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Abstract	

Mycotoxins	 are	 very	 stable	 toxic	 secondary	 metabolites	 produced	 by	 food	 contaminating	
filamentous	 fungal	 species.	 The	 variability	 of	 their	 chemical	 structure	 leads	 to	 a	 diversity	 of	
toxicities,	including	carcinogenicity,	mutagenicity,	teratogenicity,	neurotoxicity	and	the	immune	
and	endocrine	disruption.	Today,	25%	of	the	global	cereal	stock	is	contaminated	with	mycotoxins	
and	unsuitable	for	consumption,	which	results	 in	enormous	economic	losses.	The	incidence	of	
mycotoxin	food	contamination	is	growing,	and	is	problematic	since	it	represents	one	of	the	main	
dietary	risks.	The	increasing	trend	of	mycotoxigenic	fungi	is	mostly	attributed	to	massive‐scale	
food	production,	incorrect	practices	and	handling	of	the	food	during	harvest	time,	transport	and	
storage,	 and	climate	 change.	Although	 the	agriculture	and	 food	 industry	have	explored	a	vast	
number	of	possible	preventative	 and	decontamination	approaches,	 the	problem	of	mycotoxin	
contamination	remains	unresolved.	Thus,	the	development	of	a	new	and	more	effective	method	
is	necessary.	

In	this	thesis,	non‐equilibrium	cold	atmospheric	pressure	plasma	ሺCAPሻ	is	explored	as	a	new	
promising	 approach	 for	 the	 decontamination	 of	 mycotoxins	 and	 inactivation	 of	 moulds.	 To	
achieve	 this,	 a	 highly	 efficient	 CAP	 system	 based	 on	 a	 surface	 barrier	 discharge	 ሺSBDሻ	 using	
ambient	 air	 as	 a	 carrier	 gas	 was	 applied	 for	 the	 decontamination	 of	 aflatoxins	 ሺAFሻ,	
trichothecenes,	fumonisins	and	zearalenone.	CAP	decontamination	efficiency	was	compared	to	
commonly	 used	 ultraviolet	 C	 ሺUV‐Cሻ	 irradiation	 and	 thermal	 treatment.	 Simultaneously,	 CAP	
mould	inactivation	potential	was	investigated	with	a	focus	on	mould	species	Aspergillus	flavus.	
Both	 direct	 exposure	 to	 the	 gaseous	 plasma	 and	 plasma‐activated	 liquid	 broth	 ሺPABሻ	 were	
compared	 to	 the	 conventional	 disinfectant	 Virkon®.	The	physical‐chemical	 properties	 of	 CAP	
were	evaluated,	 the	degradation	of	aflatoxin	B1	ሺAFB1ሻ	was	studied	 in	detail	 to	determine	 the	
possible	degradation	products	and	pathways,	and	toxicity	testing	was	performed.		

It	was	demonstrated	that	CAP	treatment	of	mycotoxins	led	to	either	their	complete	removal	
or	reduction	to	a	concentration	below	the	maximum	levels	allowed	in	selected	food	products.	The	
decontamination	performance	was	found	to	be	an	order	of	magnitude	higher	in	comparison	to	
UV‐C	irradiation	and	thermal	treatment.	Moreover,	the	direct	treatment	with	CAP	successfully	
inactivated	the	spores	of	A.	flavus.	Under	comparable	experimental	conditions,	no	inactivation	
was	observed	after	the	exposure	of	A.	flavus	to	a	standard	1%	solution	of	Virkon®.	However,	PAB	
did	 not	 show	 the	 efficacy	 comparable	 to	 the	 direct	 treatment	 as	 a	 result	 of	 the	 intense	
hydrophobic	 properties	 of	 the	 surface	 of	 fungal	 spores.	 Analysis	was	 performed	 on	 the	 CAP‐
generated	 reactive	 oxygen	 and	 nitrogen	 species	 ሺRONSሻ	 and	 it	 was	 determined	 that	 they	
contributed	the	most	to	its	decontamination	and	inactivation	effect,	excluding	thermal	effect	and	
plasma‐induced	release	of	UV	photons.	A	detailed	analysis	of	CAP	RONS‐induced	degradation	of	
AFB1	demonstrated	that	the	process	was	initiated	through	scission	of	the	vinyl	bond	between	C8	
and	C9	and	continued	through	multiple	pathways,	resulting	in	the	loss	of	the	AFB1	toxicity.		

Lastly,	the	presented	PhD	thesis	provides	the	proof‐of‐concept	of	CAP	removal	of	mycotoxin	
contamination,	 which	 has	 the	 enormous	 potential	 for	 integration	 into	 already	 existing	 food	
production	lines	as	a	new	highly‐efficient	and	safe	method	for	decontamination.	
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Povzetek	

Mikotoksini	 so	 zelo	 stabilni	 toksični	 sekundarni	 metaboliti	 nitastih	 gliv,	 ki	 povzročajo	
onesnaženje	 živil.	 Zaradi	 zelo	 raznolike	 kemijske	 zgradbe	 različnih	 vrst	 mikotoksinov	 le‐ti	
predstavljajo	 različne	 potencialne	 nevarnosti	 za	 človeka,	 saj	 so	 lahko	 rakotvorni,	 mutageni,	
teratogeni,	 nevrotoksični	 in	 povzročajo	 motnje	 imunskega	 in	 hormonskega	 sistema.	 Z	
mikotoksini	 naj	 bi	 bilo	 onesnaženih	 kar	 25	%	 svetovnih	 zalog	 žita,	 ki	 so	 zato	 neprimerne	 za	
zaužitje.	 To	 posledično	 povzroča	 ogromne	 izgube	 v	 gospodarstvu.	 Pojavnost	 onesnaženja	 z	
mikotoksini	 nepretrgoma	 raste,	 zato	 predstavlja	 enega	 izmed	 najbolj	 zaskrbljujočih	
onesnaževalcev	 hrane.	 Prav	 tako	 narašča	 prisotnost	 mikotoksigenskih	 plesni	 v	 hrani,	 kar	 je	
posledica	 vse	 večje	 proizvodnje	 hrane,	 nepravilnih	 praks	 pri	 ravnanju	 s	 hrano	 v	 času	 žetve,	
prevoza	in	skladiščenja	ter	celo	podnebnih	sprememb.	Čeprav	kmetijstvo	in	živilska	industrija	
nudita	 številne	 preventivne	 in	 dekontaminacijske	 ukrepe,	 težave,	 povezane	 z	 mikotoksini,	
ostajajo	 nerešene.	 Zato	 je	 potreben	 razvoj	 nove	 metode	 za	 zmanjšanje	 onesnaženja	 hrane	 s	
pomočjo	učinkovitejše	dekontaminacije.	

Predložena	 doktorska	 disertacija	 temelji	 na	 uporabi	 tehnologije	 neravnovesnih	 hladnih	
plazem	pri	atmosferskem	tlaku	ሺ»cold	atmospheric	pressure	plasma«	–	CAPሻ,	ki	se	je	izkazala	kot	
obetaven	 način	 za	 razgradnjo	 mikotoksinov	 in	 uničenje	 plesni.	 Plazemske	 obdelave	 v	 tej	
disertaciji	 temeljijo	 na	 uporabi	 površinske	 razelektritve	 ሺ»surface	 barrier	 discharge«	 –	 SBDሻ	
zraka.	 Obdelave	 so	 potekale	 na	 različnih	 vrstah	 mikotoksinov,	 med	 drugim	 na	 aflatoksinih,	
trihotecenih,	fumonizinih	in	zearalenonu.	Učinkovitost	dekontaminacije	s	plazmo	smo	primerjali	
z	 ultravijoličnim	 ሺUV‐Cሻ	 obsevanjem	 in	 toplotno	 obdelavo,	 torej	metodama,	 ki	 se	 že	 rutinsko	
uporabljata	v	živilski	industriji.	Istočasno	smo	raziskovali	tudi	fungicidno	aktivnost	plazme.	V	ta	
namen	smo	plesen	vrste	Aspergillus	flavus	neposredno	izpostavljali	plinski	fazi	plazme	in	tudi	
plazemsko	aktiviranemu	tekočemu	gojišču	ሺ»plasma‐activated	broth	–	PABሻ.	Učinkovitost	smo	
primerjali	 s	 komercialnim	 razkužilnim	 sredstvom	 Virkon®.	 S	 pomočjo	 predhodno	 določenih	
fizikalno‐kemijskih	 lastnosti	 in	 kemijske	 sestave	 CAP	 smo	 podrobno	 raziskali	 razgradno	 pot	
mikotoksinov	 na	 primeru	 aflatoksina	 B1	 ሺAFB1ሻ,	 pri	 čemer	 smo	 natančno	 določili	 sestavo	
pomembnih	produktov	razgradnje	ter	testirali	njihovo	toksičnost.	

Pokazali	 smo,	 da	 je	 obdelava	 s	 hladno	 plazmo	 pri	 atmosferskem	 tlaku	 bodisi	 popolnoma	
odstranila	 tretirane	 mikotoksine	 bodisi	 znižala	 njihove	 koncentracije	 pod	 dovoljeno	 mejno	
vrednost	vsebnosti	 v	 izbranih	živilih.	Dekontaminacija	 s	CAP	 je	bila	občutno	bolj	učinkovita	v	
primerjavi	z	UV‐C	obsevanjem	ali	 toplotno	obdelavo.	Prav	tako	 je	neposredna	obdelava	s	CAP	
plinsko	 fazo	uspešno	 inaktivirala	spore	A.	 flavus	 in	povzročila	zmanjšanje	števila	novo	zraslih	
kolonij	za	~	5	log.	Pri	primerljivih	eksperimentalnih	pogojih	obdelava	s	standardno	uporabljeno	
1	%	raztopino	Virkon®	ni	povzročila	sprememb	v	številu	novo	zraslih	kolonij	plesni.	V	nasprotju	
z	neposredno	obdelavo	plazemsko	obdelano	gojišče	ni	pokazalo	izrazitih	fungicidnih	učinkov,	kar	
je	posledica	hidrofobnih	lastnosti	površine	zelo	odpornih	spor	plesni.	Podrobna	analiza	plazme	
je	 pokazala,	 da	 so	 za	 dekontaminacijske	 in	 inaktivacijske	 lastnosti	 hladne	 plazme	 pri	
atmosferskem	 tlaku	 najbolj	 zaslužene	 plazemsko	 proizvedene	 reaktivne	 kisikove	 in	 dušikove	
vrste	ሺ»reactive	oxygen	and	nitrogen	species«	–	RONSሻ.	Izkazalo	se	je	tudi,	da	imajo	plazemsko	
povzročeno	povišanje	temperature	in	plazemski	UV	fotoni	pri	tem	zanemarljiv	učinek.	Reaktivne	
kisikove	and	dušikove	vrste	so	tako	povzročile	razpad	AFB1,	ki	se	je	začel	pri	dvojni	vezi	med	C8	
in	C9.	Temu	je	sledila	nadaljnja	razgradnja	po	različnih	poteh.	Na	podlagi	tega	je	bila	toksičnost	
AFB1	odpravljena	že	po	zelo	kratkih	časih	obdelave.	

