Rein hol ds 
et al. (2016) support ed th at fu migation is the key to 
the substanti al elimi nation of my coto. ins in wh ea l. 
Howeve r, h igh mo isture levels in the wheat dec rease 
the efficacy of ozonation due to its deco mposition . 
Co nsequen tly, th e exposure ti me was prol o nged . 
Bioc he mical and physical attribu tes shown tha t no 
possible effects on grai n ch a racterist ics a fte r 
treatment. 

Ozone ap plication st ud ies focused on vario us 
fruits, and their feas ibility of using th em as 
a decontamina tion tool for juice p ro cessing was 
reported in several st udies. Fo r exa m ple, Catlado 
(2008) experim ented in d ilu ted apple ju ice against 
ma jo r mycotoxin Patulin with 12 mg/ L OJ co nce n­
tr ation for 15 minut es, result ing in a 100% red uct io n 
rate because of 2 conj ug a ted ethylene double bo nd s 
and wit h ke to gro up s of lac tose m o iety , wh ich was 
sensiti ve to ozone attack. The [acto rs in fl uencing here 
are due to the crystal clea r of juice whe n di lut ed and 

,
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Figure 7. The effect of ozone on mycotoxigenic fungi. 

bubbled, and afte r elution o f sugars in ;he juice, Major determinants affecting the processing 
patulin was detoxified effectively with lesser ozone efficacy 
application int o the juice; however, there was 

The ozone technology in mycotoxin degrada tion can be 
a significant ob servation in the study. Therefore, 

well explored to develop a detoxification method 10 
mediu m treatment of O J lead s to red ucing patulin 

ensure food quality and safety. 0 3 inhibits fungal
toxin in var ious juices such as pea rs and apples with 

growth, sporulation, and germination. To de grade the 
a superior ind ustrial app lica tion. 

m ycotoxins by ozonation , it follows a pseudo-first-order 
Dehydrated frui ts such as dried figs co ntam ina ted 

rat e (Aguilar et al., 20] 8). Ozonation efficie ncy increases 
with mycotoxins like AFB1 were decontaminated at 

with higher temperature and more p rolonged exposure.
13.8 mg/L for 180 min, reducing 95.2%. T he dried figs 

The efficiency of the ozonolysis p rocess dep ends on the
had good efficacy of ozone d ue to low moisture and sun ­

concentration of ozone, exposure time, and tempera­
dried figs. In add itio n, several spices like flaked red 

tu re. O zone deco m poses quickly at temperatures higher 
pepper are also a cr itical food matrix that was contam i­

than 50°C (Diao, Hou, and Do ng 20 13) . The efficacy of
nated with few mycotoxins, The re fo re, reducing myco ­

ozone is determined by facto rs, such as treatment 
toxins characteristics like color decli ne was an essential 

method (Aq ueo us or gaseou s phase), dosage rate , and 
attribute for m arketable acceptance by consumers that 

exposure time of its app licat ion, fungal population or
may affect the market dem and. Co ntrastingly inv estiga­

contaminants, and the kind of food or feed . D ue to its 
tions showed by I rian , Pala, an d Doymaz (2007) inter­

short half-life of 20-30 m in at am bien t temperature and 
estingly shown 93% in reduction rate without a change 

7.0 pH (Khadre, Yousef, and Kim 2001) , its p ermanence 
in the color values even aft er the ozone applicat ion, and 

in the aqueous phase is in fluenced by the pH and expo ­
more reduction in levels of myco tox ins were reco rded 

sur e time. The greater the pH, the poorer is the stability 
below the levels of Tur kish Food Codex as this was 

of 0 3 (i.e., sho rter half- life) . fo r fungal an d pathogen ic 
a significant focus of the stud y in th at region. 
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microbes. minimal exposure time and dose arc needed 
to a tta in the required deactivation (Cu llen ct al. 2009; 
Gujer and von -unten 2003; Karaca and Velioglu, 
2007). Th e ozo ne application should not surpass 
a cer tain threshold level as a high ozo ne con centration 
and long exposure times can have deter iorative impacts 
on the food quality traits. The processing effici ncy is 
dependen t on fungal . pec ics, the age of culture , the 
population density, the existence of com pounds having 
demand for O~ , modes of OJ app lication (aqueous/gas­
eous), precision of procedures, and meth od to assess the 
ant imicrobial efficiency (Guzel-Seydirn, Greene, and 
Seycl im 2004). 

