UNIWERSYTET PRZYRODNICZY W LUBLINIE
WYDZIAL NAUK O ZYWNOSCI
I BIOTECHNOLOGII

UNIVERSITY

of LIFE SCIENCES
in Lublin

mgr inz. Iwona Niedzwiedz

Wykorzystanie zimnej plazmy w konserwacji win czerwonych

The application of cold plasma in the preservation of red wines

Rozprawa doktorska

Promotor:

Dr hab. Magdalena Polak-Berecka, prof. Uczelni

Katedra Biotechnologii, Mikrobiologii i Zywienia Cztowieka
Wydziat Nauk o Zywnoéci i Biotechnologii

Uniwersytet Przyrodniczy w Lublinie

Recenzenci:

Prof. dr hab. Elzbieta Klewicka PL

Dr hab. Wojciech Biatas, prof. UPP
Dr hab. Marek Kieliszek, prof. SGGW

Lublin 2022



Sktadam serdeczne podziekowania
Pani dr hab. Magdalenie Polak-Bereckiej, prof. uczelni

za opieke naukowgq, poswiecony czas oraz niezliczong ilos¢ cennych rad.

Drzigkuje za zaufanie, wyrozumiatos¢é oraz wsparcie.

Bez Pani pomocy niniejsza praca nie mogtaby powstac.
Pragne podziekowad,

Pracownikom i Doktorantom

Katedry Biotechnologii, Mikrobiologii i Zywienia Czlowieka
a w szczegolnosci Panu Kierownikowi,

ktory stworzyl sprzyjajgce warunki pracy,

umozliwiajgce realizacje zatozonych zadan badawczych.

Prace te dedykuje

Mezowi, Rodzicom i Siostrze



SPIS TRESCI

WYKAZ PUBLIKACJI NAUKOWYCH STANOWIACYCH PRZEDMIOT
ROZPRAWY DOKTORSKIE........coeiiiiiiiiiiniitetet ettt sttt ettt sttt sae st st eaaenne s

STRESZCZENIE ......c.ooiiiiiiiiiiie ettt sttt ettt ettt sttt ettt et ebeenes
SUMMARY ..ottt ettt ettt et b e bbbt sttt et et ebt bt e bt e bt sttt ettt ene bt enes
L. WPROWADZENIE ......c.ooiiiiiiiiiiiiiiieetetee ettt sttt ettt
1.1 Charakterystyka Zimnej Plazimy ..........ccceereerieiiiniieieenie et s s
1.2. Mechanizm dzialania Zimnej Plazmy ..........c.cceeceeeiiereenienienie ettt
1.3. Zastosowanie zimnej plazmy W produkcji ZYWINOSCI .....eeververeeriererieenienieenienieeeesieseesseseesseennens
3. MATERIALY I METODY BADAWCZE .........cccoocoiiiiiiiiiniiteitseeee et
3.1.  Materiaty i metody badawcze zastosowane w publikacji P2 .........c..cocevinirieniniencneneenene
3.2. Materialy i metody badawcze zastosowane w publikacji P31 P4.......cccccooviiiiiniincniinnne
4. PREZENTACJA WYBRANYCH WYNIKOW BADAN ORAZ ICH DYSKUSJA ...............

4.1 Ocena stanu fizjologicznego i zmian morfologicznych komorek Lentilactobacillus

hilgardii po ekspozycji na zimnag plazme (P2).......cocoiiiiiiiiiiiiei e

4.2. Ocena wplywu zimnej plazmy na jako$¢ wina czerwonego z uwzglednieniem okresu

PrzechOWyWania (P3, P4)......cccviiiiiiienieiie ettt sttt sttt e e te e sbaesaaesaeesesesane
5. WNIOSKI I STWIERDZENIA .........oooiiiieiiieeeeeete ettt ettt be st s e saessesseensessesseensens
6. LITERATURA ..ottt ettt ettt et e b st e s et e e st e st es e eseeseese s e nteseneeneeneenens
7. ZESTAWIENIE DOROBKU NAUKOWEGO ..........ccoiiiiiiiiieieieeeeeeeee et

BZALACZNIKI ..ottt ettt sttt sttt bt et be e et sae et bt esnenseeneennen



WYKAZ PUBLIKACJI NAUKOWYCH STANOWIACYCH
PRZEDMIOT ROZPRAWY DOKTORSKIEJ

PUBLIKACJA P1

Niedzwiedz 1., Wasko A., Pawlat J., Polak-Berecka M. 2019. The state of research on
antimicrobial activity of cold plasma. Polish Journal of Microbiology, 68(2), 153.

) UDZIAL ILOSC
MNiSW IF PROCENTOWY  CYTOWAN
40 0,897 80% 29

Indywidualny wktad pracy w publikacje: wspottworzenie koncepcji pracy, dokonanie
przeglqdu literatury, interpretacja danych literaturowych, przygotowanie manuskryptu

oraz odpowiedzi na recenzje.

PUBLIKACJA P2

Niedzwiedz 1., Juzwa W., Skrzypiec K., Skrzypek T., Wasko A., Kwiatkowski M.,
Pawtat J., Polak-Berecka M. 2020. Morphological and physiological changes in

Lentilactobacillus hilgardii cells after cold plasma treatment. Scientific Reports, 10(1),

1-14.

) UDZIAL ILOSC
MNiSW IF PROCENTOWY  CYTOWAN
140 4379 60% 3

Indywidualny wktad pracy w publikacje: wspottworzenie koncepcji pracy, udzial
w  opracowaniu zalozen metodycznych, realizacja badan laboratoryjnych, analiza
i opracowanie wynikow, przygotowanie manuskryptu oraz odpowiedzi na recenzje.

Petnienie roli autora korespondencyjnego.

PUBLIKACJA P3

Niedzwiedz I., Plotka-Wasylka J., Kapusta 1., Simeonov V., St6j A., Wasko A., Pawlat
J., Polak-Berecka M. 2022. The impact of cold plasma on the phenolic composition and
biogenic amine content of red wine. Food Chemistry, 381, 132257.

} UDZIAL ILOSC
MNiSW IF PROCENTOWY  CYTOWAN
200 9,231 60% 2




Indywidualny wkiad pracy w publikacje: wspottworzenie koncepcji pracy, udziat
w opracowaniu zatozen metodycznych, realizacja badan laboratoryjnych, analiza

i opracowanie wynikow, przygotowanie manuskryptu oraz odpowiedzi na recenzje.
PUBLIKACJA P4
Niedzwiedz I., Simeonov V., Wasko A., Polak-Berecka M. 2022. Comparison of the

effect of cold plasma with conventional preservation methods on red wine quality using

chemometrics analysis. Molecules, 27(20), 7048.

) UDZIAL ILOSC
MNISW IF PROCENTOWY  CYTOWAN
140 4,927 70% -

Indywidualny wkiad pracy w publikacje: wspottworzenie koncepcji pracy, udziat
w  opracowaniu zalozen metodycznych, realizacja badan laboratoryjnych, analiza
i opracowanie wynikow, przygotowanie manuskryptu oraz odpowiedzi na recenzje.

Petnienie roli autora korespondencyjnego.

Sumaryczna liczba punktéw za publikacje wchodzace w sktad rozprawy doktorskiej

wedtug komunikatu MNiSW obowigzujacego w roku wydania pracy: 520.

Sumaryczny Impact Factor za publikacje wchodzace w sktad rozprawy doktorskiej

(zgodnie z rokiem opublikowania): 19,434.

[lo$¢ cytowan podano wedtug bazy Scopus.

Suma punktow MNiSW catego dorobku naukowego: 835.

Laczny Impact Factor: 29,923.



STRESZCZENIE

STRESZCZENIE

Swiadomo$¢ spoleczenstwa na temat zdrowej zywnosci wzrasta. Powoduje to
duze oczekiwania wzgledem producentdw zywnosci, ktoérzy musza zapewni¢ na rynku
produkty bezpieczne dla zdrowia oraz w jak najmniejszym stopniu przetworzone.
W tym celu prowadzone sg procesy utrwalania zywnosci, ktérych gtownym zadaniem
jest ochrona przed zepsuciem 1 skazeniem mikrobiologicznym, ograniczenie
niepozadanych zmian sensorycznych oraz zachowanie wysokiej warto$ci odzywcze;.
Chociaz klasyczne termiczne metody konserwacji Zywno$ci wcigz sa najczesciej
wykorzystywane, to wysoka temperatura procesu ogranicza ich stosowanie

w niektorych gateziach przemystu.

Wino to tradycyjny napdj alkoholowy, ktorego kultura produkcji i konsumpcji
widoczna jest na calym $wiecie od wiekow. Ze wzgledu na zawarto$¢ zwigzkow
bioaktywnych nalezacych gléwnie do grupy polifenoli, przypisuje si¢ mu liczne
wlasciwosci prozdrowotne. Aby zapewni¢ trwatos$¢ 1 bezpieczenstwo mikrobiologiczne
wina do jego konserwacji powszechnie wykorzystuje si¢ siarczyny. Zwigzki te jednak
wywieraja negatywny wplyw na zdrowie konsumenta, co potwierdzaja badania
naukowe. Przyczynilo si¢ to do wzmozonych poszukiwan alternatywnych metod
konserwacji wina. Szczeg6lng uwage poswieca si¢ nietermicznym metodom, ktoére
oprocz eliminacji niepozadanych mikroorganizméw, nie wplywatyby znaczaco na
stabilno$¢ koncowa produktu. Zimna plazma (CP) ze wzgledu na swoje zalety, do
ktorych zaliczy¢ mozemy szerokie dziatanie przeciwdrobnoustrojowe, niskg
temperature prowadzenia procesu, krotki czas sterylizacji, a takze stosunkowo niski
koszt staje si¢ obiecujacym rozwigzaniem w aspekcie konserwacji napojow

alkoholowych.

Glownym celem badan przeprowadzonych w ramach niniejszej rozprawy
doktorskiej byta ocena mozliwosci wykorzystania zimnej plazmy w konserwacji
czerwonego wina zrealizowana poprzez (i) ustalenie mechanizméw dziatania CP na
komorki drobnoustrojéw zanieczyszczajacych wina, uwzgledniajac charakterystyke
zachodzacych zmian fizjologicznych 1 morfologicznych komorek L. hilgardii (i1)
poznanie oddzialywan CP na wlasciwosci fizykochemiczne i aktywnos$¢ biologiczng

czerwonego wina. (iii) poréwnanie efektow dzialania CP z metodami konserwacji
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wykorzystujacymi dodatek pirosiarczynu potasu na jako$¢ czerwonego wina

z uwzglednieniem okresu przechowywania.

Stan fizjologiczny bakterii L. hilgardii po dziataniu CP oceniono poprzez
badanie przezywalnosci komorek za pomocg klasycznej metody hodowlanej, pomiarow
gestosci optycznej] ODesoo oraz z wykorzystaniem cytometrii przeptywowej. Do
okreslenia zwigzku migdzy aktywnoscig metaboliczng a morfologia komorki
zastosowano skaningowa mikroskopie elektronowg (SEM), mikroskopig¢ sit atomowych
(AFM), oraz spektroskopi¢ w podczerwieni z transformacjg Fouriera (FTIR).
Potaczenie metody AFM z cytometrig przeplywowa pozwolilo na analiz¢ zmian po
dziataniu CP w poszczegdlnych subpopulacjach komorek, co jest podejsciem
innowacyjnym, dotychczas nie opisanym w literaturze miedzynarodowej. Po raz
pierwszy takze, wptyw CP na wlasciwosci fizykochemiczne i aktywno$¢ biologiczng
czerwonego wina poréwnano z metoda tradycyjng 1 laczong uwzgledniajac
trzymiesieczny okres przechowywania. Przeprowadzono réwniez jakoSciowe
1 iloSciowe oznaczenie profilu zwigzkow fenolowych oraz amin biogennych metoda
UPLC-PDA-MS/MS oraz GC-MS. Analiza chemometryczna zostala wykorzystana
w celu opisania zaleznosci pomiedzy zastosowang metoda konserwacji

a poszczegodlnymi badanymi parametrami §wiadczacymi o jako$ci wina.

W pracy wykazano, ze CP opo6znia wzrost 1 podzialy bakterii L. hilgardii,
a wydluzenie czasu jej dziatania prowadzi do pelnej eliminacji ich ze $rodowiska.
Waznym wynikiem badan podjetych w dysertacji bylo stwierdzenie odzyskiwania
zywotnosci przez komorki bakterii znajdujace si¢ w stanie anabiozy. Ponowna hodowla
wydzielonej subpopulacji potwierdzita, ze przynajmniej czgs¢ komorek znajdowato sie
w stanie VBNC (ang. viable but nonculturable). Ponadto, z wykorzystaniem techniki
AFM potwierdzono zmian¢ morfologii komorek subpopulacji posredniej, ktéra moze
wskazywa¢ na adaptacje bakterii do niekorzystnych warunkéw $rodowiska.
Odnotowano takze liczne zmiany struktury powierzchni komorek martwych,
charakteryzujace si¢ wzrostem chropowatosci 1 elastycznos$ci, mogagce wynikac
z dziatania na $ciang¢ komorkowa bakterii reaktywnych zwigzkoéw tlenu zawartych

w strumieniu plazmy.