Doktorska	 disertacija	 tako	 predstavlja	 preizkus	 koncepta	 novega	 pristopa,	 ki	 temelji	 na	
sistematično	pridobljenih	rezultatih	dekontaminacije	mikotoksinov	z	uporabo	hladne	plazme	pri	
atmosferskem	tlaku	in	na	ta	način	metodo	postavlja	korak	bližje	k	varni	uporabi	za	industrijsko	
predelavo	živil.		
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Chapter	1	

1 Introduction	

1.1 Atmospheric	Pressure	Plasma	as	a	New	Decontamination	Tool	
Plasma	as	the	fourth	state	of	matter	is	defined	as	a	quasi‐neutral	ionised	gas,	which	is	composed	
of	neutral	and	excited	atoms	and	molecules,	ions,	free	electrons	and	photons,	as	well	as	radicals	
and	 other	 reactive	 species	 ሾ1ሿ.	 Non‐equilibrium	 cold	 atmospheric	 pressure	 plasmas	 ሺCAPሻ	
operate	close	to	room	temperature;	hence,	they	can	be	used	for	the	treatment	of	the	sensitive	
matter,	such	as	living	tissues,	cells	and	polymeric	materials.	Plasmas	are	also	widely	studied	as	a	
new	tool	 for	sterilisation	of	microbial	pathogens	and	degradation	of	toxic	agents	 from	various	
surfaces,	 removal	 of	 pollutants	 in	 water,	 cancer	 treatment	 and	 many	 other	 domains	 in	
environmental,	medical,	biological,	and	nanotechnology	areas	ሾ2,	3ሿ.	The	universal	applicability	
of	 CAP	 technology	 is	 supplemented	 by	 its	 low‐cost	 and	 easy	 to	 use	 nature,	 which	 leaves	 a	
negligible	burden	on	the	environment.	In	light	of	this,	the	purpose	of	the	research	topic	included	
in	this	thesis	is	to	investigate	the	potential	of	CAP	to	decontaminate	mycotoxins,	which	represent	
one	of	the	most	important	global	dietary	risks.	

This	chapter,	 therefore,	provides	an	 insight	 into	 the	fields	of	 interest	of	 the	thesis,	starting	
with	 the	 exploration	 of	 the	 problem	 of	 mycotoxin	 food	 contamination	 in	 Section	 1.2,	 and	
introduction	 into	 non‐equilibrium	 atmospheric	 pressure	 plasma	 fundamentals	 in	 Section	 1.3.	
Following	this,	 the	motivation	of	the	thesis	 is	presented	in	Section	1.4	with	the	objectives	and	
outline	highlighted	in	Section	1.5.	

1.2 The	Problem	of	Food	Contamination	with	Naturally	Occurring	Toxins	
The	environment	consists	of	components	such	as	air,	water,	soil	and	food,	which	strongly	affect	
the	quality	of	life	and	represent	a	point	of	potential	contamination.	Food	is	an	essential	source	of	
energy	and	nutrition	for	all	living	organisms,	including	harmful	microbial	pathogens.	Known	to	
contaminate	a	variety	of	different	 food	products	 regularly,	 they	can	 lead	 to	 food	spoilage	and	
consequent	foodborne	diseases.	Besides,	food	can	also	contain	naturally	occurring	toxins,	which	
refers	 to	 all	 toxic	 compounds	 produced	 by	 living	 organisms	 such	 as	 plants,	 animals,	 algae,	
microorganisms	 and	 fungi.	 Toxins	 have	 blighted	 mankind	 for	 centuries	 since	 spoiled	 and	
contaminated	food	has	led	to	many	accidental	poisonings,	many	cases	of	which	have	resulted	in	
death.	On	the	contrary,	many	toxins	are	considered	as	beneficial	medical	compounds	used	for	a	
variety	of	health	conditions	ሾ4ሿ.		

Today,	the	toxicity	and	the	risks	of	naturally	occurring	toxins	are	well	explored.	However,	the	
food	and	agriculture	industries	are	still	facing	severe	losses	related	to	food	contamination.	One	of	
the	main	sources	of	food	spoilage	are	moulds,	capable	of	producing	mycotoxins	with	severe	and	
harmful	effects	on	 the	health	of	humans	and	animals	 ሾ5‐7ሿ.	Pathogenic	 filamentous	species	of	
fungi	are	responsible	 for	significant	yield	 losses	of	crops,	which	have	a	huge	economic	 impact	
within	the	food	industry	and	globalised	supply	chain	of	foods	such	as	maize,	wheat,	nuts,	barley,	
cottonseed	and	coffee.	It	is	estimated	that	around	25	%	of	the	global	cereal	stock	is	affected	by	
mycotoxins	and	therefore	unsuitable	for	consumption	ሾ8,	9ሿ.	There	is	no	direct	data	on	the	annual	
economic	burden	resulting	from	mycotoxin	contamination	within	the	countries	of	the	European	
Union	 ሺEUሻ.	Nevertheless,	 according	 to	 the	 study	 of	Mitchell	 et	 al.	 ሾ10ሿ,	 it	was	 estimated	 that	
aflatoxin	contamination	in	United	States	of	America	ሺUSAሻ	alone	could	cause	losses	in	the	maize	
industry	ranging	from	52	million	to	1.7	billion	US	Dollars	annually.	Additionally,	more	than	half	
of	the	world	population	is	chronically	exposed	to	the	mycotoxin	aflatoxin	B1	ሺAFB1ሻ,	a	harmful	
group	 1	 carcinogen,	 which	 is	 considered	 as	 the	 most	 potent	 natural	 carcinogen.	 AFB1	 is	
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responsible	for	up	to	155,000	cases	of	hepatocellular	carcinoma	ሺHCCሻ	liver	cancer,	most	of	which	
will	result	in	mortality	within	several	months	of	diagnosis	ሾ11,	12ሿ.		

The	 growing	 trend	 of	 mycotoxin	 contamination	 is	 assumed	 to	 be	 an	 unstoppable	 and	
unpredictable	problem.	Mostly,	the	mycotoxin	occurrence	may	be	attributed	to	improper	harvest	
scheduling	 and	 post‐harvest	 and	 storage	 handling	 of	 the	 food	 ሾ13ሿ.	However,	mycotoxins	 are	
often	found	on	food	where	good	agricultural,	processing,	storage	and	transport	practices	have	
been	carried	out.	Moreover,	recent	studies	have	revealed	that	there	is	a	correlation	between	the	
increased	 presence	 of	mycotoxins	 and	 recent	 climate	 changes	 ሾ14,	 15ሿ.	 Parameters	 including	
increased	 temperature,	 moisture	 levels	 and	 plant	 stress‐related	 response	 stimulate	 fungal	
growth	 and	 the	 production	 of	mycotoxins	 ሾ16ሿ.	Moreover,	 climate	 change	 impacts	 the	 global	
economy,	where	food	is	transported	long	distances	from	the	producer	to	the	consumer.	These	
issues	include	changes	in	local	climate,	transport	and	long	storage	times	which	all	contribute	to	
increased	food	contamination	ሾ17ሿ.	

Strict	legislation	and	regulatory	guidelines	to	control	the	major	classes	of	mycotoxins	in	food	
and	 feed	were	adopted	by	many	countries	worldwide,	which	was	recognised	and	accepted	by	
public	health	and	governmental	authorities,	including	European	Food	Safety	Authority	ሺEFSAሻ,	
Food	 and	 Drug	 Administration	 ሺFDAሻ,	 Food	 and	 Agriculture	 Organization	 ሺFAOሻ	 and	 World	
Health	Organization	 ሺWHOሻ	 ሾ18‐20ሿ.	 Slovenia	 as	 a	member	of	 the	 EU	 is	managing	 the	official	
control	 of	mycotoxins	 in	 important	 food	 products	 since	 2008	 ሾ21ሿ.	 The	 agriculture	 and	 food	
industry	apply	several	decontamination	approaches	that	can	typically	be	divided	into	physical,	
chemical	and	biological	methods.	The	current	trends	in	food	processing	demand	the	use	of	non‐
thermal	 techniques	with	minimal	 influence	 on	 the	 quality	 and	 organoleptic	 properties	 of	 the	
treated	food.	Consequently,	methods	such	as	ultraviolet	ሺUVሻ	and	gamma	irradiation,	ozonation	
and	pulsed	light	treatment	have	been	explored.	Nevertheless,	presently	available	measures	do	
not	achieve	satisfactory	decontamination	efficiencies	meaning	a	vast	amount	of	food	that	would	
be	otherwise	fit	for	consumption	is	being	discarded	annually	ሾ13ሿ.		

1.1.1 Mycotoxins	

Mycotoxins	 occupy	 400	 different	 variations	 in	 chemical	 structure.	 They	 are	 produced	 by	
filamentous	 fungi	which	belong	to	phylum	Ascomycota.	The	major	 fungi	causing	 frequent	and	
problematic	 contamination	 of	 food	 and	 feeds	 with	 mycotoxins	 belong	 to	 fungal	 genera	
Aspergillus,	 Penicillium,	 Fusarium,	 Claviceps	 and	 Alternaria.	 The	 term	 mycotoxin	 is	 used	
exclusively	 for	 fungi	 related	 to	 food	 products	 and	 animal	 feed,	 excluding	 toxins	 produced	 by	
mushrooms	ሾ22ሿ.		

Vertebrate	animal	species	are	the	most	vulnerable	to	intoxication	by	mycotoxins,	which	may	
enter	 the	organism	by	 ingestion,	 inhalation	or	skin	contact.	Once	 in	 the	body,	mycotoxins	are	
responsible	for	later	events	of	health	complications	known	as	mycotoxicosis.	The	outbreaks	of	
such	 diseases	 strongly	 depend	 on	 the	 season	 of	 the	 year	 and	 the	 type	 of	 crops.	 Besides,	
mycotoxins	 can	 cause	 a	 broad	 range	 of	 toxicities,	 including	 carcinogenicity,	 mutagenicity,	
teratogenicity,	neurotoxicity	and	endocrine	and	immune	disruption	ሾ23ሿ.	Mycotoxins	can	appear	
in	the	food	chain	due	to	crop	infection,	either	by	being	consumed	directly	by	humans	or	through	
livestock	feed	appearing	in	meat,	milk	or	eggs	ሾ24ሿ.		