The mechanism of mycotoxin detoxification 
using ozone 

Mycotoxins have struc tura l d ifferences that significantly 
affect the response to ozone . The mechanism of decon­
tam ination is unkno wn for om e mycotoxins. 
Unders tand ing the mechanism(s) of mycotoxin degra­
dation by ozone will help design the best myco toxin 
degradation method to improve food safety an d [uality. 
Previous studies report that ozone reacts with the func­
tion al groups in the mycotoxin molecules, part icularl y 
const ituen ts of the cell membrane (enzymes, proteins, 
unsaturated fatty acids), cell walls (pcptidoglycans), 
cytoplasm (enzymes, nucleic acids), fungal coats, and 
virus capsids (proteins and pept idoglycan) (Guzel­
Seyd im , Greene, and Seydim 2004a; Greene, Guzcl­
Seydim, and Seydim 2012; Pirani 2010). There are pri­
marily two mod es of m ycotoxin inactivation by ozo ne. 
Firstly, sulfhydryl grou ps, amino acids of enzymes, pep ­
t ides, an d pro teins oxid ize to pro duce smaller peptides. 
Secondly, polyunsaturated fatty acids oxidize to produce 
acid peroxides. 

This interaction result s in the loss of double bonds 
and modification of molecular structur es (Wang et al., 
2016), causi ng leakage of their contents, and ultimately, 
cell death. Also, ozone causes ext nsive oxidat ion of 
integral cellula r proteins affecting gro wth and rapid 
cell lysis. The first step in mycotoxin detoxifi cation is 
th e breakdown of the cell wall (Figure 7). Following the 
initi al stage and a cycle of chem ical react ions, the lipids 
are entirely peroxidized by free radicals. The H2 mole­
cule is removed from other unsaturated fatty acids, 
resulting it the "free alkyl rad ical with an unpaired 
elect ron in a carbon atom." The peroxidation products 
alter the cell membra nes' physical att r ibutes, such as 
depo lar ization and inhibition of tran sport pro teins and 
enzyme activities. Fur ther, the weakened cell membrane 
causes oxida tion and dest ruction of am ino acid. protein, 
and nucleic acid, causing cell lysis (Greene, Guzel-

Seydim , and Seydim 2012; Marga lit ct al. 200 I; Pirani 
2010). The research dep icted that UPLC Q-TOr M~ \va~ 

a valuable ana lytic means for con for ming and detecting 
a sequence of un known by-produ cts after ozonolysis or 
mycotoxins (Luo et al., 2014c). 

When stud ied on the AFBl degradation products 
treated with aqueous ozo ne, it seems complex in species 

and min imal for the lower concentrations of each pro­
duct. UPLC Q-TO F-MS derived most of the critical 
degradation products, and their toxicity was evaluated 
ba ed on str uctu ral activity relationship. The double 
bond in the terminal fura n ring of AfB 1 got lestructed 
there by the toxicity had been sign ificantly minimized. It 
was fou nd that aqueous ozone treatment was a poten l 
ap proach for degrad ing \ 1~ B 1 (Luo et al. 2013). 

Studies illustrated that when corn with different 
moisture conten t (13.47% and 20.37%) was exposed to 
ozone at th ree var ious concentrations (40, 65, and 
90 mg/L) fo r varied ozonation time (0, 5, 10, 20, and 
40 min) unde r conditions o f 25°C and 75% R.H it was 
found that ozone can efficiently degrade AFB1. Here, the 
degradation rate enhan ces with the rise in ozone dosage 
and expusure time. ]n add ition. the moisture con tent ill 
the corn helped in having mo re contact area betwee n the 
com modity and ozo ne. Th erefore. it enhanced the 
ozone's capacity to degrade ArB 1 (Luo et al. 2014a) . 