Wykazano takze, ze wpltyw CP na zawarto$¢ zwigzkow fenolowych uzalezniony

byt od warunkéw prowadzenia procesu oraz budowy chemicznej konkretnego zwigzku
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reagujacego ze sktadnikami plazmy. W badanych probkach wina po 3—miesigcznym
okresie przechowywania stwierdzono redukcje ogolnej zawarto$ci zwigzkow
fenolowych oraz obnizenie aktywnos$ci przeciwutleniajgcej niezaleznie od zastosowane;]
metody konserwacji. Efekt ten byl najlagodniejszy dla konserwacji metoda tradycyjng
oraz CP (5 min; He/Nz). W przeprowadzonych badaniach po raz pierwszy wskazano
mozliwo$¢ wykorzystania zimnej plazmy do redukcji amin biogennych w czerwonym
winie. Pozytywnie nalezy oceni¢ fakt, ze konserwacja wina CP nie wptyne¢ta na pH oraz
barwe¢ w sposob, ktéry moglby by¢ dostrzegalny dla konsumenta. Z wykorzystaniem
nichierarchicznej analizy skupien wykazano przyporzadkowanie konserwacji metoda
CP do klastra z probkami kontrolnym. Skupienie to charakteryzowato si¢ posrednimi
warto$ciami poszczegolnych parametrow jakosciowych wina. Wykorzystujac analize
chemometryczng w pracy po raz pierwszy wykazano, ze istniejg specyficzne zaleznos$ci
migdzy zastosowang metoda konserwacji a poszczegdlnymi parametrami $wiadczacymi
o jakosci wina tj. barwa, wlasciwosci przeciwutleniajace, zawarto$¢ zwiazkoéw

fenolowych 1 amin biogennych oraz czysto$¢ mikrobiologiczna.

Wyniki przeprowadzonych analiz dowodzg, ze dobdr odpowiednich warunkow
plazmowania moze w przysztosci spowodowac, iz CP stanie si¢ alternatywng metoda

konserwacji wina.
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SUMMARY

Public awareness of healthy food is increasing. This creates high expectations
for food producers, who must provide the market with products that are safe for health
and as little processed as possible. To this end, food preservation processes are carried
out, the main aim of which is to protect against spoilage and microbiological
contamination, to reduce undesirable sensory changes and to preserve high nutritional
value. Although classical thermal food preservation methods are still the most widely

used, the high process temperature limits their use in some industries.

Wine is a traditional alcoholic beverage whose culture of production and
consumption has been evident throughout the world for centuries. Due to its content of
bioactive compounds belonging mainly to the polyphenol group, it is attributed with
numerous health-promoting properties. In order to ensure the shelf-life and
microbiological safety of wine, sulphites are commonly used for its preservation.
However, these compounds have a negative impact on consumer health, as confirmed
by scientific studies. This has contributed to an increased search for alternative wine
preservation methods. Particular attention is being paid to non-thermal methods that, in
addition to eliminating unwanted microorganisms, would not significantly affect the
final stability of the product. Cold plasma (CP) is becoming a promising solution for the
preservation of alcoholic beverages due to its advantages, which include a broad
antimicrobial effect, low process temperature, short sterilisation time and relatively low

cost.

The main objective of the research carried out within the framework of this
dissertation was to evaluate the possibility of using cold plasma in the preservation of
red wine realised by (i) determining the mechanisms of action of CP on the cells of
wine-contaminating microorganisms, taking into account the characteristics of the
physiological and morphological changes occurring in L. hilgardii cells (i) finding out
the effects of CP on the physicochemical properties and biological activity of red wine.
(i11) to compare the effects of CP with preservation methods using the addition of
potassium metabisulfite on the quality of red wine, taking into account the storage

period.

The physiological state of the bacterium L. hilgardii after CP treatment was

assessed by examining cell survival using the classical culture method, ODeoo optical
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density measurements and using flow cytometry. Scanning electron microscopy (SEM),
atomic force microscopy (AFM), and Fourier transform infrared spectroscopy (FTIR)
were used to determine the relationship between metabolic activity and cell
morphology. The combination of AFM and flow cytometry allowed the analysis of
post-CP treatment changes in individual cell subpopulations, an innovative approach not
previously reported in the international literature. Also, for the first time, the effect of
CP on the physicochemical properties and biological activity of red wine was compared
with the traditional and combined method, taking into account a three-month storage
period. Qualitative and quantitative determination of the profile of phenolic compounds
and biogenic amines by UPLC-PDA-MS/MS and GC-MS was also carried out. A
chemometric analysis was used to describe the relationship between the preservation

method used and the individual wine quality parameters studied.

In this study, CP was shown to retard the growth and division of L. hilgardii,
while prolonging its duration of action leads to their complete elimination from the
environment. An important result of the research undertaken in the dissertation was the
finding of recovery of viability by bacterial cells in a state of anabiosis. Re-culture of
the isolated subpopulation confirmed that at least some of the cells were in the VBNC
(viable but nonculturable) state. In addition, a change in cell morphology of the
intermediate subpopulation was confirmed using AFM, which may indicate adaptation
of the bacteria to adverse environmental conditions. Numerous changes in the surface
structure of the dead cells, characterised by an increase in roughness and elasticity, were
also noted, possibly due to the action of reactive oxygen compounds contained in the

plasma stream on the bacterial cell wall.

It was also shown that the effect of CP on the content of phenolic compounds
depended on the process conditions and the chemical structure of the specific compound
reacting with the plasma components. In the wine samples studied, a reduction in the
total phenolic compound content and a decrease in antioxidant activity were found after
a 3-month storage period, regardless of the preservation method used. This effect was
mildest for preservation by the traditional method and CP (5 min; He/N2). The study
indicated for the first time the possibility of using cold plasma to reduce biogenic
amines in red wine. On a positive note, CP wine preservation did not affect pH and
colour in a way that could be perceived by the consumer. Using non-hierarchical cluster

analysis, the allocation of CP preservation to a cluster with control samples was shown.

10
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This cluster was characterised by intermediate values of individual wine quality
parameters. Using chemometric analysis, the study showed for the first time that there
are specific relationships between the preservation method used and individual
parameters indicative of wine quality, i.e., colour, antioxidant properties, content of
phenolic compounds and biogenic amines, and microbiological purity. The results of the
analyses indicate that the selection of appropriate conditions for the plasma process

could make CP an alternative method of wine preservation in the future.

11
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1. WPROWADZENIE

Pierwsza opublikowana praca (P1) wchodzaca w sktad mojej dysertacji jest
przegladem pi$miennictwa opisujacym mechanizmy dziatania zimnej plazmy na
komorki drobnoustrojéw oraz czastki wiruséw. W publikacjach badawczych P2, P3
oraz P4 scharakteryzowano zimng plazm¢ jako nowg nietermiczng metode utrwalania
zywnosci w kontek$cie konserwacji czerwonego wina. Dodatkowo w monografii nie
bedacej czescia cyklu publikacyjnego wchodzacego do rozprawy doktorskiej
pt. ,JInnovative technologies in sustainable food production: cold plasma
processing. [AUT.] MAGDALENA POLAK-BERECKA, IWONA NIEDZWIEDZ.
W: Sustainable production technology in food / edited by José M. Lorenzo, Paulo
E.S. Munekata, Francisco J. Barba Amsterdam 2021, Academic Press, s. 165-177,
omoOwiono rol¢ i znaczenie zimnej plazmy w zréwnowazonej produkcji zywnosci.
Niniejszy rozdzial jest podsumowaniem zebranych informacji, ktére stanowily
podstawe do podjecia tematyki badawczej, bedacej przedmiotem mojej rozprawy

doktorskiej.

Wino jest napojem alkoholowym, ktorego tradycja wytwarzania i spozywania
znana jest na Swiecie od wiekow (Gajek 1 in. 2021). Postgpujace w ostatnich latach
zmiany klimatyczne przyczynily si¢ do zwigkszenia uprawy winorosli 1 produkcji wina
réwniez w chtodniejszych regionach Europy Srodkowo-Wschodniej, w tym takze
w Polsce (Kozminski i in. 2020). Dostepna na rynku bogata oferta tych produktow
sprawia, ze klienci przywigzuja coraz wigksza wage do jakosci wypijanego trunku,
zwlaszcza jego cech fizyko-chemicznych i1 organoleptycznych (Dumitriu i1 in. 2021).
Coraz wigksza uwage przywigzuje si¢ takze do prozdrowotnych wiasciwosci
czerwonego wina, wynikajacych z bogatej zawartosci polifenoli, ktore charakteryzuja
si¢ aktywnoscig przeciwutleniajgcg (Borges 1 in. 2013; Gris 1 in. 2013). Wiele badan
epidemiologicznych wskazuje, ze umiarkowane spozycie czerwonego wina korzystnie
wptywa na uktad nerwowy i sercowo-naczyniowy (Snopek i in. 2018), chroni przed
cukrzyca (Rasines-Perea i in. 2017) oraz ma dzialanie prewencyjne w stosunku do

niektorych nowotworow (Haunschild 1 Marx, 2022).

Ze wzgledu na niskie pH, obecno$¢ alkoholu oraz substancji o aktywnosci
przeciwbakteryjnej, wino uwazane jest za S$rodowisko niekorzystne dla rozwoju

mikroflory. Jednak niektore drobnoustroje wyksztalcity szereg mechanizmow

12
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adaptacyjnych, pozwalajacych im przetrwa¢ w tych warunkach. Do tej grupy naleza
przede wszystkim drozdze Brettanomyces, bakterie kwasu mlekowego (LAB — lactic
acid bacteria) oraz bakterie kwasu octowego (Niu i in. 2019; Puligundla i in. 2018).
LAB stanowig dominujgcg grupe mikroorganizméw wystepujaca w moszczu
winogronowym oraz winie. Szczegoétowe badania przeprowadzone przez Rodas i wsp.
(2005) wykazaly, ze wigkszo$¢ izolatow nalezy do gatunku Lentilactobacillus hilgardii
(L. hilgardii). Jednym z glownych zagrozen wynikajacych z metabolizmu bakterii
mlekowych jest synteza karbaminianu etylu, ktory ma wlasciwosci rakotworcze.
Ponadto LAB s3 gléwnymi producentami amin biogennych (BAs — biogenic amins),
takich jak histamina (HIS), tyramina (TYR), fenyloetyloamina (2-PE) i spermidyna
(SPD). Aminy biogenne sa odpowiedzialne za obnizenie jako$ci sensorycznej wina, ale
takze ich wysokie st¢zenie moze wywotywaé niepozadane efekty fizjologiczne
u konsumenta objawiajace si¢ bolem glowy, nudnosciami czy tachykardig (Puligundla

i in. 2018).

Aby zapobiec rozwojowi niepozadane] mikroflory 1 przedluzy¢ okres
przydatnosci produktu do spozycia przeprowadza si¢ proces konserwacji. Chociaz
klasyczne termiczne metody utrwalania produktow spozywczych nadal odgrywaja
bardzo wazna role w technologii Zywnosci, to nie sg one odpowiednie dla procesow
winifikacji (Niu 1 wsp. 2019). Dlatego w produkcji wina powszechnie stosowanym
konserwantem jest dwutlenek siarki (SO2), dodawany zazwyczaj w postaci
pirosiarczynu potasu (K»S20s), ktoéry wykazuje wlasciwosci przeciwbakteryjne
1 przeciwutleniajace oraz zapobiega nieenzymatycznemu utlenianiu win (Casquete 1 in.
2021). Z drugiej strony, zwigzek ten moze mie¢ negatywny wplyw na jako$¢ wina,
powodujac pogorszenie wiasciwosci sensorycznych produktu, a takze negatywnie
oddziatywa¢ na zdrowie konsumentow, wywotujac u nich bole glowy, zapalenie skory
czy biegunke (Pozo-Bayén i in. 2012). Dlatego Swiatowa Organizacja Zdrowia (WHO)
wprowadzita przepisy okreslajace dopuszczalng dawke SO» ograniczajagc tym samym
jego stosowanie. Przyczynito si¢ to do wzmozonych poszukiwan nowych strategii, ktére
pozwolityby na zmniejszenie st¢zenia lub nawet zastapienie siarczyndw w procesie
konserwacji wina (Cordero-Bueso i in. 2019). Majac to na uwadze, badacze sa obecnie
szczegblnie zainteresowani nietermicznymi metodami konserwacji zywnoS$ci, ktore
pozwola na usunigcie niepozadanych mikroorganizmoéw z matrycy zywnosci bez

znaczgcego wplywu na koncowg stabilnos$¢ produktu (Puligundla i in. 2018). Do takich
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metod nalezy zimna plazma (CP — cold plasma), ktérej popularno$¢ stale wzrasta,

o czym $wiadczy liczba opracowan naukowych w tej tematyce z ostatniej dekady.