In	respect	to	their	similarity	in	chemical	structure,	mycotoxins	are	divided	into	several	major	
classes.	 Aflatoxins	 ሺAFsሻ	 are	 deemed	 the	 most	 toxic	 members	 of	 mycotoxins.	 They	 include	
aflatoxin	B1,	B2,	G1	and	G2	ሺAFB1,	AFB2,	AFG1	and	AFG2ሻ,	regarding	their	fluorescence	colour	under	
ultraviolet	light	ሺB	for	blue	and	G	for	greenሻ	and	their	thin	layer	chromatography	mobility.	The	
main	AFs	producer	is	Aspergillus	spp.,	with	Aspergillus	flavus	and	Aspergillus	Parasiticus	as	a	
prevailing	mould	species	ሾ25ሿ.	Normally,	they	contaminate	food	products	like	cereals,	seeds,	nuts	
and	spices.	The	contamination	can	occur	before	harvest	in	the	field	or	after	the	harvest	when	the	
food	products	are	stored	under	fungal	favourable	conditions.	Chemically	they	belong	to	the	group	
of	difuranocoumarins.	AFB1	 is	considered	to	be	 the	most	 toxic	aflatoxin.	Once	 in	 the	 liver	 it	 is	
metabolized	to	AFB1‐8,9‐exo‐epoxide,	which	interacts	with	DNA,	resulting	in	the	development	of	
cancer	ሾ26ሿ.	When	metabolized	in	the	liver	via	cytochrome	P450‐associated	enzymes,	AFB1	can	
be	 transformed	 in	 monohydroxylated	 derivate	 known	 as	 aflatoxin	 M1	 ሺAFM1ሻ.	 When	 AFB1	
contaminated	food	is	ingested	by	mammals,	AFM1	is	excreted	mostly	into	the	milk	ሾ27ሿ.		

Trichothecenes	are	a	 large	group	of	around	170	different	metabolites.	The	most	 important	
members	 are	 deoxynivalenol	 ሺDONሻ,	 nivalenol	 ሺNIVሻ,	 toxin	 T‐2,	 toxin	 HT‐2	 and	
diacetoxyscirpenol	 ሺDASሻ.	 Generally,	 they	 are	 produced	 by	 Fusarium	 spp.,	Myrothecium	 spp.,	
Phomopsis	 spp.,	 Stachybotrys	 spp.,	 Trichoderma	 spp.,	 Trichotecium	 spp.,	 and	
Verticimonosporium	spp.	All	of	them	are	soil	fungi	and	are	important	plant	pathogens	in	warm	
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climates,	mainly	infesting	the	crops	in	the	field	ሾ28ሿ.	All	members	of	this	mycotoxin	group	contain	
a	tetracyclic‐12,13‐epoxy	trichothene	skeleton.	Their	toxic	activity	is	based	on	their	ability	to	bind	
to	60s	ribosomal	subunit,	which	inhibits	the	process	of	the	initiation,	elongation	and	termination	
during	the	protein	synthesis.	Trichothecenes	were	also	one	of	the	first	compounds,	which	were	
proven	to	be	involved	in	the	inhibition	of	the	peptidyl	transferase	activity.	In	addition,	they	can	
also	inhibit	DNA	and	RNA	synthesis	ሾ29ሿ.		

Fumonisins	 can	 be	 found	 in	 28	 different	 chemical	 forms,	with	B	 series	 ሺFBsሻ	 as	 the	most	
important	group.	They	are	mostly	produced	by	Fusarium	species	from	Liseola	section	with	the	
Fusarium	 verticillioides	 ሺsyn.	 Fusarium	 moniliformeሻ	 and	 Fusarium	 proliferatum	 as	 main	
producers,	 which	 commonly	 contaminate	 maize	 and	 maize	 products,	 especially	 in	 warmer	
regions	with	relatively	high	humidity	ሾ30ሿ.	FB1	is	the	prevalent	fumonisin,	chemically,	recognized	
as	 1,2,3‐propanetricarboxylic	 acid,	 or	 as	 1,10‐ሾ1‐ሺ12‐amino‐4,9,11‐trihydroxy‐2‐
methyltridecylሻ‐2‐ሺ1‐methylpentylሻ‐1,2‐ethanediylሿester.	FBs	are	known	to	strongly	inhibit	the	
enzyme	ceramide	ሺCERሻ	synthase,	which	is	involved	in	catalysis	of	the	acylation	of	sphinganine	
ሺSaሻ	and	recycling	of	sphingosine	ሺSoሻ.	This	leads	to	increased	concentrations	of	intracellular	Sa	
and	other	sphingoid	bases	that	are	known	to	induce	the	cytotoxic	effects	ሾ31ሿ.		

Ochratoxin	 A	 ሺOTAሻ	 is	 the	 prevalent	 ochratoxin	 ሺOTሻ,	mainly	 produced	 by	mould	 species	
Aspergillus	ochraceus,	which	contaminates	a	wide	range	of	crops	as	well	as	fruits.	Thus,	OTA	can	
be	 found	 in	 beverages	 such	 as	 beer	 and	 wine	 ሾ32ሿ.	 OTs	 are	 made	 of	 polyketide‐derived	
dihydroisocoumarin	moiety	which	is	bound	to	L‐β‐phenylalanine	via	its	12‐carboxyl	group	by	an	
amide	bond.	Once	ingested	in	the	organism,	OTA	is	mostly	associated	with	nephrotoxic	effects.	
Some	 studies	 suggest	 that	 OTA	 can	 produce	 oxidative	 stress	 and	 damage	 DNA.	 Moreover,	
electrophilic	 metabolites	 of	 OTA	 can	 bind	 to	 nucleotide	 bases,	 potentially	 resulting	 in	
mutagenicity	and	carcinogenicity	ሾ33ሿ.	

Fusarium	species	are	also	known	for	the	production	of	zearalenone	ሺZENሻ	and	its	two	most	
important	derivates	a‐zearalenol	ሺa‐ZENሻ	and	b‐zearalenol	ሺb‐ZENሻ.	ZEN	is	a	6‐ሺ10‐Hydroxy‐6‐
oxo‐trans‐1‐undecenylሻ‐β‐resorcylic	 acid	 lactone.	 Given	 that	 its	 chemical	 structure	 holds	 a	
resemblance	to	the	human	sex	hormone	17β‐estradiol	 it	 is	able	to	bind	to	estrogen	receptors,	
resulting	in	reproduction	problems	in	both	humans	and	livestock	ሾ34ሿ.		

Ergot	 alkaloids	 ሺEAsሻ	 are	 produced	 by	 Claviceps	 spp.	which	may	 be	 found	 in	 a	 variety	 of	
economically	 important	grains.	The	main	representatives	of	EAs	are	ergometrine,	ergotamine,	
ergosine,	ergocristine,	ergocryptine,	ergocornine	and	the	corresponding	“–inine”	epimers.	All	of	
these	compounds	contain	a	tetracyclic	ergoline	ring,	which	belongs	to	the	group	of	tryptophan‐
derived	alkaloids.	Generally,	EAs	are	known	to	react	with	numerous	neurotransmitter	receptors,	
resulting	 in	 conditions	 like	 ischemia,	 decreased	 body	 gain	 and	 changes	 in	 the	 levels	 of	 some	
hormones.	 Unlike	 other	mycotoxins,	 EAs	 do	 not	 produce	 carcinogenic	 effects,	 however	 some	
studies	indicated	they	could	work	as	cytostatic	agents	ሾ35ሿ.		

Due	to	the	antimicrobial	properties,	patulin	ሺPATሻ	was	first	used	as	nose	and	throat	spray	to	
treat	the	common	cold	and	as	an	ointment	to	treat	skin	infections.	As	many	later	studies	revealed	
its	relation	to	toxic	effects	to	animals	and	plants,	it	was	removed	from	the	sale	and	prohibited	for	
use.	The	most	problematic	is	the	production	of	PAT	by	Penicillium	expansum	which	contaminates	
apples	and	apple	products.	PAT	is	a	toxic	lactone	with	its	chemical	name	4‐hydroxy‐4H‐furoሾ3,2‐
cሿpyran‐2ሺ6Hሻ‐one.	 It	 is	 able	 to	 produce	 a	 variety	 of	 toxicities,	 including	 cytotoxicity,	
mutagenicity,	inhibition	of	the	enzymes	and	disruption	of	the	immune	system	ሾ36ሿ.		

Altertoxins	I	and	II	ሺATX‐I	and	IIሻ,	Alternariol	ሺAOHሻ,	alternariol	monomethyl	ether	ሺAMEሻ,	
tenuazonic	acid	and	 iso‐tenuazonic	acid	 ሺTeA,	 iso‐TeAሻ,	 tentoxin	ሺTENሻ,	altenuene	ሺALTሻ,	and	
AAL‐toxins	are	the	members	of	the	mycotoxin	group	altertoxins	produced	by	the	moulds	from	
Alternaria	spp.	Most	commonly,	they	contaminate	food	such	as	fruit	and	fruit	derived	products,	
cereals,	 vegetable	 oil	 and	 tomato‐based	 products	 ሾ37ሿ.	 There	 are	 three	 different	 structural	
variations	 of	 altertoxins:	 the	 dibenzopyrone	 derivatives	 ሺAOH,	 AME,	 ALTሻ,	 the	 perylene	
derivatives	ሺALTX‐I	and	IIሻ	and	the	tetramic	acid	derivatives	ሺTeA	and	iso‐TeAሻ.	At	the	moment,	
no	regulation	is	prescribed	to	control	altertoxins.	However,	there	is	a	strong	urgency	to	change	
this	in	the	future,	since	many	recent	studies	revealed	that	altertoxins	are	able	to	produce	toxic	
effects,	such	as	mutagenicity	and	teratogenicity	ሾ38ሿ.	

1.3 Fundamentals	of	Cold	Non‐Equilibrium	Atmospheric	Pressure	Plasma		
Matter	can	occupy	different	states;	a	solid,	liquid	and	gaseous	state.	The	fourth	state	is	plasma,	
which	 is	 the	prevailing	 state	 of	matter	 in	 the	 universe	 ሾ39ሿ.	 In	principle,	 if	 a	 gas	 is	 heated	or	
exposed	to	an	electrical	field,	the	free	electrons	are	accelerated.	These	accelerated	and	energetic	
electrons	can	collide	with	gaseous	molecules,	resulting	in	the	formation	of	other	species,	such	as	
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ions.	The	collision	of	these	electrons	with	the	background	neutral	atoms	and	molecules	results	in	
the	different	processes	including	ionisation,	dissociation,	and	excitation,	which	further	lead	to	the	
production	of	other	accelerated	electrons	and	species.	These	processes	induce	the	chain	reaction	
of	further	collisions,	and	the	mixture	of	molecules,	neutral	atoms,	excited	molecules,	molecular	
ions,	atomic	ions,	other	excited	particles,	photons	and	electrons	is	formed,	known	as	plasma	ሾ40ሿ.		

From	a	technological	point	of	view,	plasmas	are	generally	used	for	the	treatment	of	material	
surfaces,	including	plasma	sputtering,	etching,	implantation,	thin	film	deposition,	polymerisation,	
functionalisation,	and	many	others.	Such	processes	are	carried	out	in	low‐pressure	plasmas	as	
well	as	at	atmospheric	pressure	conditions	ሾ41ሿ.	Low‐pressure	plasmas	have	been	widely	used	
for	 applications	 such	 as	material	 processing	 and	 are	 very	 important	 in	 the	manufacturing	 of	
semiconductor	devices.	Their	main	advantages	relate	to	their	ability	to	generate	high	energetic	
plasma	ions,	which	are	uniformly	distributed	throughout	the	whole	substrate	area	ሾ40ሿ.	However,	
the	vacuum	systems	and	their	maintenance	are	expensive,	and	the	size	of	the	treated	object	is	
limited	 to	 the	 size	 of	 the	 vacuum	 chamber.	Moreover,	 the	 low‐pressure	 conditions	 cannot	 be	
applied	 for	 the	materials	 containing	 water	 which	 is	 a	 case	 for	 the	majority	 of	 the	 biological	
samples	ሾ41ሿ.	