A study on ozon olysis of aflatox in B1 ('iOO ug/rn L) in 
acetonitrile solut ion was performed with an ozone close 
of 6.28 mg/L at the flow rate of 60 mLim in for varied 
times. The results demon strated that ozo ne was an effi­
cient decon tam ination agen t due to its poten t oxidative 

function. To confirm and identify the by-products of 
ozonolysis of AFBI, th in-layer chrom atography and 
liquid chromatography-quadrupole ti me-of-flight mass 
spectra were utilized and helped in knowing the AFB I 

ozonolysis pathway. The toxicity of AFBI was substan­
tially lowered due to the loss of "the do uble bon d on -the 
term inal luran ring or the lact ne moiety on the benzene 
ring" (Diao ct al. 2012) 

Role of ozone in other mycotoxin 
decontamination technologies 

As descr ibed in the previous sections, ozone has been 
used to decontaminate mycotoxin. . Simu ltaneously, 
some othe r m ycotoxin degrada tion technologies, such 
as am monification ( helkowski et al. 1~8 1 ) . cold 
plasma, owe their effi ciency to ozone . Indeed, cold 
plasma withou t ozo ne might not be as effective as 
expected in the elimination of mycotoxins (Gavahian 
and Cullen 2020). It was previously explained how sim i­
lar the mechanisms are involved in deco n tam ination 
with ozo ne and cold plasma (Gavahian, Sarangapani , 

,
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and Misra 2021). I n th is se nse, fut ure research on cold 

plasma witho ut ozone can be in te resting to better un der­

stand the ozone percen tages contri but ing to plasma­

induced decontamination. 

Challenges associated with ozone technology 

Ozonation has conside rable an d specific deme rits. 

Ozone can also cause al tera tions in foo d o r feed , such 

as alterations in sensory att r ib utes , co lor lo ss, lip id ox i­

dation, degradation o f p henoli c com pounds , and vita­

mins (Zhu 20 18). T herefore , it is cru cial to research this 

method's effect on overall produc t q uality (Al exand re 

et al. 20 17; Li, Guan, an d Bian 20 15). Besid es, end ­

degradatio n prod ucts are undefined, wh ich is a crucial 

obstacle. Moreover. deco mposition is faster in wate r 

than in air. D ue to its uns table nature, ozo ne sho uld be 

generated near its point of ap plicat ion and should be 

kept constan t alon g the p rocess (Pankaj, Shi , and Keener 

2018)., It is highl y corros ive due to its h igh -leve l ox ida­

tion or reduction capabili ty (Garud et al., 2019; 

Pandiselvam ct al. 2019 ). T herefore, special considera­

tions should be taken no t to use m etals in ozone fu m iga­

tion systems. T he ozone tech nology to r the ind ustr ies in 

high-scale treatmen t o f var io us food matrices and feed, 

involving inpu t from multi ple d isciplines. T he ge ne ra­

tion of high co ncent rat io n ozo ne at a la rge r sca le is 

a challengin g task (Pand iselvarn et al, 2020). 

The oxida tive effect of ozone is due to ox ygen and 

highly reactive hydroxyl rad ica ls when it disso lves in 

water. T he reac tive oxygen species (ROS) reacts wit h 

organic su bstances , includi ng the human body. Ozone 

gas negatively affect s the respi rato ry tract of h um ans. 

There fore , special care m ust be take n to reduce exposure 

and dos age of ozone (Zh u 20 18). T he existe nce of reac­

tive clemen ts in wa ter affec ts th e effective ness of ozo ne 

in the aqueous phase (Srn ilan ick, 2003 ), a nd therefo re 

before ozonatio n , wat er should be pre-cond itio ne d to 

remove organic compounds through a contin uo us filt ra­

tion process. During lo ng-te rm sto rage of p rod ucts , 

gaseous ozone reacts with atmospher ic water, red ucin g 

the relative hu m id ity of air (Raila ct al. 2006 ). Hence , 

in vivo and in vitro tox ico logica l exa mi natio ns m ust be 

performed to monitor the impacts of degradation pro­

duct s o n h um ans' an d an imals ' health . 

The sensitivi ty of vit ami ns to th e applica tio n of ozo ne 

based on food and its constituent s, pl-l, and moisture 

affects the efficacy of the ozone (Pankaj, Sh i, and Keener 

2018). The d econtam ina tion of rnyco toxin s from var ­

ious fruits and vegetables hyd rophob ic surfaces requ ires 

a higher leve l of o zo nation. Ozone applicat ion m ay 
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cause loss o f n utrien ts and affect sensory qualities, 

micro bial, and und esirab le com po und deg rad atio n. 

T herefore, the op tim izat ion o f ozone p rocessing pa ra­

m ete rs with a m in im um physicochem ical effect on food 

products is significant. 