1.1 Charakterystyka zimnej plazmy

Termin ,plazma” zostat wprowadzony do nauki w 1927 roku przez
amerykanskiego fizykochemika Irvinga Langmuira, ktory uzyt tej nazwy do opisu
zjonizowanego gazu o unikatowych wilasciwosciach. Zimna plazma uwazana za
czwarty stan materii jest rodzajem zjonizowanego badz czgSciowo zjonizowanego gazu,
ktéry zawiera wiele natadowanych czastek, atoméw w stanie wzbudzonym
1 podstawowym, reaktywnych zwigzkéw oraz fotonéw UV (Brisset i in. 2016). Ze
wzgledu na udowodnione dziatanie sterylizujace CP znalazta zastosowanie w wielu
branzach m.in. w medycynie (Metelmann i in. 2018), przemysle spozywczym (Hojnik
1 in. 2017), rolnictwie oraz ochronie §rodowiska (Pol¢ic i1 in. 2018). Szerokie spektrum
wykorzystania zimnej plazmy wigze si¢ z jej zdolno$cig do inaktywacji czynnikow
biologicznych, takich jak: wirusy, bakterie, spory, drozdze czy grzyby (Bourke i in.
2017). W zalezno$ci od warunkéw generowania plazmy, mozna jg sklasyfikowac ze
wzgledu na: ci$nienie atmosferyczne (plazma niskoci$nieniowa, wysokocisnieniowa),
temperatur¢ (plazma niskotemperaturowa, wysokotemperaturowa) oraz sklad gazu
plazmotworczego (plazma jednoskladnikowa, wielosktadnikowa) (Bourke 1 in. 2017;
Liao 1 in. 2017). W inaktywacji czynnikow biologicznych wykorzystuje si¢ plazme
nietermiczng, ktora charakteryzuje sie temperaturg elektronow (Te) = 10*~10° K, oraz
brakiem réwnowagi termodynamicznej. Oznacza to, ze elektrony posiadaja wyzsza
temperature niz temperatura czastek neutralnych (Te > Tn), co powoduje, ze temperatura
samego procesu wzrasta nieznacznie (Laskowska 1 in. 2016). Temperatura plazmy jest
niezwykle istotna przy obrobce materialdow termolabilnych - nieodpornych na dziatanie
wysokich temperatur. Plazme¢ nierownowagowa otrzymuje si¢ poprzez zastosowanie
réznorodnych wytadowan elektrycznych tj.; koronowe, mikrofalowe, jarzeniowe oraz
wytadowania barierowe. Typ zastosowanego zrodia plazmy bezposrednio wptywa na
sktad i liczebno$¢ generowanych przez nig komponentdw, a co za tym idzie determinuje
jej pdzniejsze wykorzystanie technologiczne (Wang i in. 2019). W zalezno$ci od
rodzaju uzytego gazu sktadniki plazmy beda odmienne. W plazmie, ktorej gazem
roboczym jest tlen lub azot bagdz mieszanina tych gazéw, powstaja reaktywne formy
tlenu (ROS — reactive oxygen species) 1 reaktywne formy azotu (RNS — reactive

nitrogen species). W przypadku wykorzystania CP w rolnictwie, przemysle
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spozywczym oraz medycynie, wyladowania barierowe i dzety plazmowe sg najczgsciej
wykorzystywane do generowania zimnej plazmy. Wynika to z ich prostej konstrukcji

oraz fatwosci modyfikacji (Wiktor 1 in. 2013).

1.2. Mechanizm dzialania zimnej plazmy

Pomimo iz w literaturze mi¢dzynarodowej jest wiele doniesien naukowych
wskazujacych na wysokg skuteczno$§¢ zimnej plazmy w eliminacji niepozadanych
mikroorganizméw, to sam mechanizm tego procesu wcigz nie jest w pelni poznany
(Liao 1 in. 2017). Kluczowe w inaktywacji biologiczne] jest dziatanie reaktywnych
zwigzkow, wysokoenergetycznych elektronow, zjonizowanych atoméw 1 czastek oraz
promieniowania UV (Bourke i in. 2017). W kontakcie z materiatem biologicznym
wysoka reaktywnos$cig charakteryzuja sig zwigzki pochodzace z tlenu badz azotu;
0, Oy, O3, OH, NO, i NO3. Ich dziatanie powoduje utlenianie lipidow 1 biatek btony,
zaklocajac tym samym jej prawidlowe funkcjonowanie, a powstale uszkodzenia
prowadza do przerwania ciggtosci btony komodrkowej (Afshari i Hosseini, 2014). Na
integralno$¢ blon, znaczacy wplyw wywieraja réwniez sily elektrostatyczne.
Wytworzone przez plazme natadowane czastki, gromadzg si¢ po zewnetrznej stronie
membrany doprowadzajac do jej dezintegracji (Maciejewska 1 in. 2016). Przerwanie
cigglosci struktur powierzchniowych komorek jest rowniez efektem procesu
elektroporacji. Zjawisko to polega na wzroscie istniejagcych oraz powstaniu nowych
mikroporéw komorkowych pod wptywem pulsacyjnego pola elektryczego (Moreau i in.
2008). Pierwsze badania sugerowatly, ze za inaktywacj¢ mikroorganizmow odpowiada
degradacja DNA wywotana dziataniem promieniowania UV. Obecne w plazmie fotony
moga powodowa¢ zmiany w strukturze materialu genetycznego, prowadzac do
powstania dimeréw zasad azotowych i1 uszkadzajac zdolno$¢ do replikacji DNA
(Maciejewska 1 in. 2016). Udziat kazdego z wyzej wymienionych mechanizmoéw oraz
ich skuteczno$¢ w inaktywacji biologicznej jest rozny 1 zalezy przede wszystkim od
parametroOw procesu generowania plazmy, czynnikow $rodowiskowych oraz rodzaju
1 wlhasciwosci drobnoustrojow. Nieliczne doniesienia naukowe wskazuja takze na
mozliwo$¢ indukowania przez zimng plazme¢ stanu VBNC (ang. viable but
nonculturable) niektorych bakterii (Dolezalova i Lukes, 2015). Komoérki w tym stanie
charakteryzuja si¢ niska aktywnoscig metaboliczng, nie rosng na standardowych statych

podiozach hodowlanych i nie sg w stanie si¢ replikowac, a tym samym sg bardzo trudne
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do wykrycia z zastosowaniem standardowych metod oceny czystosci mikrobiologicznej

produktow spozywczych (Schottroff i in. 2018).

1.3. Zastosowanie zimnej plazmy w produkcji Zywnosci

Zimna plazma ze wzgledu na szeroko udowodnione dziatanie inaktywacyjne
w stosunku do réznych grup mikroorganizméw jest interesujacg metoda w kontekscie
produkcji zywnosci (Pan i in. 2019). W literaturze przedmiotu dobrze opisano
1 potwierdzono sterylizujace dzialanie CP w stosunku do niepozadanych
mikroorganizméw  zasiedlajacych odmienne matryce zywnosciowe takie jak
powierzchnia warzyw (Jahid i in. 2014), soki owocowe (Shi i in. 2011) czy produkty
pochodzenia zwierzgcego (Jayasena 1 in.2015). Poziom redukcji drobnoustrojow
zalezny jest od specyficznych wlasciwosci produktu poddawanego procesowi
plazmowania, ale takze od warunkéw prowadzenia procesu (Jahid 1 in. 2014). Poza
eliminacja niepozadanej mikroflory istotne jest réwniez by wykorzystywane metody
utrwalania nie wywieraly negatywnego wplywu na wlasciwosci fizykochemiczne
1 odzywcze produktu spozywczego (Ekezie i in. 2017). Reaktywne zwigzki obecne w
strumieniu plazmy oprocz efektu, jaki wywieraja na komorki drobnoustrojow, moga
rowniez wplywac na samg natur¢ produktu, zmieniajac niektore jego cechy t.j. barwe,

teksture czy zawarto$¢ zwigzkdéw bioaktywnych.

Dostgpne dane literaturowe wskazuja, ze technologia zimnej plazmy
w  produkcji zywnosci moze zosta¢ wykorzystana w sektorze rolnictwa
zrownowazonego. Udowodniono, zZe jej zastosowanie zwigksza opornos¢
eksponowanych roslin na patogeny grzybicze, redukujagc tym samym wykorzystanie
chemicznych $rodkdw ochrony ro$lin, ktore wywieraja negatywny wplyw zar6wno na
zdrowie konsumentow jak réwniez na srodowisko. Dodatkowo CP powoduje redukcje
niepozadanych mikroorganizméw i owadéw w materiale siewnym (El-Aziz 1 in. 2014)
oraz przyczynia si¢ do poprawy kietkowania nasion zwigkszajac szybkos¢ 1 wydajnosé
tego procesu (Tong i in. 2014; Ling i in. 2014). Podniesienie wydajnosci kietkowania
jest korzystne w sektorze przemyshu stodowniczego czy piwowarskiego, poniewaz
skutkuje zdecydowanym zmniejszeniem zuzycia energii. Zimna plazma moze zostac
takze wykorzystana do degradacji mykotoksyn grzybiczych, ktére jak wskazuja dane

FAO zanieczyszczaja az "4 §wiatowych upraw. Mykotoksyny toksyczne dla zwierzat
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1 ludzi, charakteryzuja si¢ duza odpornos$cig na dzialanie wysokich temperatur tym

samym ich eliminacja jest trudna (Hojnik i in. 2017).

Technologia zimnej plazmy staje si¢ obiecujagcym rozwigzaniem, ktore
w przyszlosci moze zastapi¢ konwencjonalne metody dekontaminacji produktow
spozywczych, materialdw medycznych jak réwniez powietrza. Technika ta posiada
wiele zalet, do ktorych zaliczy¢ mozemy wysoka skuteczno$¢ redukceji miana czastek
wirusOw oraz liczby mikroorganizmow, tworzenie nietoksycznych produktow
ubocznych, jak rowniez stosunkowo niski koszt procesu. Waznym aspektem,
dotychczas nie opisanym w literaturze przedmiotu sg reakcje ochronne
mikroorganizméw indukowane dziataniem plazmy. Doniesienia naukowe na temat
mozliwo$ci wprowadzania komorek niektorych bakterii w stan VBNC wzbudzaja
watpliwosci co do pelnego bezpieczenstwa tej metody sterylizacji. Dodatkowo
kluczowe jest rowniez poznanie efektéw, jakie moze wywiera¢ ta technika na
wlasciwosci fizykochemiczne, a takze zawarto$¢ i1 przemiany zwigzkéw aktywnych

biologicznie w produkcie.

Dotychczas w literaturze przedmiotu brak jest doniesien badajacych dziatanie
CP na komorki w ukladzie modelowym bakterii zanieczyszczajagcych wina oraz
oceniajacych przydatnos¢ tej metody w konserwacji czerwonego wina w aspekcie cech
fizykochemicznych, technologicznych 1 wartosci odzywczych w porownaniu
z metodami konwencjonalnymi. W oparciu o powyzsze informacje, celowe wydaje si¢

podjecie badan nad wykorzystaniem zimnej plazmy w konserwacji win czerwonych.
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2. HIPOTEZY BADAWCZE I CEL PRACY

HIPOTEZA GLOWNA

Zimna plazma moze by¢ wykorzystywana jako alternatywna metoda konserwacji

czerwonego wina.

HIPOTEZY SZCZEGOLOWE

1.

Zimna plazma dziata antybakteryjnie wzgledem Lentilactobacillus hilgardii oraz

moze wplywaé¢ na morfologie¢ 1 fizjologie komorek indukujac u nich stan VBNC.

2. Zimna plazma moze wptywaé w sposob jakosciowy i iloSciowy na zawartosé
zwigzkéw bioaktywnych w czerwonym winie oraz na jego wlasciwosci
fizykochemiczne.

3. Efektem zastosowania zimnej plazmy jako metody konserwacji czerwonego
wina moze by¢ poprawa jako$ci produktu w poréwnaniu z zastosowaniem
metody tradycyjnej wykorzystujacej pirosiarczyn potasu.

CEL PRACY

Celem pracy byla ocena mozliwo$ci zastosowania zimnej plazmy jako alternatywnej

metody konserwacji czerwonego wina.

W celu weryfikacji hipotez zalozono szczegotowe cele badawcze:

1.

Charakterystyka przezywalnos$ci oraz zmian fizjologicznych i1 morfologicznych
komorek L. hilgardii poddanych dziataniu zimnej plazmy.
Okre$lenie wplywu zimnej plazmy na profil zwigzkow fenolowych oraz

zawarto$¢ amin biogennych.

. Poznanie dziatania CP na aktywno$¢ biologiczng i wlasciwosci fizykochemiczne

czerwonego wina.

Zbadanie efektu dziatania CP na jako$¢ czerwonego wina.

Poréwnanie cech technologicznych 1 fizykochemicznych probek wina
poddanych konserwacji CP oraz metoda tradycyjna z pirosiarczynem potasu
1 metodg tgczong (zimna plazma + niskie stezenia K»S>0Os), z uwzglednieniem

okresu przechowywania.
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3. MATERIALY Il METODY BADAWCZE
3.1. Materialy i metody badawcze zastosowane w publikacji P2

MATERIAL BADAWCZY

Materiat badawczy stanowil szczep kolekcyjny Lentilactobacillus hilgardii
(L. hilgardii; NRRL B-1843, Agricultural Research Service Culture Collection, USA)
wyizolowany z wina. Wybor powyzszego modelu eksperymentalnego podyktowany byt
tym, iz jak wskazuje literatura, bakterie te charakteryzuja si¢ wysoka odpornoscig na
niekorzystne warunki $rodowiska w jakim bytuja np. moga przetrwa¢ w $rodowisku
zawierajacym nawet do 20% alkoholu 1 s3 dominujagcymi mikroorganizmami

stanowigcymi zanieczyszczenia w winie.