The	 use	 of	 atmospheric	 pressure	 plasma	 technology	 avoids	 the	 disadvantages	 of	 vacuum	
systems.	Atmospheric	pressure	plasma	can	consist	of	electrons	and	heavy	particles	ሺi.e.	atoms,	
molecules	 and	 ionsሻ	 with	 equivalent	 kinetic	 energies,	 meaning	 that	 they	 are	 in	 thermal	
equilibrium.	Such	plasmas	are	recognised	as	plasma	arcs,	which	are	typically	very	hot	ሺT	൐	5000	
Kሻ	ሾ42ሿ.	At	such	temperatures,	the	thermal	effect	of	plasma	is	comparable	to	its	chemical	effect.	
In	 contrast,	 the	 particles	 in	 plasma	 may	 also	 reach	 the	 state,	 where	 the	 electrons	 have	
considerable	 higher	 kinetic	 energies,	 whereas	 atoms,	 molecules	 and	 ions	 reach	 considerably	
lower	 temperatures.	 Such	 plasmas	 are	 called	 thermally	 non‐equilibrium	 plasmas.	 The	 gas	
temperature	of	‘hot’	non‐equilibrium	plasmas	such	as	gliding	arcs	and	plasma	torches	can	rise	to	
4000	 K,	 with	 electron	 energies	 only	 104	 K	 ሺ1eVሻ.	 Highly	 non‐equilibrium	 plasmas	 contain	
electrons	with	high	kinetic	energies,	i.e.	105	K	ሺ10	eVሻ.	Due	to	their	low	gas	temperature	ሺ300	–	
400	Kሻ	they	are	also	acknowledged	as	‘cold’	atmospheric	pressure	plasmas	ሺCAPሻ,	which	opens	
up	the	possibility	to	use	them	for	the	treatment	of	the	materials	sensitive	to	heat.	As	such,	they	
possess	the	potential	to	be	used	as	a	new	tool	in	the	field	biology,	medicine,	environmental	and	
food	technology	ሾ43ሿ.	They	appear	to	cause	imperceptible	damage	to	treated	substrates,	like	cells	
and	 living	 animal	 or	 plant	 tissues,	 but	 on	 the	 other	 hand,	 they	 are	 capable	 of	 completely	
deactivating	 harmful	 agents	 like	 pathogen	 bacteria	 or	 toxic	 pollutants	 ሾ3ሿ.	 Given	 that	 their	
composition	and	temperature	are	adjustable,	a	variety	of	CAP	sources	have	been	designed	and	
constructed,	 including	the	set‐ups	such	as	 frequently	used	plasma	 jets	and	barrier	discharges.	
Each	type	of	source	is	capable	of	generating	unique	plasma	chemistry.	Short‐lived	species	are	the	
most	important	in	the	direct	gaseous	treatments,	especially	where	treated	surface	acts	as	one	of	
the	electrodes,	whereas	the	remote‐indirect	plasma	treatment	mostly	depends	on	the	generation	
of	more	neutral	and	long‐lived	reactive	oxygen	and	nitrogen	species	ሺRONSሻ	ሾ44ሿ.	

Atmospheric	 pressure	 plasma	 jets	 ሺAPPJሻ	 are	 typically	 composed	 of	 a	 gas	 nozzle,	 which	
contains	 one	 or	 two	 electrodes.	 After	 the	 ignition,	 plasma	 is	 generated	 inside	 the	 nozzle	 and	
transported	 to	 the	 outside	 environment.	 APPJs	 can	 vary	 in	 type	 of	 the	 carrier	 gas,	 applied	
electrical	 operating	 parameters,	 electrode	 configuration	 and	 design.	 They	 can	 also	 be	 used	
remotely,	where	plasma	effluent	 in	 the	nozzle	mainly	consists	of	 reactive	species.	 In	contrast,	
expanding	plasma	in	direct	APPJ	treatment	encloses	free	and	high	energetic	electrons.	In	such	
configurations,	the	treated	substrate	represents	a	second	or	third	electrode	ሾ2ሿ.		

Barrier	discharges	ሺBDsሻ	are	defined	by	at	least	one	isolating	layer	in	the	discharge	gap.	One	
variation	of	the	BD	is	a	volume	barrier	discharge	with	two	electrodes	and	at	least	one	insulating	
layer	forming	the	discharge	gap.	One	of	the	electrodes	can	be	a	substrate,	which	is	then	directly	
exposed	to	plasma	ሾ3ሿ.	Another	type	of	BD	configuration	is	represented	by	the	surface	barrier	
discharge	ሺSBDሻ,	where	both	of	the	electrodes	are	in	contact	with	the	insulating	barrier.	In	this	
case,	 the	 treated	 subject	 is	 not	 a	 part	 of	 the	 configuration;	 thus,	 the	 SBD	 enables	 an	 indirect	
treatment	 of	 the	 substrate.	 SBD	 configurations	 have	 the	 potential	 for	 decontamination	 or	
sterilisation	of	large‐area	surfaces	and	are	highly	scalable	ሾ45ሿ.	With	the	generation	of	uniform	
concentrations	 of	 RONS	 throughout	 the	 entire	 treatment	 area,	 these	 systems	 are	 especially	
relevant	for	the	decontamination	and	inactivation	purposes	in	food	processing	ሾ13ሿ.	SBD	systems	
based	on	ambient	air	are	also	used	in	the	experiments	 included	in	this	thesis.	For	this	reason,	
further	 subsections	 focus	 on	 the	 plasma	 chemistry	 produced	 by	 such	 discharges	 and	 their	
biological/degradation	effects.	
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Figure	1.1:	Highly	non‐equilibrium	atmospheric	pressure	plasma	sources	suitable	for	biological	
applications	ሾ46ሿ.		

1.1.2 The	plasma‐induced	gaseous	and	liquid	chemistry	using	air	SBD	plasma	systems	

The	gaseous	phase	chemistry	of	plasma	is	initiated	by	applying	an	electrical	field	to	the	ambient	
air,	which	induces	the	acceleration	of	randomly	appearing	free	electrons.	These	then	collide	with	
air	 molecules	 of	 oxygen	 ሺO2ሻ	 and	 nitrogen	 ሺN2ሻ,	 inducing	 their	 ionisation,	 excitation	 and	
dissociation.	Air	molecules	can	also	bind	the	seed	electrons,	resulting	in	the	formation	of	negative	
ions.	 In	 addition,	 gaseous	plasma	contains	photons,	which	are	 released	 from	excited	 states	of	
molecules	and	atoms.	Consequently,	many	hundreds	of	the	reactions	in	air	occur,	ending	in	the	
formation	 of	 ion	 fluxes,	 such	 as	 hydrogen	 ion	 ሺH൅ሻ,	 hydronium	 ሺH3O൅ሻ,	 oxygen	 cation	 ሺO൅ሻ,	
hydrogen	 anion	 ሺH‐ሻ,	 oxygen	 anion	 ሺO‐ሻ,	 hydroxide	 ሺOH‐ሻ	 and	 nitrogen	 cation	 ሺN2൅ሻ;	 then	
molecular	neutral	species,	such	as	N2,	O2,	ozone	ሺO3ሻ,	and	hydrogen	peroxide	ሺH2O2ሻ;	and	other	
reactive	radicals,	including	atomic	oxygen	ሺOሻ,	hydroxyl	radical	ሺOHሻ,	nitric	oxide	ሺNOሻ,	nitrate	
radical	ሺNO3ሻ,	collectively	recognised	as	RONS	ሾ47ሿ.	

The	gas	phase	chemistry	produced	by	an	air	SBD	highly	depends	on	the	electrode	geometry	
and	 applied	 voltage	waveform.	 For	 this	 reason,	 it	was	 a	 subject	 of	 various	 experimental	 and	
theoretical	studies.	Sakoyama	et	al.	created	a	numerical	model	describing	more	than	50	species	
and	600	elementary	reactions	made	by	an	atmospheric	pressure	surface	microdischarge	in	humid	
air	ሾ47,	48ሿ.	The	proposed	model	consisted	of	two	zero‐dimensional	ሺ0Dሻ	models,	one	in	the	area	
of	discharge	attaching	the	densities	of	short‐lived	charged	and	neutral	species	and	second	in	the	
afterglow	 region	 following	 the	 long‐lived	neutral	 species.	 Furthermore,	 Liu	 et	 al.	 replaced	0D	
afterglow	model	with	one	dimensional	 ሺ1Dሻ	model	which	describes	 the	 induced	 chemistry	of	
deionised	 water	 placed	 downstream	 the	 electrode	 ሾ49ሿ.	 Most	 recently,	 Hasan	 and	 Walsh	
upgraded	the	two	previous	models	into	a	single	1D	reaction‐diffusion	model	based	on	air	SBD	
with	the	consideration	of	the	convection	on	time	scales	much	longer	than	the	voltage	waveform	
period,	which	takes	into	account	the	flow	velocities	around	electrodes	generated	by	the	electro‐
hydrodynamic	ሺEHDሻ	force	of	SBD	plasma	set‐up.	These	velocities	are	believed	to	play	a	more	
significant	role	in	species	transport	than	diffusion.	In	short,	Hasan	and	Walsh	model	grouped	the	
plasma	species	into	charged	and	neutral	species	ሾ50ሿ.		

Charged	species	such	as	N2൅	and	O2	are	generated	and	destroyed	in	one	period	of	the	applied	
waveform.	 With	 their	 short	 lifetime,	 they	 reach	 a	 maximum	 of	 100	 µm	 distance	 from	 the	
electrode.	The	spatial	distribution	of	negative	ions	is	wider	compared	to	that	of	the	positive	ions	
as	a	result	of	electrons	diffusing	away	from	the	dielectric	to	the	regions	where	they	are	lost	in	
attachment	 reactions.	 Neutral	 species	 consist	 of	 three	 subgroups:	 short‐lived	 species,	
intermediate‐lived	 species,	 and	 long‐lived	 species.	 Short‐lived	 species	 are	 in	 the	 majority	
electronically	 excited	 states	 such	 as	 N2ሺA3πሻ	 and	 Oሺ1Dሻ	with	 a	 spatial	 distribution	 similar	 to	
electrons.	Their	lifetimes	are	shorter	than	a	single	period	of	the	applied	waveform.	Intermediate‐
lived	 species,	 on	 the	 other	 hand,	 have	 the	 lifetime	 comparable	 to	 the	 duration	 of	 the	 applied	
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waveform.	They	accumulate	over	many	periods,	reaching	over	100	µm	from	the	electrode.	They	
include	species	such	as	OH	and	N.	The	 third	category	refers	 to	 long‐lived	species,	which	have	
lifetimes	much	 longer	 than	 an	 applied	 voltage	waveform	period.	 Species	 such	 as	O3,	 nitrogen	
oxides	 ሺNxOyሻ,	 hydroxyperoxyl	 radical	 ሺHO2ሻ	 and	 H2O2	 are	 widely	 distributed	 through	 the	
simulation	domain	even	in	the	absence	of	convection	and	can	be	detected	far	from	the	dielectric	
surface	 ሾ50ሿ.	 To	 transform	 a	model	 into	more	 applicative	 form,	 the	 species	 can	 be	 generally	
characterised	as	short‐lived	ሺ൑	100	µm	from	the	electrodeሻ	and	long‐lived	species	ሺ൐	100	µm	
from	the	electrodeሻ.	Considering	the	lifetime	of	the	RONS,	the	treated	subject	can	be	exposed	to	
different	 plasma	 reactive	 chemistries,	 regarding	 the	 distance	 between	 the	 electrode	 and	 the	
position	of	the	sample	ሾ7ሿ.	