T he ozone applica tio n fo r any food p rod ucts o r post­

harvest grain sto rage sho uld be valid ated on a p ilo t scale 

before com mercial applica tion . To imp ro ve the ozo na­

tion processes, ove ra ll e fficiency is vital to carry out 

fu r ther resea rch to streng then m ore rob ust a nd co m pa ct 

systems tha t can hand le seve re environm en tal 

co nditions . 

Conclusion and future research directions 

T he in tensifying demand fo r novel tech nologies to limi t 

toxin accu mulatio n , co ntam ination, and spoilage in 

foo d co m mod ities, with zero resid ues seem s am biguo us. 

0 3 t rea tm ent may in hib it fungi ' p roli fe ra tio n, bu t its 

impacts arc high ly based o n fungal species, growth 

stage, ozone co ncentratio n, and exposure tim e. 0 .\ 

does no t co nsiderab ly increase the food processing tern ­

pera ture, It o ffers in co nsequen tial nut rien t loss or orga ­

nolep tic at t ributes of food . As a stro ng oxid izer, the 

electroph ilic attack m echanism an d rea ctivity aga inst 

u nsat ura ted chemical bo nds leads to an tim icrobial 

act ion and m ycotoxin degradation , respectively. The 

ozone applica tio n in flu id food- processin g has rem ark­

able benefits as the FD A app roves it as a sa fe antim icro ­

b ial age nt. I t has ad van tages as an environment-friendly 

deco n tam inat ing agent, recycl ing, and reusing wate r by 

red uci ng its m icrob ial load in food processin g plants and 

fresh food -like sa fe and n u trit io us foo d . Moreover , the 

limi tat ions co mpr ise its in stab ility due to quick d ecom ­

posit io n, health effects on exposure, cor ro siveness, 

dependen cy o n the dose, tim e, and tem pe rature. 

Several investigations showed that ozone could 

decrease m yco toxin levels in food matr ices w ith sign ifi­

cant exposu re and dose tim e variations. Generally, 

greater concentrat ions o f 0 3 are req u ired to red uce 

mycot oxin s than those requi red for m ycotoxigenic 

fu ng i growth su ppressio n . T he fac to rs to be co nsid ered 

while choosin g ozo ne tr eatm ent are the ph ysical sta te o f 

food , the extent of fu ngal co ntaminatio n , an d the n utr i­

tio na l componen ts in food. O ther trea tm en ts in combi­

nation with ozonation suc h as p ro tective layer coati ng 

for fru its, irr ad iat ion treatm ent for peanut, gr a ins, an d 

apple ju ice using UV, o rgan ic acids fo r pI-:! adju stm en ts 

fo r cleaning fru its, hydrosta tic p ressure treatm en t for 

cereal flo urs, and high-tem perature tr eatment for d ry 

fru its fu rther be uti lized to p reven t po st ozo ne t rea tm ent 
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contam ination, to minimize the concentration of ozone 
or t ime of exposure and to minim ize the adverse effects 
of ozone on the physicochemical attributes of the ozo­
nate d produ ct. Despite all these challenges , ozo na tion 
seems to be an advanced oxidation technology tha t may 
be utilized as safe and eco -fr ien dly to degrade mycotoxin 
and food pr eserva tion. M uch more research is required 
to address th e challenges associated with ozo ne 
techn ology. 

Fu ture studies should focus on the red uction of tox­
icological risk associated with mycotoxins contaminated 
processed commodi ties. Sta ndardization of effective 
ozonation technology with refinement in the application 
cond itions, safe delivery, cos t-efficiency, an d prevention 
of recon tamination during sto rage are needed . To screen 
the adverse heal th effects, in vivo and in vitro toxicolo­
gica l examinat ions must be performed. Ozone technol­
ogy usage in th e food processing units, storage facilities, 
an d pack houses demands alteratio ns in design and 
equipment, modification of processes, an d tra ining. 
Foo d engin eering research is needed to resolve problems 
suc h as the less penet ra tion power of ozone in gran u­
lated food m at rixes. Befor e commercial app lication, 
pilot testing m ust be co nducted since every ozone appli­
cati on is un ique . There is a nee d to establish further 
stringent regulatory controls to implement future 
insights where safety and risk assessment pr actices per­
for m an avital ro le in improving contro ls an d advisories 
for mycot oxins. Moreover, there is an utmost necessity 
of awareness and education to the pu blic and farm ers on 
the pervasiveness and risk of mycotoxins, alongside 
detoxification str ategies that can diminish toxin absorp­
tio n int o food products. 
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