SYSTEM PLAZMOWANIA

Doswiadczenie rozpoczeto od badan wstepnych, ktére miaty na celu dobor
najskuteczniejszych warunkéw prowadzenia procesu. Wplyw typu zastosowanego
wytadowania elektrycznego, rodzaj gazu plazmotworczego oraz czas trwania procesu na
efektywnos$¢ sterylizujaca oceniono poprzez badanie stopnia przezywalnosci komorek
metoda ptytkowa. Na podstawie uzyskanych wynikoéw do oceny stanu fizjologicznego
1 zmian morfologicznych komoérek L. hilgardii pod wptywem zimnej plazmy zostat
wybrany system plazmowy, wykorzystujacy generator wyladowan dielektrycznych
(DBD - dielectric barrier discharge) oraz gaz roboczy bedacy mieszaning helu i tlenu.
Z kolei czas trwania procesu ustalono na 5, 10 1 15 min. a wyniki odnoszono do probek
kontrolnych nie poddanych dziataniu CP. Generowana w reaktorze plazma pod
ci$nieniem atmosferycznym miata posta¢ strumienia wychodzacego z ceramicznej rury
o Srednicy wewngtrznej i zewnetrznej odpowiednio 1,4 mm i 3,4 mm. W odlegtosci 10
mm od konca rury znajdowata si¢ wysokonapigciowa elektroda pier§cieniowa.
Uziemiona elektroda ptaska wykonana z miedzianego laminatu PCB umieszczona byla
na mieszadle magnetycznym. Ciekla probke o objetosci 6 mL umieszczono w szklanej
proboéwce o S$rednicy wewnetrznej 20 mm, bezposrednio w obszarze wytadowan
pomiedzy dwiema elektrodami. Odlegto$¢ migdzy koncem reaktora a powierzchnig
cieczy wynosita 2 mm. Probki byly mieszane podczas ekspozycji na zimng plazme za
pomocg mieszadla z PTFE Natezenie przeptywu mieszaniny gazow 96 L/h helu

z 1,8 L/h tlenu bylo regulowane przez regulatory przeptywu gazéw. Reaktor byt

19



MATERIALY IMETODY BADAWCZE

zasilany napigciem RMS 5,1 kV o czgstotliwosci 21,43 kHz i $redniej mocy 6 W.

Schemat systemu plazmowego przedstawiono na Rycinie 1.

Rycina 1. Uklad do$wiadczalny: 1- reaktor strumienia plazmy; 2 - probka w szklanym

pojemniku; 3 - mieszadlo magnetyczne; 4 - zasilacz wysokiego napigcia; 5 - regulator

przeptywu gazu (Publikacja P2).

Ponizej wymieniono skrocony opis wykorzystanych metod badawczych

w publikacji P2:

1.

Badanie przezywalnosci komoérek przeprowadzono z wykorzystaniem
klasycznej metody hodowlanej na ptytkach Petriego oraz pomiaru
spektrofotometrycznego gestosci optycznej ODsoo mikrohodowli
z wykorzystaniem systemu Bioscreen C (Labsystem, Helsinki, Finlandia).
Aktywnos$¢ metaboliczng i1 zywotno$¢ komorek L. hilgardii badano przy uzyciu
zestawu BacLight Redox Sensor Green Kit (Life Technologies, Carlsbad, CA,
USA) oraz cytometru przeptywowego BD FACS Aria III (Becton Dickinson,
San Jose, CA, USA).
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3. Resuscytacje komorek przeprowadzono wedlug procedury Liu i wsp. (2018)
z niewielkimi modyfikacjami. Krzywa wzrostu populacji wykonano poprzez
spektrofotometryczny pomiar gestosci optycznej ODeoo, z wykorzystaniem
systemu Bioscreen C (Labsystem, Helsinki, Finlandia).

4. Ocen¢ zmian morfologicznych na powierzchni komoérek dokonano
z wykorzystaniem skaningowej mikroskopii elektronowej (SEM — scanning
electron microscopy) oraz mikroskopii sit atomowych (AFM — atomic force
microscopy).

5. Widma FTIR otrzymano przez zastosowanie spektrometru FT-IR Nicolet 8700
(Thermo Scientific, Waltham, MA, USA) wyposazonego w rozdzielacz wigzki
KBr i1 detektor MCT/A. Widma FTIR mierzono i analizowano przy uzyciu
oprogramowania Atlus Microscopy Software for OMNIC-8.

3.2.  Materialy i metody badawcze zastosowane w publikacji P3 i P4

MATERIAL BADAWCZY

Material badawczy stanowilo czerwone wino wyprodukowane w winnicy ,,Dom
Bliskowice” (Polska, woj. lubelskie) z winogron odmiany Regent i Rondo (1:1),
zebranych w pazdzierniku 2019 roku. Po zbiorze, winogrona odszyputkowano
1 zmiazdzono. Miazge przeniesiono do kadzi fermentacyjnych w celu maceracji
1 wstepnej fermentacji. Procesy te prowadzono przez 10 dni w temperaturze powietrza,
przy udziale naturalnych drozdzy. Nastepnie wina zostaly oddzielone od frakcji stalej
poprzez tloczenie za pomoca prasy pneumatycznej i przeniesione do zbiornika
fermentacyjnego o pojemnosci 1000L. Fermentacja trwala 30 dni na osadzie
w temperaturze powietrza. Nastepnie wino przelano do kolejnego zbiornika, celem
dokonczenia fermentacji 1 przeprowadzenia spontanicznej fermentacji malolaktyczne;.
Do czasu pobrania badanych prob wino nie bylo poddane zadnym zabiegom
konserwujacym. Uzyskane wino podzielono na trzy partie i poddano trzem metodom

konserwacji:

e Metoda tradycyjng - dodatek 30 mg/L lub 100 mg/L pirosiarczynu potasu;
e metoda taczong — zimna plazma i dodatek 30 mg/L pirosiarczynu potasu;

e zimng plazma.
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Nastepnie badania probek wina przeprowadzono bezposrednio po procesie konserwacji
oraz po trzech miesigcach przechowywania (15°C, ograniczony dostep $wiatla).

W Tabeli 1. przedstawiono charakterystyke badanych prob.

Tabela 1. Sposob kodowania probek i ich charakterystyka

Kod . Czas trwania Gaz
rrs Metoda konserwacji
probki procesu roboczy
PRZED PRZECHOWYWANIEM
1. kontrola 0 -
2. zimna plazma 2 He /O,
3. zimna plazma 5 He /02
4. zimna plazma 10 He /02
5. zimna plazma 2 He /N>
6. zimna plazma 5 He /N»
7. zimna plazma 10 He /N>
3 metoda tradycyjna - 30mg/L 0 i
’ pirosiarczynu potasu
9. metoda tgczona 2 He/O2
10. metoda taczona 5 He /O
11. metoda taczona 10 He/ Oz
12. metoda tgczona 2 He /N>
13. metoda tgczona 5 He /N>
14. metoda taczona 10 He /N>
15 metoda tradycyjna - 100 mg/L 0 i
) pirosiarczynu potasu
PO PRZECHOWYWANIU
16. kontrola 0 -
17. zimna plazma 2 He/ Oz
18. zimna plazma 5 He /O
19. zimna plazma 10 He /O
20. zimna plazma 2 He /N»
21. zimna plazma 5 He / N>
22. zimna plazma 10 He /N>
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23 metoda tradycyjna - 30mg/L 0 i

) pirosiarczynu potasu
24, metoda faczona 2 He/ O>
25. metoda taczona 5 He/ O
26. metoda faczona 10 He/ O>
27. metoda faczona 2 He /N»
28. metoda taczona 5 He /N>
29. metoda faczona 10 He /N>
30 metoda tradycyjna - 100 mg/L 0 i

) pirosiarczynu potasu

SYSTEM PLAZMOWANIA

Probki wina poddawano dzialaniu zimnej plazmy przez 2; 5 lub 10 min. Jako
gaz roboczy stosowano mieszaning helu i azotu lub helu i tlenu. Probki eksponowano na
dzialanie CP przy uzyciu reaktora strumienia plazmy DBD. Objetos¢ 50 mL
czerwonego wina wlewano do sterylnego szklanego pojemnika i umieszczano na
mieszadle magnetycznym. Reaktor DBD skladat si¢ z ceramicznej rury gazowej
o S$rednicy wewnetrzne] 1,4 mm. Dwie metalowe elektrody byly rozmieszczone
W nastepujacy sposob: pierscieniowa elektroda wysokiego napigcia byta umieszczona
10 mm od konca dyszy, a ptaska, laminowana miedzig elektroda PCB stuzyla jako
uziemienie. Elektroda miedziana byta umieszczona na mieszadle magnetycznym, tuz
pod pojemnikiem na probki. Odlegtos¢ miedzy koncem rurki reaktora a powierzchnig
cieczy wynosita 2 mm. Natezenia przeptywu mieszanin gazow substratowych wynosity
96 L/h helu z domieszkami tlenu lub azotu w ilosci 1,8 L/h. Natgzenia przepltywu byty
regulowane przez regulatory przeptywu gazu (Zaktad Automatyki "ROTAMETR",
Gliwice, Polska).

Ponizej wymieniono skrocony opis wykorzystanych metod badawczych
w publikacji P3 i P4:

1. Jakosciowe 1 iloSciowe oznaczenie profilu zwigzkéw fenolowych wykonano
przy uzyciu ultrawydajnej chromatografii cieczowej z odwrocong faza (UPLC-
PDA-MS/MS). Zastosowano system UPLC-PDA-MS/MS Waters ACQUITY
(Walters, Milford, MA, USA).

2. Jakosciowe 1 iloSciowe oznaczenie amin biogennych oznaczono przy uzyciu

chromatografii gazowej polaczonej ze spektrometrig mas (GC-MS).
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3. Specyficzne korelacje pomigdzy roznymi metodami konserwacji, a zawartoscia
amin  biogennych 1 wybranych zwiazkéw fenolowych  okreslono
z wykorzystaniem wieloczynnikowej statystycznej eksploracji danych. Do
analizy danych wykorzystano nastepujagce metody chemometryczne: analize
skupien (hierarchiczng 1 niehierarchiczng lub klasteryzacje K-means),
dwukierunkowa analiz¢ taczenia, analiz¢ sktadowych glownych oraz analizg
czynnikowa. Analizy przeprowadzono przy uzyciu oprogramowania
STATISTICA 8.0.

4. Wartos¢ pH probek czerwonego wina mierzono potencjometrycznie przy uzyciu
pH-metru Hanna HI 221 (Hanna Instruments, Woonsocket, RI, USA).

5. Barwe probek czerwonego wina okreslono za pomocg kolorymetru X-Rite 8200
(X-Rite, Inc., Michigan, USA) z wykorzystaniem przestrzeni barw CIELab
(Metoda OIV-MA-AS2-11, 2006).

6. Catkowita zawarto$¢ zwigzkéw fenolowych (TC — total phenolic content) oraz
catkowitg zawarto$¢ antocyjanéw (TA — total anthocyanin content) w probkach
wina czerwonego oznaczono metoda spektrofotometryczng.

7. Potencjat antyoksydacyjny oznaczono spektrofotometrycznie poprzez oceng
zdolnosci do neutralizowania wolnych rodnikow generowanych z ABTS 1 DPPH
oraz jonéw Fe*" do Fe?" (FRAP).

8. Ogolng zawarto$¢ bakterii mezofilnych w probkach czerwonego wina oceniono
z wykorzystaniem klasycznej metody hodowlane;.

9. Wieloczynnikowa eksploracja danych statystycznych zostata wykorzystana do
opisania specyficznych korelacji pomig¢dzy zastosowanymi réznymi metodami
konserwacji a whasciwosciami fizykochemicznymi i biologicznymi probek wina.
Zastosowane metody chemometryczne obejmowaty analiz¢  skupien
(hierarchiczng 1 niehierarchiczng), analiz¢ czynnikowa oraz skladowych
gtownych. Roznice miedzy $srednimi warto$ciami danych (pH, barwa, TC, TC,
ABTS, DPPH, logN), testowano na istotno$¢ statystyczng przy p < 0,05 za
pomocg analizy wariancji i testu Tuckey'a.

Szczegolowy opis metodyki znajduje si¢ w poszczegolnych publikacjach
wchodzacych w sklad rozprawy doktorskiej.
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4. PREZENTACJA WYBRANYCH WYNIKOW BADAN ORAZ ICH
DYSKUSJA

Postawiony w niniejszej rozprawie doktorskiej cel badawczy zrealizowano
w dwoch etapach prac eksperymentalnych, ktérych wyniki opisano w publikacjach P2
oraz P3 1 P4. W pierwszym etapie badan podjeto probe ustalenia mechanizmow
dzialania zimnej plazmy na komoérki L. hilgardii (Publikacja P2). Z kolei w drugim
oceniono wptyw CP na wlasciwosci fizykochemiczne 1 zawartos¢ zwigzkéw
fenolowych w czerwonym winie. (Publikacja P3 i P4). Ponizej przedstawiono opis

uzyskanych wynikow.