	
	

	

Figure	1.2:	 Surface	Barrier	Discharge	ሺSBDሻ	plasma	based	on	the	ambient	air;	a	schematic	of	
the	plasma‐induced	gaseous	chemistry.	

The	plasma	effluent	can	also	interact	with	a	liquid	interphase,	resulting	in	unique	chemistry,	
created	 through	a	wide	 range	of	physical‐chemical	processes	 and	modifications	 ሾ51ሿ.	 Plasma‐
induced	 liquid	 ሺi.e.	 plasma	 “activated”	 liquidሻ	 modifications	 occur	 through	 two	 typical	
configurations;	 in	 the	 first	 scenario,	 the	 plasma	 phase	 is	 in	 the	 direct	 contact	with	 the	 liquid	
volume,	which	enables	the	diffusion	of	the	RONS	as	well	as	electrons	and	ions.	Such	plasma‐liquid	
interactions	are	characteristic	for	plasma	jets,	where	modifications	are	also	promoted	through	
photochemical	 reactions	 induced	 by	 plasma	 generated	 UV	 photons	 ሾ52ሿ.	 Plasma‐induced	
chemical	 reactions	 in	 the	 liquid	 phase	 depend	 on	 various	 factors.	 Apart	 from	 the	 chemical	
composition	of	the	gaseous	plasma	effluent,	plasma‐liquid	modifications	are	strongly	influenced	
by	 the	 initial	 liquid	properties,	especially	 its	composition,	which	may	contain	electrolytes	and	
radical	quenchers.	Plasma‐liquid	interaction	can	be	affected	by	the	conductivity	properties	of	the	
treated	liquids.	During	the	treatment	process,	the	liquid	may	also	evaporate,	which	can	reversely	
modify	the	chemistry	of	the	gaseous	plasma	phase	ሾ52ሿ.		

In	the	case	of	an	air	SBD	plasma,	the	gap	between	the	electrode	and	the	liquid	surface	ሺ൐	100	
μmሻ	 usually	 prevents	 the	 short‐lived	 species	 from	 having	 a	 direct	 influence	 on	 the	 plasma‐
induced	liquid	chemistry.	Therefore,	the	modifications	in	liquid	are	mostly	conducted	by	long‐
lived	RONS,	 especially	O3,	H2O2,	NxOy,	HNO2	and	HNO3.	The	 rate	of	 transport	of	 the	 gas‐phase	
species	into	the	liquid	is	determined	by	different	factors,	including	the	gaseous	temperature	and	
density	and	the	pH	value	of	the	liquid.	After	the	diffusion,	the	liquid	volume	based	on	deionised	
water	mostly	contains	species	such	as	H2O2,	NO2‐,	NO3‐	and	H൅.	The	latter	induces	a	significant	
drop	in	pH,	which	influences	further	diffusion	of	gaseous	RONS.	Long‐lived	liquid	species	react	
with	each	other,	resulting	in	the	in	situ	generations	of	short	lived‐species	such	as	peroxynitrite	
ሺONOO‐ሻ	and	OH	ሾ49,	53ሿ.		

The	chemistry	in	the	gaseous	plasma	and	liquid	phase	contribute	the	most	to	the	antimicrobial	
properties	of	plasma.	The	mechanisms	of	plasma	inactivation	are	supported	by	the	presence	of	
RONS	such	as	OH,	H2O2,	ONOO‐	and	O3,	which	 interact	with	 the	cell	membranes	or	walls.	This	
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enables	RONS	to	enter	the	cell	and	react	with	intercellular	components	like	important	organelles	
and	 DNA,	 resulting	 in	 the	 eventual	 cell	 death.	 Additionally,	 in	 plasma‐treated	 liquids,	 the	
antimicrobial	 effect	 can	 also	 be	 achieved	 with	 the	 drop	 of	 the	 pH	 due	 to	 the	 significant	
concentrations	of	H൅	released	from	HNO2	and	HNO3.	Moreover,	RONS	and	the	plasma‐induced	
acidic	conditions	also	influence	the	decay	of	complex	molecules,	such	as	various	toxic	compounds	
of	natural	or	artificial	origin.	In	brief,	RONS	usually	attack	the	energetically	less	stable	parts	of	
such	 molecules,	 resulting	 in	 the	 complete	 degradation	 or	 transformation	 into	 less	 harmful	
compounds	ሾ13ሿ.		

1.4 Motivation	for	the	Use	of	Atmospheric	Pressure	Plasma	for	Mycotoxin	
Decontamination		

Mycotoxins	represent	a	complex	problem	for	the	modern	food	industry,	a	part	of	which	are	also	
inefficient	decontamination	methods	that	are	currently	used	for	food	processing	ሾ13ሿ.	Recently,	
novel	 preliminary	 results	 based	 on	 food	 processing	 technology	 that	 involved	 the	 use	 of	 non‐
equilibrium	 gas	 plasma	 demonstrated	 enormous	 promise	 to	 reduce	 food	 contamination	 and	
improve	food	safety	ሾ54ሿ.	The	key	element	of	the	decontamination	approach	based	on	CAP	is	its	
high	chemical	reactivity	as	a	result	of	CAP	generated	RONS,	which	is	achieved	under	nearly	room	
temperature	conditions.	Consequently,	the	decontamination	of	toxic	compounds	and	inactivation	
of	the	microorganisms	is	completed	in	short	processing	times.	This	is	particularly	interesting	for	
thermally	sensitive	products	such	as	the	majority	of	foods.	Moreover,	CAP	can	be	applied	for	the	
treatment	of	 the	pre‐packaged	foods	to	prolong	the	food	product	shelf	 life.	So	 far,	most	of	 the	
research	in	this	field	was	restricted	to	the	removal	of	pathogenic	bacteria.	In	very	short	exposure	
durations,	lasting	from	a	few	seconds	to	3	min,	CAP	treatments	reached	5	log	reduction	for	a	wide	
range	 of	 bacteria	 species,	 including	 Salmonella	 typhimurium,	 Listeria	 monocytogenes,	
Escherichia	 coli,	 Staphylococcus	 aureus,	 Campylobacter	 jejuni,	 Campylobacter	 coli,	 and	 even	
sporulating	and	toxin‐producing	species	Bacillus	cereus	and	Clostridium	botulinum	ሾ55ሿ.	During	
recent	 years,	 different	 CAP	 systems	 were	 also	 proven	 to	 be	 effective	 for	 the	 inactivation	 of	
mycotoxigenic	fungal	species	from	genera	Aspergillus,	Penicillium,	Fusarium	and	Cladosporium	
ሾ56ሿ.			

The	 reactive	 chemistry	 created	 by	 CAP‐generated	 RONS	 was	 also	 used	 as	 a	 tool	 for	 the	
degradation	 of	 various	 toxic	 compounds	 such	 as	 soil	 and	 water	 pollutants.	 These	 include	
compounds	 such	 as	 atrazine,	 organophosphorous	 pesticides	 such	 as	 chlorfenvinfos,	 azo	 dyes,	
phenols,	organochlorines	and	antibiotics	ሾ57‐59ሿ.	Recently,	much	attention	was	dedicated	to	the	
CAP‐mediated	decontamination	of	mycotoxins.	The	first	results	based	on	the	preliminary	studies	
demonstrated	that	CAP	treatment	successfully	removed	different	types	of	mycotoxins,	including	
AFB1,	DON,	ZEN,	enniatins,	FB1,	T2	toxin,	sterigmatocystin	and	AAL	toxin	ሾ13,	60‐63ሿ.	Satisfactory	
decontamination	rates	were	also	achieved	when	CAP	was	used	 for	 the	 treatment	of	 the	 foods	
contaminated	 with	 mycotoxins	 ሾ64ሿ.	 Additionally,	 when	 compared	 to	 other	 decontamination	
methods,	a	magnitude	higher	decontamination	performance	was	achieved	with	CAP	treatments	
ሾ65ሿ.		

Despite	these	promising	results,	these	studies	deliver	insufficient	insight	into	the	CAP‐induced	
degradation	of	mycotoxins,	which	prevents	CAP	technology	from	being	further	developed	into	a	
new	processing	method	in	the	food	industry.	One	of	the	main	reasons	for	this	lies	within	the	EU	
regulation	ሺECሻ	No	258/97	regarding	novel	food,	which	claims	that	any	novel	process	used	in	the	
food	 production	 must	 not	 significantly	 alter	 the	 composition	 or	 structure	 of	 foods	 or	 food	
ingredients	 which	 affect	 their	 nutritional	 properties,	 metabolism	 or	 increase	 the	 level	 of	
undesirable	 substances.	 It	 is	 known	 that	 RONS	 are	 responsible	 for	 the	 high	 decontamination	
efficiency	of	CAP,	yet,	very	little	is	known	about	the	nature	of	these	species,	their	interactions	and	
effect	on	undesired	contaminants,	the	degradation	pathways	and	possible	production	of	the	toxic	
degradation	products	and	the	 impact	on	the	properties	of	 the	treated	 food	products.	To	make	
progress	in	this	area,	a	far	greater	level	of	understanding	is	essential.	

The	 aim	 of	 this	 thesis	 is	 to	 overcome	 these	 barriers	 by	 the	 application	 of	 a	 systematic	
experimental	approach	to	establish	a	complete	picture	of	the	complex	interactions	between	CAP‐
generated	RONS	and	molecules	of	mycotoxins.	Thus,	the	focus	is	on	the	determination	of	the	right	
treatment	conditions	required	for	the	decontamination	of	the	mycotoxins	with	an	air	SBD	plasma	
system.	 With	 the	 emphasis	 on	 AFB1	 as	 the	 most	 toxic	 mycotoxin,	 this	 research	 includes	
uncovering	 the	plasma‐mediated	degradation	pathways,	determination	of	 the	most	 important	
degradation	products	 and	evaluation	of	 the	possible	 toxic	metabolite	 formed.	 In	 addition,	 the	
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fungicidal	 effect	 of	 CAP	 is	 investigated,	 where	 the	 treatments	 are	 carried	 out	 under	 CAP	
parameters	comparable	to	those	used	for	the	decontamination	of	mycotoxins.	 	

1.5 Thesis	Objectives	and	Outline	
The	previous	sections	revealed	the	background	of	CAP	technology,	which	exhibits	a	promise	as	a	
novel	food	processing	method.	The	deactivation	properties	of	CAP	are	mostly	attributed	to	the	
unique	plasma	chemistry,	which	includes	highly	oxidative	RONS.	As	indicated	by	some	studies,	
RONS	 produced	 within	 CAP	 are	 highly	 effective	 antimicrobial	 agents	 that	 are	 capable	 of	
degradation	of	a	variety	of	toxic	compounds,	including	mycotoxins	ሾ13ሿ.	While	the	use	of	CAP	as	
a	decontamination	tool	in	the	food	industry	has	immense	potential,	its	uptake	was	restrained	due	
to	the	 lack	of	 fundamental	understanding	of	 the	complex	 interactions	between	CAP‐generated	
RONS	and	biological	materials.		

This	thesis	considers	these	challenges,	starting	with	the	investigation	of	the	relation	between	
CAP	operating	parameters	 and	 the	 generation	 of	RONS.	This	 includes	 the	 carrier	 gas	 or	CAP‐
treated	liquid	chemical	composition,	CAP	electrode	configuration	and	the	electrical	excitations,	
which	all	significantly	affect	the	concentrations	of	CAP	generated	RONS	and	the	ratio	between	
reactive	oxygen	species	ሺROSሻ	and	reactive	nitrogen	species	ሺRNSሻ.	Furthermore,	the	degradation	
products	of	mycotoxins	as	a	result	of	CAP	RONS	are	investigated	as	well	as	their	potential	toxicity.	
Exposure	of	mycotoxin	molecules	 to	plasma	 leads	 to	changes	 in	 the	chemical	 structure	of	 the	
exposed	molecules	 and	 creation	 of	 the	 new	 degradation	 compounds,	 which	 must	 be	 further	
precisely	 identified	 along	 with	 their	 toxic	 potential.	 The	 identification	 of	 major	 degradation	
products	is	essential	for	uncovering	the	degradation	mechanisms,	which	are	included	in	RONS	
decontamination	 of	 mycotoxins.	 Additionally,	 it	 must	 be	 considered	 that	 different	 plasma	
chemistries	 may	 induce	 the	 formation	 of	 different	 intermediate	 products	 and	 degradation	
pathways.	Lastly,	the	optimisation	of	CAP	treatment	for	mycotoxin	removal	has	to	be	explored	
along	with	the	fungicidal	effects	of	the	CAP	RONS.	In	respect	of	this,	the	effects	on	fungi	such	as	A.	
flavus,	which	is	one	of	the	main	producers	of	the	aflatoxins,	have	to	be	studied.		

The	thesis	is	therefore	based	on	a	systematic	study,	which	includes	a	majority	of	the	aspects	
required	for	the	process	to	be	accepted	as	a	novel	method	for	the	purposes	in	the	food	industry.	
Moreover,	the	air	SBD	plasma	configuration	used	for	decontamination	and	inactivation	is	known	
for	 its	 high	 scalability.	 The	 low‐cost	 and	 low‐energy	 air	 SBD	 system	 is	 able	 to	 produce	 high	
concentrations	of	RONS,	which	are	uniformly	distributed	over	the	electrode	area.	Moreover,	the	
physical‐chemical	properties	of	such	a	system	were	a	subject	of	several	studies;	thus	the	chemical	
processes	are	well	defined.	

	
Thesis	objectives	are:	
	

1. To	 optimise	 the	 treatment	 process	 to	 obtain	 the	most	 efficient	 CAP	 conditions	 for	 the	
decontamination	of	mycotoxins	and	inactivation	of	fungi.	
	

CAP	 decontamination	 and	 inactivation	 properties	 largely	 depend	 on	 the	 type	 of	 the	 low‐
temperature	 atmospheric	 pressure	 plasma	 system,	 known	 to	 produce	 different	 reactive	
chemistries.	Plasma	devices	used	in	Chapters	2,	3,	4	and	5	consist	of	a	high	voltage	power	
source	operating	at	kHz	frequencies	and	electrode	unit,	which	is	capable	of	generating	several	
cm3	of	gaseous	air	plasma	on	the	dielectric	surface.	To	identify	ideal	CAP	decontamination	
conditions,	different	mycotoxins	are	exposed	to	plasmas	created	at	different	voltages	and	for	
different	time	durations	ሺChapters	2,	4	and	5ሻ.	The	decontamination	efficiency	is	evaluated	
by	the	determination	of	the	quantity	of	the	remaining	mycotoxin	residuals.	For	this	purpose,	
commercially	 available	 mycotoxins	 are	 sourced	 to	 provide	 a	 defined	 and	 pure	 chemical	
composition	with	precisely	defined	concentrations.	The	optimisation	of	the	CAP	inactivation	
of	 fungal	 spores	 is	 based	 on	 the	 experimental	 conditions	 comparable	 to	 those	 used	 for	
mycotoxin	removal	ሺChapter	3ሻ.	In	addition,	fungal	spores	are	also	exposed	to	plasma‐treated	
liquid.	 The	 fungicidal	 effect	 is	 measured	 with	 standard	 microbiological	 methods,	 which	
includes	the	determination	of	the	fungal	spore	survival	and	metabolic	activity.	
	
2. To	characterise	the	plasma	discharge	chemistry	and	key	RONS	in	the	gaseous	and	liquid	

phase	of	discharge.	
	

Plasma	 chemistry	 created	 by	 an	 air	 SBD	 is	 extremely	 complex.	 Therefore,	many	 different	
techniques	 are	 required	 to	 obtain	 comprehensive	 characterisation.	 The	 nature	 of	 the	
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chemistry	present	in	the	discharge	of	atmospheric	pressure	plasmas	is	highly	unstable	and	
collisional;	 therefore,	 applying	 the	 right	 and	 reliable	 plasma	 diagnostics	 approach	 is	
challenging.	 Hence,	 many	 of	 the	 widely	 used	 methods	 for	 low‐pressure	 plasmas	 are	
unsuitable	 ሺe.	 g.	 Langmuir	 probeሻ.	 Fortunately,	 recent	 advances	 in	 active	 atmospheric	
pressure	plasma	diagnostic	 techniques	have	enabled	 the	determination	of	 the	key	plasma	
species,	 including	OH	and	NO.	 Such	methods	 are	Fourier	 transform	 infrared	 spectroscopy	
ሺFTIRሻ,	optical	emission	spectroscopy	ሺOESሻ,	laser‐induced	fluorescence	ሺLIFሻ,	two‐photon	
absorption	 laser‐induced	 fluorescence	 ሺTALIFሻ,	 and	 others.	 The	 identification	 of	 plasma	
species	diffused	 in	 the	 liquid	 is	 usually	 characterised	with	 various	 colourimetric	methods	
ሺUV‐VIS	 spectroscopyሻ,	 fluorescent	 spectroscopy,	 different	 types	 of	 chromatography,	
scavenger	methods	and	many	others.	

The	determination	 of	 the	plasma	 chemistry	 is	 introduced	 in	Chapters	2	 and	4.	 Plasma	
diagnostics	are	performed	with	FTIR	to	identify	the	long‐lived	species,	such	as	O3,	H2O2,	NxOy,	
HNO2	 and	 HNO3,	 arriving	 at	 the	 treated	 sample	 surface.	 OES	 is	 used	 to	 identify	 excited	
particles	and	the	vibrational	and	rotational	temperatures	of	the	plasma	particles	to	evaluate	
the	neutral	gas	temperature.	In	Chapter	2,	the	plasma‐induced	liquid	chemistry	is	researched	
by	the	employment	of	the	pH	measurements	and	different	colourimetric/photospectrometric	
methods	 to	 determine	 the	 quantity	 of	 the	 species	 such	 as	 H2O2,	 NO2‐	 and	 HNO3.	 These	
techniques	 enable	 the	 chemical	 composition	 and	 key	 species	 generated	 in	 the	 liquids	 at	
specific	CAP	operating	conditions	to	be	identified.		
	
3. To	 identify	 the	 most	 important	 degradation	 products	 generated	 after	 the	 exposure	 of	

mycotoxins	to	RONS	and	to	reveal	the	underlying	degradation	mechanisms.	
	
The	study	presented	in	Chapter	5	refers	to	a	detailed	analysis	of	the	RONS‐induced	pathways	
based	on	a	case	study	of	CAP	decontamination	of	AFB1.	For	that,	the	chemical	composition	
and	structure	must	be	identified,	applying	standard	techniques	in	organic	chemistry,	which	
include	high‐resolution	mass	spectrometry	ሺHRMSሻ,	nuclear	magnetic	resonance	ሺNMRሻ	and	
FTIR.	 Each	 of	 these	 methods	 provides	 a	 piece	 of	 complementary	 information	 about	 the	
important	degradation	products,	directly	involved	in	the	process	of	decontamination.		

Chapter	5	provides	a	comprehensive	analysis	performed	with	HRMS	and	NMR	to	identify	
the	 most	 important	 degradation	 products.	 Together	 with	 the	 outcomes	 of	 the	 RONS	
composition	 characteristic	 for	 the	 specific	 CAP	 treatment	 conditions,	 the	 most	 probable	
breakdown	mechanisms	are	revealed.	
	
4. To	determine	the	potential	toxicity	of	degradation	products.	
	
The	toxic	potential	of	the	degradation	products	of	CAP‐treated	AFB1	is	a	critical	factor	that	
dictates	the	ultimate	usability	of	the	tested	approach.	The	information	about	toxic	effects	is	a	
core	component	of	the	chemical	safety	assessment	data	required	by	regulatory	agencies	for	
registration	of	acceptance	for	different	products.	The	safety	of	the	unknown	compounds	is	
usually	explored	through	the	examination	of	toxicity	at	different	levels,	which	include	tests	
for	cytotoxicity,	genotoxicity,	mutagenicity,	estrogenic/androgenic/thyroid	activity,	enzyme‐
inhibition	activity	and	others.		

Based	on	the	AFB1	carcinogenicity,	the	toxicity	of	the	degradation	products	is	explored	in	
Chapter	5,	with	the	focus	on	cytotoxic	and	genotoxic	effects.		