4.1 Ocena stanu fizjologicznego i zmian morfologicznych komoérek
Lentilactobacillus hilgardii po ekspozycji na zimng plazme (P2)

W pierwszej czgsci eksperymentu oceny stanu fizjologicznego komorek
L. hilgardii dokonano z wykorzystaniem klasycznej metody hodowlanej, a krzywa
wzrostu populacji uzyskano dzigki wykonaniu pomiaréw spektrofotometrycznych

gestosci optycznej ODeoo, z wykorzystaniem systemu Bioscreen C (Rycina 2.).
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Rycina 2. A. - Redukcja ilosci komoérek L. hilgardii po ekspozycji na zimng plazme
(PT_5 - 5 min ekspozycji, PT 10 -10 min., PT 15 -15 min). B. - Parametry wzrostu
L. hilgardii po ekspozycji na zimng plazm¢ (Publikacja P2).
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Calkowite zahamowanie wzrostu bakterii zaobserwowano po 10-minutowej
ekspozycji na zimng plazme. Natomiast juz S-minutowa sterylizacja spowodowata
wydluzenie fazy lag oraz czasu podziatu odpowiednio o 263% i 46% w stosunku do
kontroli. Wydtuzenie fazy lag sugeruje, ze komorki dluzej przystosowuja si¢ do
warunkow panujacych w srodowisku. Prawdopodobng przyczyng tego zjawiska moze
by¢ fakt, ze w strumieniu plazmy, generowanej z wykorzystaniem tlenu, znajduja si¢
liczne reaktywne zwigzki takie jak: tlen singletowy, ozon, nadtlenek wodoru lub aniony
ponadtlenkowe, ktore w bezposredniej interakcji z drobnoustrojami moga wywotywac
u nich stres oksydacyjny tym samym opdzniajac ich podzialy i wzrost w podtozu
mikrobiologicznym (Liu 1 in. 2018). Przedstawione powyzej metody hodowlane
opieraja si¢ jednak jedynie na ocenie zdolno$ci komorek do podziatéw i1 wzrostu
w okreslonych warunkach. Na tej podstawie mozliwa jest ich klasyfikacja na frakcje
martwe i zywe, co stanowi tylko skrajne stany zywotnos$ci, bowiem drobnoustroje moga
wystepowaé w tzw. stanach posrednich. Z tego powodu stan fizjologiczny komorek
kontrolnych oraz poddanych dziataniu CP oceniono réwniez z wykorzystaniem

cytometrii przeptywowej (Rycina 3).
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Rycina 3. Analiza stanu fizjologicznego komoérek L. hilgardii metoda cytometrii

przepltywowej (Publikacja P2).
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Analiza z wykorzystaniem cytometrii przeptywowej w polaczeniu ze
specyficznym barwieniem fluorescencyjnym i sortowaniem komodrek umozliwita
dokonanie pelnej charakterystyki stanéw fizjologicznych L. hilgardii w analizowanych
probkach. Zestaw BacLight Redox Sensor Green Vitality Kit (Thermo Scientific) zostat
wykorzystany do scharakteryzowania 1 rozrdznienia poszczegolnych stanow
fizjologicznych badanych bakterii na podstawie pomiaréw aktywnos$ci metaboliczne;.
Interpretacja wynikow doswiadczenia polegata na okresleniu procentowego udziatu
zdefiniowanych subpopulacji komoérek martwych (Q1), srednio aktywnych (Q2) oraz
aktywnych (Q4). Oceniono rozktad poszczegélnych subpopulacji w calej populacji
mikroorganizméw w badanych probach. Procentowy udzial zdefiniowanych
subpopulacji drobnoustrojow wykazal znaczne réznice w rozkladzie poszczegdlnych
frakcji (Q4, Q2, Q1) pomigdzy probka kontrolg a probkami poddanymi dziataniu CP
(Rycina 3). W probce PT 10, w ktorej klasyczne metody hodowlane wskazywaty na
calkowite zahamowanie wzrostu bakterii, odnotowano az 77,5% komorek w stanie
posrednim, a tylko 8,1% komorek martwych. Dopiero zastosowanie 15-minutowej
ekspozycji na CP powodowato dominacj¢ subpopulacji Q1, ktora stanowita 98,8% calej
populacji. Wysoki udzial drobnoustrojow, pozostajacych w stanie posrednim, moze
skutkowa¢ falszywie negatywnymi wynikami oznaczen liczby mikroorganizmow
z zastosowaniem klasycznych metod hodowlanych, poniewaz cz¢§¢ komorek z tej
grupy, w sprzyjajacych warunkach, moze podlega¢ procesom regeneracji i odzyskac
zywotno$¢. Bakterie tworzace subpopulacje komoérek srednio aktywnych (Q2) moga
reprezentowac populacje bakterii uszkodzonych lub znajdujacych si¢ w stadium VBNC.
Stan VBNC jest strategig bakterii majaca na celu przetrwanie niekorzystnych warunkow
srodowiska tj. ekstremalne temperatury, podwyzszone ci$nienie osmotyczne,
ekspozycja na $wiatlo lub zawarto§¢ tlenu (Schottroff i in. 2018). Jak oméwiono
wczesniej, w strumieniu plazmy, ktéorego gazem roboczym jest tlen, stezenie ROS jest
wysokie, co moze by¢ czynnikiem indykujacym wejscie bakterii w omawiane stadium.
W celu sprawdzenia czy bakterie nalezace do frakcji $rednio aktywnej (PT_10; Q2)
odzyskaja zywotno$¢ oraz by zweryfikowaé hipoteze, ze zimna plazma indukuje stan
VBNC, dokonano izolacji specyficznych subpopulacji na drodze sortowania komorek.
Otrzymane izolaty poddano procesowi resuscytacji na odpowiednio przygotowanym
podtozu mikrobiologicznym. W przeprowadzonym doswiadczeniu zaobserwowano
wzrost komorek z frakeji Q4 1 Q2 (Publikacja P2 — Ryeina 6), co potwierdzito hipoteze,

ze ekspozycja L.hilgardii na CP wprowadza cze$¢ komorek w stan VBNC 1 ze niektore
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srednio aktywne komorki w odpowiednich warunkach s$rodowiska zdolne sg do
ponownego namnazania.

Do okreslenia zalezno$ci miedzy stanem fizjologicznym a morfologia komorki
po ekspozycji na zimng plazme zastosowano skaningowa mikroskopi¢ elektronowg oraz
mikroskopi¢ sit atomowych. W niniejszym opracowaniu oméwiono wyniki uzyskane
z wykorzystaniem metody AFM.

Technika AFM zostala wykorzystana do skorelowania obserwacji w skali
nanometrycznej z wlasciwo$ciami nanomechanicznymi i1 fizycznymi powierzchni
komorek (Rycina 4 i 5). Analiza ta pozwolita okresli¢ rozbieznosci w topografii
1 wlasciwosciach powierzchniowych komoérek (PT 10) w trzech réznych stanach
fizjologicznych (aktywny, $rednio aktywny, martwy) oraz komoérek kontrolnych.
Nalezy podkresli¢, iz potaczenie metody cytometrii przeptywowej z analizg morfologii
bakterii potraktowanych CP, a nastgpnie posortowanych na subpopulacje jest

podejsciem nowatorskim nie odnotowanym wcze$niej w literaturze mi¢dzynarodowe;.
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Rycina 4. Profil przekroju powierzchni komorek L. hilgardii w trzech r6znych stanach

fizjologicznych po 10 — minutowej eskpozycji na zimng plazme.

Na uzyskanych obrazach 3D widoczne s3 komorki kontrolne charakteryzujace
si¢ typowym dla nich ksztattem 1 gtadka powierzchnig. Z kolei, morfologia komorek
badanych znajdujacych si¢ w poszczegolnych stanach fizjologicznych rdznila sig
znaczgco. Wartym odnotowania sg zmiany morfologiczne, jakie zaszty we frakcji Q2.
Wielko$¢ komorek ulegla zmniejszeniu, a profil $rednicy przekroju wzrdst dwukrotnie
co $wiadczy o zmianie ksztattu komoérek z typowego wydluzonego dla L.hilgardii na
kulisty. Obserwacje te znajduja potwierdzenie w dostepnej literaturze naukowej
omawiajacej zmiany zachodzace podczas przejscia bakterii w stan VBNC (Pienaar i in.
2016). Miniaturyzacja komodrek oraz przyjecie formy kulistej stanowig strategie
przetrwania niekorzystnych warunkoéw. Zmiana ksztattu prawdopodobnie pozytywnie
wplywa na pobieranie sktadnikéw odzywczych przez komorke ze wzgledu na
zwiekszong powierzchni¢ wchtaniania (Yoon 1 in. 2017). Widoczne réznice w stosunku

do kontroli zaobserwowano rowniez w subpopulacji Q1, w ktorej powierzchnia
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komorek odznaczata si¢ glebokimi, nieregularnymi zagl¢bieniami. Pomimo to,
integralno$¢ struktur zewnetrznych nie zostala przerwana. Jest to zgodne
z wczesniejszymi doniesieniami naukowymi wskazujacymi na wyzsza oporno$¢ na
dziatanie CP bakterii Gram-dodatnich, ktoérych gruba $ciana komoérkowa chroni przed
uszkodzeniami zewngtrznymi, a ich uszkodzenie i eliminacja najprawdopodobniej
nastepuje na skutek interakcji ROS z komponentami wewn¢trznymi komorki (Laroussi
1 in. 2003). Dzigki zastosowaniu techniki AFM, oprécz obrazow ukazujacych roznice
w powierzchni komorek, uzyskalismy dane liczbowe, ktére pozwolily na obliczenie
warto$ci odpowiadajacych chropowatosci powierzchni, adhezji i sprezystosci (modut

DMT - model Derjaguina-Mullera-Toropova) komoérek (Rycina 5).
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Rycina 5. Obrazowanie AFM komoérek posortowanych w subpopulacje po 10-
minutowym traktowaniu plazmg z wartosciami modulu DMT, chropowatosci oraz
adhezji ich powierzchni.

Analiza danych wykazata, iz subpopulacja Q1 charakteryzowala si¢ najnizsza

wartoscig modutu DMT 1,45 £ 0,28 GPa, co wskazuje na wzrost elastycznosci
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powierzchni komorek badanych bakterii po dzialaniu CP. Dla tej subpopulacji
oznaczono rowniez najwyzszg warto$¢ chropowatosci 7,07 £ 3,1 nm. Zwigkszona
szorstko$¢ sugeruje glebokie zmiany struktur zewnetrznych, co koreluje ze zmianami
zaobserwowanymi na obrazach uzyskanych metoda SEM 1 AFM. W przypadku
komorek $rednio aktywnych, ktoére zdolne sg do ponownego wzrostu odnotowano
zblizone warto$ci wszystkich wyznaczanych parametréw w poroéwnaniu z frakcja zywa.
Natomiast biorgc pod uwage widoczng zmiang ksztaltu bakterii wystgpujacych w tej
subpopulacji mozemy przypuszczaé, iz wzrost sztywnosci do wartosci 2,19 £ 0,17 GPa
wynikal z przej$cia komorki w forme bardziej kulista.

Ostatnim przeprowadzonym do$§wiadczeniem na tym etapie badan byta analiza
chemicznych modyfikacji zewnetrznej struktury komorek L. hilgardii poddanych
dzialaniu zimnej plazmy (PT 10) przeprowadzona przy uzyciu techniki FT-IR
(Publikacja P2, Rycina 10). W badaniach zaobserwowano znaczng liczb¢ zmian
widmowych zwigzanych z wibracjami grup funkcyjnych. Odnotowano spadek

intensywno$ci widma przy dhugosci fali 2920 cm’

, zwigzany z grupa kwasow
thuszczowych CH3 1 CHa. Spadek ten prawdopodobnie byt wynikiem zaburzen struktury
btony komoérkowej (Khan 1 in. 2016). Dodatkowo zaobserwowano intensywne pasma
pochodzace od jonu karboksylanowego, a takze wzrost intensywnosci pasma 1720 cm™!
wskazujacy na tworzenie si¢ nowych grup karbonylowych, takich jak aldehydy ketony
lub kwasy. Wystapienie tych dwoch sygnalow moze by¢ zwigzane z degradacja Sciany
1 btony komorkowej (Kiwi 1 in. 2005). Wystepujacy rowniez wzrost intensywnosci
pasma przy dhlugosci fali 1045 cm’'. zwigzany z symetrycznymi drganiami
rozciggajacymi S = O sugeruje, ze CP moze powodowac utlenianie czasteczek

zawierajagcych siarke, takich jak aminokwasy (metionina, cysteina) czy biatka

(Lackmann i in. 2013; Ravi i in. 2011).

4.2. Ocena wplywu zimnej plazmy na jako$¢ wina czerwonego z uwzglednieniem
okresu przechowywania (P3, P4)

W drugim etapie badan okreslono wptyw plazmy niskotemperaturowej
nierownowagowej na wlasciwosci fizykochemiczne oraz aktywno$¢ biologiczng
czerwonego wina (P3, P4). Na podstawie danych literaturowych oraz wynikow
uzyskanych w publikacji P2, do dalszych badan wybrano dwa systemy plazmowania
roznigce si¢ zastosowanym gazem roboczym — mieszanina He/O> lub He/N, . Czas

trwania procesu ustalono na 2; 5; lub 10 min. W publikacji P3 przeanalizowano profil
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zwigzkow fenolowych oraz zawarto$¢ amin biogennych w probkach wina czerwonego
poddanych dziataniu zimnej plazmy. Z kolei, w publikacji P4 oceniono wptyw zimne;j
plazmy na witasciwosci technologiczne 1 funkcjonalne badanych probek czerwonego
wina. Dodatkowo, w celu zweryfikowania hipotezy, ze zimna plazma moze by¢
alternatywna metoda konserwacji wina, w obydwu pracach poréwnano wptyw dziatania
CP z metoda taczong (CP + 30 mg/L K»S,0s) oraz metoda konwencjonalng (30 lub 100
mg/L K»S,05) na koncowg jako$¢ produktu z uwzglednieniem trzymiesigcznego okresu

przechowywania.

Polifenole to jedna z najliczniejszych 1 najwazniejszych grup zwiazkéw
wystepujacych w czerwonym winie. Odpowiadaja one za barwe¢ (antocyjany), smak
(taniny) 1 aromat produktu. Dodatkowo wykazuja aktywno$¢ antyoksydacyjna, co
sprawia, ze korzystnie wpltywaja na profilaktyke chorob uktadu krazenia i innych
przewlektych standw chorobowych (Snopek i1 in.2018). Zawarto$¢ polifenoli w winie
zalezy m.in. od szczepu winorosli, technologii produkcji wina, proceséw starzenia oraz
stosowanych metod konserwacji. Przeprowadzone w pracy analizy umozliwily
okreslenie rdéznic jakoSciowych 1 ilosciowych w profilu zwigzkow fenolowych
w badanych probkach wina, ktore poddano réznym procesom konserwacji oraz
trzymiesigcznemu przechowywaniu (Publikacja P3). Z wykorzystaniem ultrasprawne;j
chromatografii cieczowej oznaczono 54 zwiazki, w tym 24 z grupy antocyjanow,
7 flawonoli, 12 katechin, 7 kwasoéw fenolowych oraz 4 zwiazki nalezace do stilbenow
(Publikacja P3 — Materialy Dodatkowe). Najliczniej oznaczong grupg¢ stanowity
antocyjany, ktore sa odpowiedzialne za odcien i stabilno$¢ barwy wina oraz §wiadcza
o jego koncowej jako$ci. Antocyjany sa zwigzkami nietrwatymi, ktore w §rodowisku
wodnym ulegaja odwracalnym przemianom wywolujac tym samym zmiang barwy
zalezng od pH S$rodowiska. Ponadto ulegaja one degradacji w trakcie procesOw
technologicznych na skutek dziatania réznych czynnikow tj. temperatura, tlen czy
swiatlo (He et al. 2012; Yue et al. 2021). Powyzsze wlasciwosci antocyjanéw znajduja
potwierdzenie w uzyskanych przez nas wynikach, ktére wskazuja, iz zarowno proces
przechowywania, jak rowniez zastosowana metoda konserwacji wplynety na koncowsa
zawarto$¢ antocyjanow. Proces przechowywania spowodowat redukcje tych zwigzkow
w kazdej z badanych préb (od 8,23 do 47,51%). Natomiast wptyw procesu konserwacji
uzalezniony byt od rodzaju zastosowanej metody. Bezposrednio po dodaniu

pirosiarczynu potasu do czerwonego wina (probka nr. 8 i 15) odnotowano niewielki
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wzrost sumarycznej zawarto$ci antocyjandéw w poroéwnaniu z probka kontrolng (nr 1).
Ponadto probka z dodatkiem 100 mg/L K>S>0Os charakteryzowata si¢ ich najwyzsza
zawartoscig (836,32 mg/L). Réwniez po trzymiesigcznym okresie przechowywania
(probka nr 23 i 30) odnotowaliSmy zblizone stezenie antocyjanéw w pordwnaniu do
wina nie konserwowanego (probka nr 16), jednakze dodatek pirosiarczynu potasu
w stezeniu 100 mg/L spowodowat obnizenie zawarto$ci tych zwiazkow o 5,77%.
Uzyskane wyniki wskazuja, iz zastosowana metoda tradycyjna wywiera minimalny
wplyw na obnizenie zawarto$ci antocyjanow. W badaniach nad wptywem CP na profil
zwigzkéw fenolowych odnotowano, ze zardwno czas trwania procesu, jak réwniez
rodzaj uzytego gazu przyczynit si¢ do zmiany zawarto$ci poszczegdlnych zwigzkow.
Badanie zawarto$ci antocyjandéw w probkach nieprzechowywanych wskazuje, iz
zastosowanie CP przez 10 min. (He/O2) spowodowato najwyzsza redukcje sumarycznej
zawarto$ci antocyjanow w stosunku do kontroli (580,36 mg/L). Natomiast obserwujac
dziatanie CP generowanej z wykorzystaniem mieszaniny gazéw hel/azot
odnotowaliSmy wzrost ich zawarto$ci wraz ze wzrostem czasu trwania procesu.
Sumaryczna zawarto$¢ po czasie 2, 5 oraz 10 min wyniosta kolejno: 707,23; 747,74;
755,25 mg/L (Tabela 2). Roznice w dziataniu poszczegdlnych gazéw na stabilnosé
antocyjanow w badanych probkach wina prawdopodobnie wynikaja z powstajacych
w trakcie generowania plazmy odmiennych reaktywnych zwigzkéw. Interesujace sa
wyniki analizy probek po trzymiesigcznym przechowywaniu. W probkach poddanych
S5-minutowe] konserwacji CP oraz metoda taczong odnotowano wyzszg zawarto$¢
niektorych antocyjandéw w pordéwnaniu z probkami, ktore byty plazmowane tylko przez
2 min. Dodatkowo ten sam czas dzialania CP generowanej z wykorzystaniem
mieszaniny gazow He/N> spowodowal, Ze sumaryczna zawarto$¢ antocyjanow byla
porownywalna do probki kontrolnej oraz z dodatkiem 30 mg/L K»S»0s, a wyzsza

0 4,34% od probki z dodatkiem 100 mg/L pirosiarczynu potasu.

33



WYNIKI I DYSKUSJA

Tabela 2. Sumaryczna zawarto$¢ zwiazkoéw fenolowych i amin biogennych w badanych probkach czerwonego wina

. Kwasy . Zwigzki
Kod Probki* A“&ggﬁ"y fenolowe Fl[?lvlvga/'ﬁ‘ile Flam;‘/f]' ole S[tlﬂg/efly ff)‘g‘zizvnvle
[mg/L] [mg/L]

1. 731,78+30,97 22,65+138  3,74+025  5052+3,68  1,87+0,18 810,55+ 36,46
2. 633,34 +31,01 2326+ 1,41  340+031  51,99+374  177+0,16 713,77 +36,63
3. 682,58 +3331 24,17+147  341£0]15  4788+344  1,73£0,04  759,77+3841
4. 580,36+27,83 23,19+ 1,41  3,02+0]14  4278+3,06  1,65£0,15 651,00+ 32,59
5. 707,23+3497  24,68+148  328+015  5361+386  1,86%0,18 790,65+ 40,64
6. 747,74+36,77 2391143 3,17+0,13  5031£3,60  1,79+0,17 826,92 +42,10
7. 75525+37,09 23,56+ 1,40  3,17£0,]14  4721£338  1,78=0,17 830,97 =42,18
8. 811,73£40,18 23,52+142  325+0,14  53,06+3,83  187+018 89343 +4575
9, 797,03£39,62 23,39+ 1,41 3,19£0]14  51,55+£370  1,85+0,18 877,00+ 45,05
10. 768,28+37,77 23,74+142  317£0]14  4704%339  1,79%0,17 844,03+ 42,89
11. 710,95+ 41,17 24,13+ 1,44 293£022  4246£265  1,65£0,15  782,12+45,63
12. 818,52+49,80 24,61+146  3,11+024  5352+349  182+022 901,57 +55.21
13. 77779 +47,80  2431+144  3,124025  5095+328  184+022 858,01 +52,99
14. 778,08 £47,66 23,95+ 1,41 3,12£026  47,76£3,06  1,75£022 854,66+ 52,61
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15.
16.
17.
18.
19.
20.
21.
22,
23.
24.
25.
26.
27.
28.
29.
30.

836,32 + 52,29
671,28 + 40,63
513,69 25,18
578,80 = 32,07
426,16 + 18,32
493,18 + 23,61
661,23 + 35,66
476,48 + 23,95
675,11 + 38,12
473,92 + 23,22
489,98 + 24,25
44338 £23,18
429,64 +21,25
495,68 + 25,88
502,65 + 27,27
632,53 + 35,77

22,95+ 1,35
23,88 + 1,41
24,52 + 1,44
24,34 + 1,44
24,13 + 1,41
24,66 + 1,46
23,91 + 1,84
24,01 + 1,76
22,71+ 1,76
23,70 + 1,76
24,18+ 1,78
23,90+ 1,79
24,50 + 1,79
24,52 + 1,80
23,82+ 1,76
22,48+ 1,77

3,15+0,32
2,87 £ 0,24
2,92 + 0,24
2,67+0,22
2,62+021
2,64 +0,22
3,19+0,14
3,02+0,11
2,98+0,13
2,74 £0,11
2,73+0,10
2,72+0,14
2,70 £ 0,10
2,87+0,12
2,52+0,12
3,00+0,11

52,93 + 3,50
44,21 + 3,01
34,86 + 2,25
35,76 + 2,33
21,19 + 1,31
34,67 + 2,20
33,57+ 1,92
25,04 + 1,42
40,79 £ 2,36
28,71 1,71
27,71 + 1,59
24,06 £ 1,37
30,80 + 0,84
30,83 + 1,78
30,50 + 1,67
42,21 + 2,44

1,85+0,22
1,68 0,21
1,43 £0,12
1,47 +0,13
1,34 £0,12
1,66+ 0,19
1,38 +0,11
1,19+0,10
1,45+ 0,07
1,13+ 0,06
1,15+ 0,06
1,16 + 0,06
1,15+ 0,06
1,23 +0,06
1,20 £ 0,05
1,32 £ 0,06

917,19 + 57,68
743,92 + 45,50
577,42 + 29,23
643,02 + 36,19
475,45+ 21,37
556,81 + 27,68
732,28 + 39,67
529,74 + 27,34
743,04 + 42,44
530,19 + 28,86
545,75 + 27,78
495,23 + 26,54
488,79 + 24,04
555,13 + 29,64
560,70 + 30,87
701,53 + 40,16

Dane przedstawiono jako $rednie £SD (odchylenie standardowe). * sposéb kodowania probek przedstawiono w Tabeli 1.
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W badanych probkach czerwonego wina oznaczono réwniez kwasy fenolowe:
kwas galusowy, protokatechowy, kaftarowy, kutarowy, kawowy, kumarowy oraz
ferulowy. Stwierdzono, ze kwas galusowy wystepowat w najwyzszym stezeniu (9,52 —
11,86 mg/L). W probkach przed przechowywaniem najwyzsza sumaryczng zawarto$¢
tych substancji 24,68 mg/L odnotowano po 2 minutowej ekspozycji na zimg plazme
(He/Nz), zawarto$¢ ta byta wyzsza o 8,25% w stosunku do kontroli. Obserwacja ta
znajduje potwierdzenie w literaturze przedmiotu, korzystne dzialanie CP na zawartos$¢
kawasow hydroksycynamonowych zostatlo opisane przez Herceg i wsp. (2016). Zwiazki
nalezace do tej grupy charakteryzuja si¢ wyzsza stabilnoscia, co prawdopodobnie
wptywa na ich mniejsza reaktywno$¢ z rodnikami powstajacymi w trakcie generowania
zimnej plazmy. W przeciwienstwie do antocyjanéw zawarto$¢ kwasoéw fenolowych po
przechowywaniu w wigkszosci probek wzrosta. Interesujace wyniki uzyskaliSmy przy
ocenie zawarto$ci kwasu protokatechowego (Publikacja P3 - Tabela 2). Po
przechowywaniu jego st¢zenie bylo wyzsze w stosunku do probek analizowanych
bezposrednio po konserwacji, a w przypadku probek poddanych dziataniu CP (10 min.,
He/Nz) odnotowano nawet 4-krotny wzrost (0,84 mg/L). Z kolei najnizsza zawarto$¢
kwasu protokatechowego oznaczono w probkach z dodatkiem 100 mg/L K»S>Os (0,19
mg/L). Podobng tendencje zaobserwowano w przypadku zawartosci pozostatych
kwasow. Na podstawie dostgpnych danych literaturowych oraz uzyskanych przez nas
wynikOw zawarto$ci antocyjanéw w badanych probach czerwonego wina, mozemy
przypuszczac, 1z wzrost stezenia kwasow fenolowych w probkach konserwowanych CP
zwigzany byt ze spadkiem zawarto$ci antocyjanow. Zwiazki te bowiem moga by¢
degradowane do kwasoéw fenolowych, a gldéwnymi produktami ich rozpadu sa kwasy
protokatechowe, kwasy wanilinowe, kwasy syringowe oraz p-kumarowy (Yang i in.
2018). Prace innych autoréw sugeruja takze, ze krotki czas dziatania plazmy na matryce
zywno$ciowa powoduje dysocjacje aglomeratéw lub czastek, co prowadzi do wzrostu
zawartoSci zwigzkéw fenolowych (Garofuli'c 1 in. 2015). Z wykorzystaniem UPLC-
PDA-MS/MS oznaczono réwniez flawanole, flawan-3-ole oraz stilbeny. Sumaryczna
zawarto$§¢ flawanoli w badanych probkach wina byla niewielka 1 wahata si¢
w przedziale od 2,52 — 3,74 mg/L. Najwyzsze stg¢zenie odnotowano w probce
kontrolnej nie przechowywanej, natomiast najnizsze w probce po przechowywaniu,
konserwowanej metoda taczong (10 min., He/N3). Sposrdéd flawan-3-oli najwyzsze
stezenie w badanych prébkach odnotowano dla (+)-katechiny 25,67 mg/L (probka nr 5)
oraz procyjanidyny Bl 10,46 mg/L (probka nr 12). W badanych probkach wina
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oznaczano takze cis— oraz trans-resweratrol. Zawarto$¢ cis-resweratrolu w prébkach
przed 1 po przechowywaniu pozostala na niezmienionym poziomie. Niewielki wzrost
jego zawarto$ci odnotowano w probkach poddanych dziataniu CP (10 min., He/O,),
a nastgpnie przechowywanych przez 3 miesigce. Odwrotng zalezno$¢ zaobserwowano
dla trans-resweratrolu. Otrzymane przez nas wyniki wskazuja, ze wplyw procesu
przechowywania jak rowniez zastosowanej metody konserwacji na profil zwigzkow
fenolowych wina nie jest jednoznaczny i zalezy w gléwne] mierze od wilasciwosci
chemicznych poszczegdlnych zwigzkéw. Do tej pory w literaturze nie ma wielu
doniesien wyjasniajagcych mechanizm dzialania zimnej plazmy na cechy produktow
spozywczych. Jednakze w trakcie generowania CP obserwowana jest emisja $wiatla,
procesy kawitacyjne, wytwarzanie fal uderzeniowych a takze generowanie wolnych
rodnikow, co bezposrednio przyczynia si¢ do degradacji wielu zwigzkdw organicznych,

takze zwigzkéw fenolowych (He i in. 2012).