	
According	to	the	motivation	and	the	objectives	of	the	experimental	work,	this	thesis	exposes	

the	following	hypotheses:	
 Cold	 atmospheric	 pressure	 plasma	 technology	 is	 an	 efficient	 method	 for	 the	

decontamination	of	the	mycotoxins	with	minimal	effect	on	the	treated	food.	
 Cold	atmospheric	pressure	plasma	induces	the	inactivation	of	mould	species	A.	flavus	as	

the	main	producer	of	AFB1.	
 Plasma	chemistry	promotes	the	degradation	of	AFB1	into	non‐toxic	degradation	products	

with	a	different	chemical	structure	compared	to	the	parental	AFB1	molecule.	
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Chapter	2	

2 Mycotoxin	Decontamination	of	Food:	Cold	
Atmospheric	Pressure	Plasma	Versus		“Classic”	
Decontamination	

	
This	 chapter	 provides	 a	 critical	 review	 of	 the	 most	 important	 currently	 used	 methods	 for	
mycotoxin	decontamination	of	food	and	feed.	Despite	a	variety	of	options,	they	do	not	provide	a	
satisfactory	 decontamination	 efficacy;	 thus,	 the	 food	 industry	 is	 losing	 the	 battle	 against	
persistant	mycotoxins.	CAP	is	presented	as	a	promising	non‐thermal	method,	which	overcomes	
the	majority	of	the	drawbacks	of	the	so‐called	‘classic’	food	processing	methods.	Besides	its	high	
mycotoxin	destruction	efficiency,	which	was	demonstrated	in	preliminary	investigations,	it	also	
offers	good	prospects	in	terms	of	cost	efficiency,	ecological	neutrality	and	a	negligible	effect	on	
the	quality	of	food	products.	In	addition,	this	chapter	provides	an	overview	of	the	current	trends	
in	 the	 field	 of	 food	 processing	 and	 highlights	 the	 state‐of‐the‐art	 in	 CAP	 decontamination	 of	
mycotoxins.	
	
This	chapter	addresses	thesis	Objectives	1.	
	
Regarding	 my	 contribution:	 I	 performed	 the	 CAP	 treatment	 of	 the	 mycotoxins	 and	 UV‐VIS	
spectrometry	analysis	and	wrote	the	paper	with	co‐authors.	
	



12		 Chapter	 2.	 Mycotoxin	 Decontamination	 of	 Food:	 Cold	 Atmospheric	 Pressure		
Plasma	versus	“Classic”	Decontamination		

	

	

	



13	
	

	

	



14		 Chapter	 2.	 Mycotoxin	 Decontamination	 of	 Food:	 Cold	 Atmospheric	 Pressure		
Plasma	versus	“Classic”	Decontamination		

	

	

	



15	
	

	

	



16		 Chapter	 2.	 Mycotoxin	 Decontamination	 of	 Food:	 Cold	 Atmospheric	 Pressure		
Plasma	versus	“Classic”	Decontamination		

	

	

	



17	
	

	

	



18		 Chapter	 2.	 Mycotoxin	 Decontamination	 of	 Food:	 Cold	 Atmospheric	 Pressure		
Plasma	versus	“Classic”	Decontamination		

	

	

	



19	
	

	

	



20		 Chapter	 2.	 Mycotoxin	 Decontamination	 of	 Food:	 Cold	 Atmospheric	 Pressure		
Plasma	versus	“Classic”	Decontamination		

	

	

	



21	
	

	

	



22		 Chapter	 2.	 Mycotoxin	 Decontamination	 of	 Food:	 Cold	 Atmospheric	 Pressure		
Plasma	versus	“Classic”	Decontamination		

	

	

	



23	
	

	

	



24		 Chapter	 2.	 Mycotoxin	 Decontamination	 of	 Food:	 Cold	 Atmospheric	 Pressure		
Plasma	versus	“Classic”	Decontamination		

	

	

	



25	
	

	

	



26		 Chapter	 2.	 Mycotoxin	 Decontamination	 of	 Food:	 Cold	 Atmospheric	 Pressure		
Plasma	versus	“Classic”	Decontamination		

	

	

	



27	
	

	

	



28		 Chapter	 2.	 Mycotoxin	 Decontamination	 of	 Food:	 Cold	 Atmospheric	 Pressure		
Plasma	versus	“Classic”	Decontamination		

	

	

	



29	
	

	

	



30		 Chapter	 2.	 Mycotoxin	 Decontamination	 of	 Food:	 Cold	 Atmospheric	 Pressure		
Plasma	versus	“Classic”	Decontamination		

	

	

	



31	
	

	

Chapter	3	

3 Effective	Fungal	Spore	Inactivation	with	an	
Environmentally	Friendly	Approach	Based	on	
Atmospheric	Pressure	Air	Plasma	

In	 Chapter	 3,	 the	 challenges	 posed	 by	 dangerous	 mycotoxicigenic	 mould	 contamination	 are	
addressed.	Given	that	half	of	all	fruit	and	vegetables	harvested	in	tropical	regions	are	lost	due	to	
fungal	 spoilage,	 it	 is	 not	 surprising	 that	 the	 environmental	 impact	 of	 fungal	 spoilage	 is	
catastrophic,	resulting	in	serious	health	problems.		

Current	approaches	to	address	this	problem	involve	the	use	of	different	antifungal	chemical	
agents,	which	themselves	represent	a	burden	for	human	health	and	the	environment	and	should	
be	urgently	replaced	with	more	effective	environmentally	friendly	approaches.	Thus,	we	reported	
the	use	of	CAP	as	an	alternative	to	the	use	of	conventional	disinfectants	with	fungicidal	activity.	
To	 demonstrate	 the	 potential	 of	 the	 approach	 our	method	 was	 analysed	 for	 its	 efficiency	 in	
comparison	to	the	liquid	chemical	disinfection	agent	Virkon®	for	the	case	of	A.	flavus	spores.		

We	 demonstrated	 that	 the	 developed	 plasma	 decontamination	 method	 achieved	 fungal	
decontamination	rates	that	were	an	order	of	magnitude	faster	compared	to	those	achieved	by	the	
popular	 Virkon®.	 This	 result	 is	 explained	 through	 a	 comprehensive	 analysis	 of	 the	 reaction	
pathways	initiated	by	CAP‐generated	RONS,	which	are	ultimately	responsible	for	the	observed	
anti‐fungal	effect.	However,	the	same	efficiency	was	not	observed	with	the	fungal	spores,	which	
were	 indirectly	 exposed	 to	 the	 plasma‐activated	 broth	 solution	 ሺPABሻ.	 This	 may	 be	 mostly	
attributed	to	the	highly	hydrophobic	properties	of	the	fungal	spore	surface,	which	prevent	RONS	
to	penetrate	into	the	spore	cell.		

	
This	chapter	addresses	thesis	Objectives	1	and	2.	
	
Regarding	my	contribution:	I	performed	the	CAP	treatments	of	the	fungal	microbiological	tests	
and	the	analysis	of	the	liquid	chemistry.	I	jointly	wrote	the	paper	with	co‐authors.	
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Chapter	4	

4 Mycotoxin	Decontamination	Efficacy	of	
Atmospheric	Pressure	Air	Plasma	

This	chapter	explores	the	decontamination	efficiency	of	the	CAP	regarding	the	different	types	of	
mycotoxins.	The	reported	method	is	based	on	CAP	created	in	the	ambient	air.	To	demonstrate	our	
approach,	the	efficiency	of	the	method	was	evaluated	through	comparison	with	conventional	UV‐
C	irradiation	for	the	case	of	AFs,	trichothecenes,	FBs	and	ZEN.	

CAP	was	proven	to	be	more	efficient,	resulting	in	more	than	90	%	of	decontamination	of	the	
sum	of	the	mycotoxins.	Moreover,	mycotoxins	such	as	AFG1	and	ZEN	were	completely	removed.	
The	differences	in	degradation	rates	may	be	attributed	to	the	stability	of	the	chemical	structure	
of	 the	 particular	 mycotoxins.	 As	 demonstrated,	 trichothecenes	 were	 the	 most	 persistent	
mycotoxins.	Nonetheless,	CAP	treatments	reduced	the	concentrations	of	all	mycotoxins	under	the	
maximum	levels	allowed	in	the	selected	food	products.	

	
This	chapter	addresses	thesis	Objectives	1.	
	
Regarding	my	contribution:	I	performed	the	CAP	and	UV‐C	treatments	of	the	mycotoxins.	I	jointly	
wrote	the	paper	with	co‐authors.	
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Chapter	5	

5 Reactive	Oxygen	and	Nitrogen	Species	for	
Targeted	Reduction	of	Mycotoxin	Toxicity	

Chapter	 5	 provides	 a	 case	 study	 based	 on	 a	 deterministic	 approach,	 where	 the	 degradation	
mechanisms	are	precisely	explored,	obtained	from	an	air	SBD	plasma	treatment	of	AFB1.		

Mycotoxin	toxicity	arises	from	specific	chemical	sites	in	the	molecule,	and	several	chemical	
methods	have	been	developed	to	neutralise	toxicity	through	the	elimination	of	these	molecular	
parts	 or	 complete	 degradation	 of	 the	 molecule,	 yet	 no	 study	 so	 far	 has	 provided	 a	 reliable	
investigation	 based	 on	 determination	 of	 mycotoxin	 decontamination	mechanisms.	 This	 work	
reported	 the	 complete	decontamination	of	AFB1,	which	was	not	observed	 in	 the	 case	of	UV‐C	
irradiation.	It	also	addressed	the	application	of	a	controlled	dose	of	RONS	to	target	the	toxic	sites	
of	 mycotoxin	 molecules.	 For	 the	 first	 time,	 the	 complete	 chemical	 pathways	 and	 molecular	
degradation	mechanisms	were	revealed.	We	demonstrate	that	rapid	scission	of	the	vinyl	bond	
between	8‐	and	9‐position	on	the	terminal	furan	ring	of	AFB1	resulted	in	expeditious	suppression	
of	the	molecules’	toxic	potential.	Therefore,	proper	utilisation	of	RONS	can	open	completely	new	
channels	for	targeted	molecule	degradation	processes	in	chemistry.		

The	 supplementary	 information	 of	 the	 paper	 also	 provides	 major	 results	 based	 on	 the	
decontamination	 of	 AFB1‐contaminated	 corn.	 As	 observed,	 comparable	 decontamination	
efficiencies	were	achieved	with	no	CAP‐induced	modifications	of	corn	kernel	surface	detected.	

	
This	chapter	addresses	all	thesis	Objectives.	
	
Regarding	my	contribution:	I	performed	the	CAP	treatments	of	the	AFB1	and	FTIR	analysis	of	the	
treated	AFB1	and	corn	kernel	surface.	I	jointly	performed	HRMS	analysis	and	toxicological	tests.	I	
wrote	the	paper	together	with	co‐authors.	
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Chapter	6	

6 Conclusions	and	Future	Outlook	

The	 experimental	 results	 presented	 in	 this	 thesis	 demonstrated	 that	 non‐equilibrium	 CAP	
technology	is	suitable	for	the	decontamination	of	mycotoxins	and	inactivation	of	mycotoxigenic	
fungi.	Moreover,	the	efficacy	of	CAP	based	on	the	air	SBD	system	was	significantly	higher	when	
compared	to	the	competitive	decontamination	and	disinfection	methods.	The	high	performance	
of	 CAP	was	 attributed	 to	 the	 oxidative	 properties,	 and	 high	 concentrations	 of	 CAP‐generated	
RONS.	The	latter	mediated	the	decay	of	AFB1	leading	to	its	complete	degradation	or	the	formation	
of	degradation	products	which	lost	the	toxicity	of	the	parent	mycotoxin	molecule.	