Zawarto$¢ zwigzkow fenolowych w czerwonym winie bezposrednio wptywa na
jego aktywno$¢ przeciwutleniajacg, a tym samym determinuje jego wlasciwosci
prozdrowotne. Wplyw rdéznych metod konserwacji na pojemnos¢ antyoksydacyjng
badanych prébek okreslono poprzez oznaczenie zdolnosci do neutralizowania wolnych
rodnikéw generowanych z ABTS i DPPH oraz do redukcji jonow Fe** do Fe?* (FRAP)
(Publikacja P4). Najwyzsza aktywno$¢ przeciwutleniajaca odnotowano w probee
nieprzechowywanej, konserwowanej metoda tradycyjng (100 mg/L  K3S:05),
z wartosciami DPPH, ABTS 1 FRAP wynoszacymi odpowiednio 77,31%, 95,56%
1 12,41 mmTE/L. Co ciekawe, jak omdwiono powyzej, probka ta charakteryzowata si¢
roOwniez najwyzszg sumaryczng zawartos$cig zwigzkow fenolowych (917,19 mg/L).
Najnizszy potencjat przeciwutleniajgcy zaobserwowano natomiast po zastosowaniu CP
(10 min; He/O2) 1 procesu przechowywania. Wyniki DPPH, ABTS 1 FRAP byly nizsze
odpowiednio o 67,03%, 2,83% 1 30,82% w poréwnaniu do probki kontrolnej. Podobnie
jak w przypadku zawartosci poszczegélnych zwigzkéw fenolowych, wplyw czasu
trwania procesu konserwacji na aktywno$¢ antyoksydacyjng nie jest jednoznaczny.
Brak jest rowniez danych literaturowych wyjasniajagcych oddziatywanie CP na
wlasciwosci antyoksydacyjne czerwonego wina. Czg$¢ autoréw sugeruje spadek
potencjatu oksydacyjnego wraz ze wzrostem czasu plazmowania (Hou 1 in. 2019).
Jednakze, w naszych badaniach po 5-minutowej ekspozycji na CP (He/N2) wykazano

0o 19% silniejsza zdolno$¢ do zmiatania wolnych rodnikéw DPPH w poréwnaniu do
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efektow uzyskanych po 2-minutowej sterylizacji. Ponownie, wynik ten jest zbiezny
z obserwacjami zmian zawartosci zwigzkow fenolowych. Przedstawione wyniki
wskazujg, ze wptyw CP na aktywno$¢ antyoksydacyjng czerwonego wina jest silnie
skorelowany z zawartoscig zwigzkow fenolowych. Podobne wnioski znajdujemy
rowniez w pracach innych autorow, ktérzy badali wlasciwosci antyoksydacyjne wina
(Rodriguez-Vaquero i in. 2020; Yue i in. 2021). W kontek$cie rozwazan nad
potencjalnym zastosowaniem zimnej plazmy jako alternatywnej metody utrwalania
czerwonego wina, nalezy podkresli¢, iz réznica miedzy uzyskanymi wynikami z analizy
préb poddanych konserwacji CP (5 min., He/N2) 1 metodg tradycyjna (100 mg/L
K>S,05), a nastepnie przechowywanych byla nieistotna statystycznie.

Oprocz prozdrowotnych zwigzkéow fenolowych, w winie obecne sg rowniez
aminy biogenne, ktorych zawarto§¢ uzalezniona jest od stezenia prekursorow
aminokwaséw w produkcie, pH, stezenia alkoholu oraz dwutlenku siarki. BAs powstaja
gléwnie na drodze dekarboksylacji aminokwaséw bedacej wynikiem dziatalno$ci
mikroorganizméw gléwnie nalezacych do LAB. Wysoka zawarto$¢ tych substancji
moze mie¢ negatywny wplyw na zdrowie cztowieka wywolujagc m.in. nudnosci czy
biegunke. Z powyzszych wzgledow w publikacji P3, po raz pierwszy w literaturze
przedmiotu, podjeto probe okreslenia wplywu zimnej plazmy na zawarto$¢ amin
biogennych w probkach czerwonego wina z wykorzystaniem metody GC-MS. Wyniki
przedstawiono w Tabeli 3. Zidentyfikowano sze$¢ amin biogennych: TRP, PUT, HIS,
TYR, CAD 1 2-PE, sposréd ktéorych najwyzsze wartosci odnotowano dla HIS.
Koresponduje to z wynikami innych badaczy, ktorzy wskazuja, ze jest ona dominujaca
aming biogenng w winach (Plotka i in. 2018). Najwyzsza zawartos¢ HIS stwierdzono
w probce kontrolnej nie konserwowanej (przed przechowywaniem: 818 + 34 ug/L; po
przechowywaniu: 821 + 30 pg/L). Znaczng redukcje zawartosci tego zwigzku (584 + 34
ng/L) zaobserwowano po zastosowaniu konserwacji metoda taczong (10 min, He/O»).
Rowniez po trzech miesigcach przechowywania zawarto$¢ HIS w tej probce nie ulegta
istotnej zmianie (586 + 33 pg/L). Analizujagc wptyw sposobu konserwacji probek wina
na zawarto$¢ pozostalych amin biogennych we wszystkich przypadkach omawiana
wyzej metoda taczona powodowata najwyzsza redukcje tych zwigzkow. Co wiecej,
uzyskany efekt utrzymywat si¢ po 3-miesigcznym okresie przechowywania. Uzyskane
wyniki wskazuja, ze na skuteczno$¢ CP w redukcji amin biogennych w badanych

prébkach wina wptywa czas trwania procesu oraz rodzaj zastosowanego gazu
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roboczego. Wydtuzenie procesu do 10 min. oraz zastosowanie jako gazu roboczego
mieszaniny helu i tlenu korzystnie wptyneto na eliminacje tych zwiazkéw z matrycy
zywnos$ciowej. Do tej pory w literaturze brakuje informacji dotyczacych analizy
wptywu CP na zawarto$¢ amin biogennych w winie. Majac jednak na uwadze, ze za
powstawanie tych zwigzkéw w gléwnej mierze odpowiedzialne sg mikroorganizmy
obecne w produkcie, mozemy przypuszczac, iz CP, ktéra ma szeroko udowodnione
dziatanie biobdjcze, przyczynia si¢ tym samym do redukcji poziomu amin biogennych
w czerwonym winie. Stwierdzenie to moga potwierdza¢ wyniki oznaczen catkowitej
liczby bakterii mezofilnych oméwione w publikacji P4. Zaobserwowano, iz, kazda
z zastosowanych metod konserwacji spowodowata redukcje ogolnej liczby
drobnoustrojéw, a w przypadku zastosowania metody laczonej (10 min., He/O2) nie
wykryto wzrostu mikroorganizméw w podlozu mikrobiologicznym. Wyraznie
widoczne jest takze, ze skuteczno$¢ inaktywacyjna CP wzrastata wraz z wydhuzeniem
czasu trwania procesu. Podobna zalezno$¢ zostala odnotowana przez wielu autorow
(Lacombe i in. 2015; Pankaj i in. 2017). Analiza danych uzyskanych po trzech
miesigcach przechowywania wskazywata na wzrost liczby mikroorganizmoéw w kazdej
z badanych prob, jednakze ponownie najnizsza ilo§¢ mikroorganizmoéw odnotowano po
zastosowaniu metody laczonej (10 min., He/O3). Stopien redukcji catkowitej ilosci
bakterii w tej probce wynosit 4,21 log CFU/mL wzgledem probki kontrolnej. Nalezy
réwniez zauwazyC, ze powyzsza metoda wykazala wyzsza skuteczno$¢ eliminacji
mikroorganizmoéw w pordéwnaniu z tradycyjng metodg konserwacji wina (100 mg/L
K2S20s5).  Inaktywacyjne dzialanie CP na mikroorganizmy zostalo dobrze
udokumentowane przez wielu autoréw. Badano zaréwno jej bezposredni efekt na
komorki mikroorganizmow (Khan i in. 2016), jak rowniez jej wptyw na bezpieczenstwo
mikrobiologiczne produktéw spozywczych (Choi 1 in. 2016; Tappi i in. 2016). Wyniki
badan opisane w literaturze przedmiotu sg zbiezne z naszymi 1 wskazuja, ze skutecznos¢
obrobki zimng plazmga zalezy od wielu parametrow procesu, jak roéwniez od matrycy

zywnos$ciowej, ktora jest poddawana procesowi konserwacji.

39



WYNIKI I DYSKUSJA

Tabela 3. Zawarto$¢ amin biogennych oznaczonych w probkach czerwonego wina

Kod Probki* TRP (ng/L) PUT (ng/L) HIS (ng/L) TYR (ng/LL) CAD (ng/L) 2-PE (ng/L)
1. 4,089 £ 0,012 489 + 25 818 +34 27,74+ 0,16  58,73+0,15 18,70+ 0,054
2. 3,670 £ 0,011 475+ 24 799 + 31 27,58 £0,17 54,15+0,12 18,68 0,049
3. 3,578 = 0,008 455+ 25 734 £37 27,34 +£0,17 52,21+0,12 18,73 £0,047
4. 3,551 +£0,009 449 + 23 732 +£36 2643 +0,13 52,01 +0,14 18,63 +0,050
5. 3,662+ 0,010 471 £22 784 + 29 27,51 0,18 53,94+0,13 18,71 £ 0,048
6. 3,589 + 0,008 466 + 27 741 £33 2744 +£0,16 52,27+0,11 18,75+0,044
7. 3,540 £ 0,010 457 +£22 742 + 34 26,78 +£0,17  52,22+0,13 18,66 + 0,051
8. 2,918 £ 0,008 344 + 25 654 £34 <LOD 48,29 +0,16 23,74+ 0,044
9. 2,705+ 0,011 324 £23 627 £ 38 <LOD 44,54 + 0,14 23,77+ 0,047
10. 2,678 £ 0,013 299 £+ 20 622 £33 <LOD 39,79 £0,12 23,68+ 0,050
11. 1,972 + 0,006 278 +£19 584 + 34 <LOD 38,09+ 0,14 23,76+ 0,048
12. 2,802+ 0,014 348 +24 654 + 38 <LOD 43,87+0,16 23,72+ 0,051
13. 2,732 +0,016 320+ 21 641 + 32 <LOD 40,17+0,13 23,63+ 0,047
14. 2,052 £ 0,008 291 £ 19 601 £ 36 <LOD 37,89 £0,11 23,69+ 0,052
15. 3,878+ 0,013 466 £ 23 773 £30 <LOD 52,42+ 0,17 25,88+ 0,054
16. 4,086 £ 0,011 490 £ 24 821+ 30 27,71 £0,15 58,66 +0,18 18,78 + 0,044
17. 3,674+ 0,010 479 £22 794 + 29 27,66 £0,16  54,05+0,14 18,75+ 0,043
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18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.

3,581 +£0,012
3,560 £ 0,010
3,669 £0,010
3,593 +£0,013
3,547 £0,011
2,915 £ 0,009
2,711 £0,013
2,684 +£0,012
1,979 £ 0,011
2,811 £0,017
2,729 £ 0,014
2,058 0,009
3,874 £ 0,012

457 £ 24
449 + 21
476 £ 26
471 +23
457+ 20
349 £24
332+ 21
309 £24
279+ 19
353 +£22
320+ 19
289 £21
469 + 25

739 £35
732 +33
789 £31
748 + 27
739 £31
658 £33
629 + 38
617 +£31
586 £33
659 + 36
646 £ 31
613 +£35
773 £ 34

27,91+ 0,14
26,38 + 0,12
27,79 £ 0,21
27,49 £ 0,18
26,85+ 0,15
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD
<LOD

52,18+ 0,13
52,09 + 0,18
53,99 £ 0,15
52,30+ 0,17
52,28 £ 0,10
48,33 £0,16
44,50 + 0,19
39,83 +£0,10
38,04 £0,14
43,95 0,11
40,20 0,17
37,84 £0,15
52,47 £ 0,20

18,79 £ 0,051
18,60 + 0,044
18,77 £ 0,044
18,70 £ 0,038
18,71 £ 0,047
23,81+ 0,056
23,84+ 0,031
23,77+ 0,062
23,85+ 0,045
23,77+ 0,044
23,56+ 0,039
23,71+ 0,057
25,93+ 0,061

TRP - tryptamina, PUT - putrescyna, HIS - histamina, TYR - tyramina, CAD - kadaweryna,

2-PE — 2-fenyloetyloamina. Dane przedstawiono jako srednie +£SD (odchylenie standardowe).