	
Further	discussion	regarding	results	is	concluded	by	each	stated	objective:	
	

Objective	 1:	 To	 optimise	 the	 treatment	 process	 to	 obtain	 the	most	 efficient	 CAP	 conditions	 for	
decontamination	of	mycotoxins	and	inactivation	of	fungi	
	
Various	mycotoxins	and	A.	flavus	were	exposed	to	CAP	under	different	applied	voltages,	creating	
different	 discharge	 chemistries,	 which	 contained	 different	 concentrations	 of	 RONS.	 The	
treatments	were	performed	in	different	time	regimes,	which	also	influenced	the	dynamics	of	the	
formation	of	RONS.	The	most	significant	efficacies	were	obtained	after	the	treatment	with	CAP	
generated	with	high	applied	voltages.	The	most	efficient	mycotoxin	removal	was	observed	for	the	
treatment	of	AFB1,	AFG1	and	ZEN	where	more	than	99%	decontamination	rate	was	achieved	in	
only	 60	 s	 of	 treatment.	 When	 compared	 to	 common	 food	 processing	 methods	 such	 as	 UV‐C	
irradiation	and	thermal	treatment,	CAP	performance	of	the	decontamination	performance	was	of	
magnitude	higher.		

In	the	case	of	inactivation	of	A.	flavus	spores,	a	5	log	reduction	was	obtained	after	120	s	of	
direct	exposure	to	CAP	gaseous	discharge.	No	disinfection	activity	was	observed	even	after	8	min	
of	treatment	with	standard	1%	Virkon®	disinfectant.	In	contrast,	Virkon®	was	significantly	more	
efficient	in	the	indirect	treatments,	where	PAB	obtained	after	the	treatment	with	high	power	CAP	
for	8	minutes	induced	only	1	log	reduction	in	newly	grown	spores.	

	
The	objective	was	achieved	in	Chapters	2,	3,	4	and	5.	

	
Objective	2:	To	 characterise	 the	plasma	discharge	 chemistry	 and	key	RONS	 in	 the	 gaseous	 and	
liquid	phase	of	discharge	

	
Different	applied	voltages	were	used	 to	 ionise,	 excite	and	dissociate	 the	gaseous	molecules	 in	
ambient	air.	SBD	plasma	systems	used	for	the	experiments	thesis	were	operated	at	three	different	
applied	voltages,	creating	three	different	RONS	chemistries,	which	were	analysed	with	FTIR	and	
OES.	At	low	applied	electrical	power	input,	low	concentrations	of	RONS	were	created,	with	ROS	
such	 as	 O3	 as	 prevailing	 species.	 A	 high	 applied	 voltage	 induced	 the	 formation	 of	 high	
concentrations	of	RONS.	The	poisoning	of	O3	was	observed,	which	was	followed	by	an	intense	
rise	 of	 the	 RNS	 ሺi.e.	 NxOyሻ.	 A	 medium	 applied	 voltage	 generated	 the	 chemistry	 with	
concentrations	of	RONS	reaching	the	values	between	low	and	high	power	discharge	conditions.	
Considering	 the	 distance	 gap	 between	 the	 electrode	 and	 the	 treated	 sample,	 CAP	
decontamination	and	inactivation	processes	were	dictated	by	long‐lived	RONS.	

Plasma‐treated	liquid	was	characterised	with	the	emphasis	on	the	determination	of	pH	and	
the	concentrations	of	H2O2,	NO2‐	and	HNO3.	As	in	the	case	of	plasma	gaseous	effluent,	the	plasma‐
induced	modifications	of	 liquid	chemistry	were	 largely	 influenced	by	the	applied	voltages	and	
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discharge	conditions.	In	addition,	plasma	liquid	chemistry	also	depended	on	the	type	of	liquid	and	
the	liquid	volume.	HNO3	was	the	prevalent	species	in	all	three	types	of	RONS	chemistries,	with	
the	highest	concentrations	observed	after	the	long	exposures	of	aqueous	broth	solution	to	high	
discharge	 power	 conditions.	 This	 induced	 a	 significant	 drop	 in	 pH,	 resulting	 in	 the	 fast	
transformation	of	H2O2	and	NO2‐	into	ONOO‐	and	later	NO3‐,	which	can	be	observed	at	the	sudden	
drop	of	their	concentrations.	This	reaction	typically	occurred	when	the	pH	levels	decrease	under	
4.	

	
The	objective	was	achieved	in	Chapters	3	and	5.	

	
Objective	3:	To	identify	the	most	important	degradation	products	generated	after	the	exposure	of	
mycotoxins	to	RONS	and	to	reveal	the	underlying	degradation	mechanisms	

	
Following	AFB1	exposure	to	CAP‐generated	RONS,	four	key	degradation	products	were	identified.	
These	products	were	observed	in	all	plasma	discharge	conditions.	Given	that	the	CAP‐induced	
RONS	 chemistry	 was	 defined,	 RONS‐induced	 decontamination	 mechanisms	 of	 AFB1	 were	
determined.	The	degradation	started	at	the	double	bond	between	C8	and	C9	and	then	divided	into	
multiple	pathways.	When	one	molecule	of	water	was	added	to	AFB1,	8‐hydroxyd	AFB1	derivate	
ሺP1;	Aflatoxin	B2aሻ	was	formed.	Immediately	after,	the	new	stable	aromatic	product	9‐methoxy‐
5,6‐dioxo‐5,6,7,8‐tetrahydrocyclopentaሾcሿfuroሾ2,3‐hሿchromene‐3‐carbaldehyde	 ሺP2ሻ	 was	
generated	 through	 the	 radical	 reaction	 involving	 OH	 and	 both	 AFB1	 and	 P1.	 Alternatively,	
peroxides	 induced	 the	 formation	of	AFB1‐8,9‐exo	epoxide,	 at	 given	conditions	highly	unstable	
product,	which	was	spontaneously	hydrolysed	into	product	AFB1‐8,9‐diol	ሺp1ሻ,	also	produced	in	
the	reaction	of	P1	with	OH.	With	the	reversible	conversion	to	its	hydroxydialdehyde	form,	CAP	
RONS	were	 able	 to	 attack	 inner	 atoms	 of	 difuranyl	 part	 of	 AFB1,	 eventually	 resulting	 in	 the	
formation	 of	 product	 2‐ሺ7‐hydroxy‐9‐methoxy‐3,4‐dioxo‐1,2,3,4‐tetrahydrocyclopenta	
ሾcሿchromen‐6‐ylሻacetic	acid	ሺP3ሻ.	Additional	removal	of	carboxylic	group	from	P3	or	the	cleavages	
of	C6,	C8	and	C9	from	p1	led	to	the	generation	of	another	aromatic	aldehyde	product	7‐hydroxy‐
9‐methoxy‐3,4‐dioxo‐1,2,3,4‐tetrahydrocyclopentaሾcሿchromene‐6‐carbaldehyde	 ሺP4ሻ	 as	 a	
terminal	degradation	product	in	the	CAP	RONS	degradation	of	AFB1.	
	

The	objective	was	achieved	in	Chapter	5.	
	
Objective	4:	To	determine	the	potential	toxicity	of	degradation	products	
	
The	 systematic	 experimental	 approach	 presented	 in	 this	 thesis	 was	 concluded	 with	 the	
toxicological	tests,	which	provided	data	about	the	toxicity	of	the	degraded	AFB1,	achieved	after	
the	exposure	to	CAP.	An	absolute	need	of	any	decontamination	study	such	as	ours	is	a	double‐test	
toxicological	examination,	which	demonstrated	that	only	a	15	s	treatment	of	AFB1	at	a	high	dose	
of	CAP	RONS	is	required	to	increase	the	viability	of	Hep	G2	cells	to	the	levels	comparable	with	
controls.	In	contrast,	the	number	of	DNA	single‐strand	breaks	is	reduced	to	normal	values	only	
after	60	s.	This	uncovers	once	more	the	urgency	of	the	thorough	toxicological	investigation,	which	
involves	the	selection	of	the	right	tests	that	provide	the	accurate	information	about	the	potential	
toxicity	of	the	tested	compounds.	

	
The	objective	was	achieved	in	Chapter	5.	

	
Conclusions	and	propositions	for	the	future	
	 	
Considering	 the	 discussion,	 this	 thesis	 hypothesised	 that	 CAP	 technology	 is	 suitable	 for	 the	
decontamination	 of	 different	 types	 of	 mycotoxins.	 Given	 that	 CAP	 completely	 removed	 the	
mycotoxins	 or	 reduced	 their	 concentrations	 under	 the	 maximum	 permissible	 levels	 in	 the	
selected	food	products,	our	hypothesis	on	CAP	decontamination	efficacy	was	partially	confirmed.	
The	preliminary	results	obtained	from	the	CAP	treatment	of	AFB1‐contaminated	corn	indicated	
that	the	chemical	structure	of	the	corn	kernel	surface	remains	intact.		

We	assumed	that	CAP	treatment	also	inactivates	A.	flavus,	which	was	confirmed	in	the	case	of	
the	direct	exposure	employing	 the	plasma	gaseous	RONS	rich	effluent.	Conversely,	 the	 results	
demonstrated	 that	 indirect	 treatment	 with	 PAB	 was	 not	 an	 applicable	 approach	 for	 mould	
disinfection.	
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The	 last	 hypothesis	 focused	 on	 the	 CAP‐promoted	 AFB1	 degradation	 mechanisms.	 It	 was	
proven	that	RONS‐based	plasma	chemistry	induced	the	decay	of	an	AFB1	molecule,	leading	to	the	
formation	 of	 new	 products	 with	 an	 altered	 chemical	 structure.	 The	 toxicological	 tests	
demonstrated	that	CAP	exposures	resulted	in	elimination	of	the	AFB1	toxicity.	Nevertheless,	AFB1	
metabolites	 AFB2a	 and	 AFB1‐8,9‐diol	 were	 also	 identified	 as	 CAP‐induced	 AFB1	 degradation	
products,	which	are	known	for	their	cytotoxicity.	The	absence	of	toxic	effects	following	the	AFB1	
exposure	to	CAP	was	therefore	also	attributed	to	the	further	decay	of	degradation	products.	

This	thesis	offers	an	insight	into	the	comprehensive	research	which	was	performed	with	the	
aim	 to	define	 the	 fundamentals	of	non‐equilibrium	CAP	as	a	new	mycotoxin	decontamination	
method.	 The	 experiments	 performed	 in	 the	 thesis	 will	 serve	 as	 a	 case	 study	 for	 future	
investigations	 in	 the	 field	of	plasma	decontamination	of	other	 toxic	compounds.	Nevertheless,	
Chapter	4	stressed	that	the	decontamination	efficiencies	varied	from	one	type	of	mycotoxin	to	
another.	This	indicates	that	CAP	decontamination	is	also	influenced	by	the	chemical	structure	of	
a	 specific	 mycotoxin.	 Therefore,	 a	 detailed	 examination	 of	 the	 CAP‐induced	 degradation	
mechanisms	is	necessary,	involving	not	only	AFB1	but	also	other	types	of	mycotoxins.	In	addition,	
the	impact	of	RONS	on	the	food	matrix	properties	needs	to	be	evaluated	fully.	For	any	novel	food	
processing	technology	to	be	accepted,	the	influence	of	the	procedure	on	the	nutritional,	safety	
and	organoleptic	properties	of	the	treated	food	must	be	fully	characterised.	
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