*sposob kodowania probek przedstawiono w Tabeli 1.
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W dalszym etapie badan przeprowadzono ocen¢ wplywu roznych proceséw
konserwacji na pH oraz barwe czerwonego wina (Tabela 4). W badanych probkach nie
zaobserwowano znaczgcych zmian w kwasowosci, a pH byto na poziomie ~3,52 przed
przechowywaniem i ~3,49 po przechowywaniu. Wartos$ci te byly zblizone do pH probki
kontrolnej 1 nie odbiegaly od kwasowosci komercyjnie dostgpnych win czerwonych

(Saenz-Navajas i in. 2011).

Dla konsumentow istotnym parametrem §wiadczacym o jakos$ci wina jest barwa.
Wplyw poszczegdlnych metod konserwacji i czasu przechowywania na barwe
czerwonego wina oceniono za pomoca przestrzeni CIE L* a* b*. Analiza jasnosci
barwy (parametr L*) wykazala, ze bezposrednio po zastosowaniu roéznych metod
konserwacji nastepuje wzrost jasnosci produktu. Najwyzsze warto$ci L* odnotowano
dla metody laczonej 15,13 (5 min, He/N2), oraz tradycyjnej 14,94. W odniesieniu do
czerwono$ci (a*) obserwowano ta samg zalezno$¢. Zaobserwowano, ze probki
konserwowane CP (He/N;) badz poprzez dodatek pirosiarczynu potasu
charakteryzowaly si¢ wyzszymi wartosciami tego parametru. Za czerwong barwe wina
odpowiadaja gtownie antocyjany, ktore z SO, mogg tworzy¢ wigzania, rGwnoczesnie
przyczyniajac si¢ do zwigkszenia jasnosci produktu (Silva 1 in. 2021). Po trzech
miesigcach przechowywania odnotowano ciemniejszy kolor produktu w stosunku do
kontroli w probkach 17, 19, 24, 26 1 29. (odpowiednio okoto 9,35; 13,44; 41,23; 20,39;
15,94%). Do konserwacji czterech z nich zastosowano zimng plazm¢ (gaz roboczy:
He/O,), co moze wskazywac¢ na udziat tlenu 1 jego reaktywnych zwigzké4w w procesie
ciemnienia wina. Mechanizm tego zjawiska moze by¢ zwigzany z obecno$cia ozonu
1 rodnikoéw hydroksylowych powstajacych w procesie wytwarzania CP. Zwiazki te
moga powodowac¢ oksydacyjne rozszczepienie chromoforéw, prowadzac do rozpadu
antocyjanow 1 utraty barwy produktu (Sarangapani i in. 2017). Wartym odnotowania
jest takze fakt, ze zastosowanie CP lub metody taczonej (5 min., He/Nz) praktycznie nie
spowodowato zmiany warto$ci parametru L* w stosunku do proby kontrolnej. Koreluje
to z uzyskanymi przez nas wynikami dotyczacymi zawartos$ci antocyjanow w badanych
probkach czerwonego wina. Analizujac pozostale parametry sktadajace si¢ na model
CIELab (a*; b*), stwierdzono takie same zaleznosci jak w przypadku parametru
jasno$ci. Wzrost wartos$ci parametru b* wskazujacy na wigkszy udziat barwy zoltej

prawdopodobnie zwigzany byl z utlenianiem flawanoli. Z kolei, wzrost C* (chroma)
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swiadczy o zwickszonej klarownosci produktu, co moglo by¢ spowodowane

sedymentacjg koloidow w winie podczas przechowywania (De Souza i in. 2018).

W celu okreslenia, czy obserwowane zmiany moga wplywaé na ocen¢ jako$ci
wina przez konsumentdéw, obliczono parametr AE*, ktory wskazuje, czy rdznice
w barwie pomigdzy probka kontrolng a badang moga by¢ dostrzezone przez ludzkie
oko (AE* > 3) (Tkacz i in. 2020). W probkach badanych bezposrednio po ekspozycji na
czynnik sterylizujacy, zastosowanie CP przez 2, 5 lub 10 min (gaz roboczy He/O>) nie
wplynelo na barwe wina w sposob zauwazalny. Jednak wydluzenie czasu trwania
procesu spowodowato wzrost wartosci tego parametru z 0,19 do 3,04. Po
przechowywaniu, najnizsze wartosci AE* odnotowano dla probek wina
konserwowanych CP lub metodg taczona (He/N2; 5 min), AE* odpowiednio 1,12 1 1,01.
Ponadto zmiana barwy po zastosowaniu wigkszo$ci zabiegéw byta niezauwazalna (AE*
< 3,0) lub prawie niezauwazalna (AE* <6,0) dla ludzkiego oka, z wyjatkiem metody
faczonej (2 min., He/O2) 1 konwencjonalnej (100 mg/L K>S>05): AE* odpowiednio
11,811 10,98.
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Tabela 4. Wptyw metody konserwowania oraz procesu przechowywania na pH i barwe wina czerwonego

Kod Probki* pH L* a® b* C* H* AE*
1. 3,54+ 0,019  11,23+0,02° 41,680,087 19,35+0,07¢ 4596+0,13C 24,91 +0,03° -
2. 3,554+0,02¢  11,28+0,03°F 41,84+0,22°F 1945+0,112 46,14+0,05% 24,93+0,07° 0,20+ 0,01
3. 3,52+0,01°% 11,81 +0,07¢ ?)2647%3? 20,36 +0,02" 47,06 +0,07 25,64 +0,12" 1,39+ 0,09
4, 3,52+ 0,01%% 12,56 0,060 43,16+0,17% 21,65+0,22" 4829 +0,065 26,64+0,097  3,04+0,12
5. 3,48 £0,01%4  11,02+0,05¢ 41,51+£0,16° 19,01 +0,03" 45,65+0,0° 24,61+0,10° 0,43+0,02
6. 0?(’;;3;26 13,26 £ 0,22% ‘(‘)i‘ig}mf 22,87+0,10™ 49,60 +0,23' 27,46+0,06™ 4,68+0,16
7. 3,55+0,02°  12,55+0,527 4329+0,37< 21,70+0,10' 4841+0,19% 26,62+0,03  3,14+0,09
8. 3,54+ 0,01% 14,79+ 012" 45,89 +0,04% 2524+0,109 52,37+033" 28,82+0,20M 8,07 +0,22
9. 3,54 +0,01%  12,31+0,10" 43,05+025% 2123+0,14% 48,00+0,14 2624+0,15" 2,56+0,18
10. 3,524 0,00 12,69 % 0,14 ‘%‘;ﬁljf 21874005 48.64+005% 2673+0,17% 3.40+0,10
11. 3,52+ 0,019 14,10+ 0,06™ 44,88 +0,12%° 23.98+0,14° 51,04+0,14" 28,51+0,12®° 6,32+0,13
12. 3,52 +0,02°% 14,33 £0,08™ 4527+0,11°1 24,62+0,10° 51,54+0,16° 28,54+0,18° 7,09 + 0,09
13. 3,51+£0,01%9% 1513 +0,14" 46,08+ 0,229 25,80+0,16" 52,81+0,129 2924+0,13® 873+0,18
14. 3,48 £0,01%%4 12,13 + 0,158 gi’thii 20,91+ 0,077 46,92+0,11" 26,06+0,132" 2.09+0,03
15. 3,52+ 0,02%9 14,94+ 0,06" 46,16 £0,09° 2544+0,129 52,79+0,13P9 29,03 +0,12¢ 8,42+ 0,01
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16.

17.

18.

19.
20.

21.

22,
23.
24.

25.

26.
27.
28.
29.
30.

3,53+ 0,01

3,50 +
O’Ozabcde

3,48 0,01
3,47 +0,01*

3,53 +0,02¢

3,50+
0,0 labcde

3,48 £ 0,012
3,53 +£0,01%¢

3,53 +0,02¢

3,49 +
0,0ladee

3,47 £ 0,012
3,48 + 0,002
3,46+ 0,01
3,44 + 0,03
3,47 £ 0,012

11,71 £ 0,15
10,18 +0,15¢

13,62 + 0,09
9,72 + 0,09¢
12,74 + 0,08
11,74 + 0,108
13,91 + 0,12
12,35 + 0,06
6,6 + 0,08
12,73 + 0,05
8,94 + 0,05°
12,03 + 0,03¢"
11,73 + 0,088
9,44 + 0,06
16,52 +0,12°

42,22 +
0,0 4efghi

39,55 + 0,05

4421 +
0’07mn0

39,89 + 0,124

42,99 £ 0,11

42,13 +
O,ISefgh

44,34 + 0,13
43,05 + 0,115

34,28 + 0,14
42,76 £
0’06hijk

38,39 + 0,07

41,92 + 0,06

41,79 + 0,05

38,94 + 0,06

47,60 + 0,09°

20,19 +£0,14"
17,56 £ 0,11°

23,48 + 0,09
16,75 + 0,094
21,96 + 0,09
20,24 + 0,14"
23,98 +0,12°
21,30 £0,11%
11,39 + 0,03
21,97 + 0,06
15,41 +£0,11°
20,73 + 0,12
20,22 + 0,06"
16,28 + 0,06°
26,94 + 0,03

46,80 + 0,08"
43,27 +0,14¢

50,05 + 0,08™
43,26 + 0,129
48,28 + 0,10
46,74 +0,11"
50,41 + 0,06™
48,03 + 0,141
36,13 + 0,04
48,07 + 0,07
41,37 +0,04°
46,77 + 0,09"
46,43 + 0,09¢"
42,21 +0,07°
54,70 + 0,05"

25,55+ 0,10f
23,93+ 0,124

27,97 + 0,10
22,80 + 0,09°
27,05 + 0,104
25,67 +0,10°
22,41 +0,09°
26,32 +0,08"
18,37 + 0,04
27,18 + 0,04'™
21,87 +0,07°
26,32 + 0,04M
25,82 + 0,05
22,69 + 0,07¢
29,51 +0,07°

1,11+0,12
2,97 £ 0,09

5,40 + 0,08
3,50+ 0,10
3,20+ 0,10
1,12+0,12
5,97 + 0,08
2,63 +0,09
11,81+ 0,07
3,21+0,06
5,62 + 0,09
1,61 £ 0,09
1,01 £ 0,07
4,49 + 0,06
10,98 + 0,05

Wartosci oznaczone roznymi literami (a-s) w obrebie jednej kolumny rdznig si¢ istotnie (P < 0,05). Dane przedstawiono jako

srednie £SD (odchylenie standardowe). *sposdb kodowania probek przedstawiono w Tabeli 1.
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W niniejszej pracy doktorskiej analiza chemometryczna zostala wykorzystana w
celu opisania specyficznych zaleznosci miedzy zastosowang metoda konserwacji

1 poszczegolnymi parametrami §wiadczacymi o jakosci wina (Publikacja P4).

W wyniku hierarchicznej analizy skupien otrzymano dendrogram grupujacy 18
zmiennych (Rycina 6). Wyodrebniono trzy gltowne skupienia (poziom istotnosci

1/3Dmax), ktore przedstawiajg si¢ nastepujaco:

e pH, TP, TA, DPPH, ABTS, FRAP - klaster wskazuje na wptyw
kwasowosci, sktadu fenolowego i aktywnosci antyoksydacyjnej probek
(czynnik utleniania);

e L, a b, c, hy 2-PE - klaster sktadajacy si¢ w catosci ze sktadowych
barwy; 1 $wiadczy o wplywie barwy jako waznego deskryptora badanego
wina;

e LogN, HIS, PUT, TRP, CAD, TYR - skupisko trzecie jest reprezentacja
powigzania pomiedzy parametrem mikrobiologicznym a zawarto$cig

amin biogennych (czynnik biologiczny).

pH \
TP [mg/L] ‘
TA [mgiL] ‘

DPPH [%inhibition]
ABTS [%inhibition]

FRAP [mM TE/L]
o L

\

b
a
c
h

2-PE

[logN]
HIS
PUT |

TRP

o TYR /

0 20 40 60 80 100 120
(Dlink/Dmax)*100

Rycina 6. Hierarchiczny dendrogram dla powigzania 18 zmiennych. TP —
ogolna zawarto$¢ fenoli; TA — ogodlna zawarto$¢ antocyjandw; TRP — tryptamina; PUT
— putrescyna; HIS — histamina; TYR — tyramina; CAD — kadaweryna; 2-PE — 2-
fenyloetyloamina (Publikacja P4).
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Niehierarchiczna analiza skupien zostata wykorzystana w celu sprawdzenia,
ktére zmienne (deskryptory) sa specyficzne dla podziatu grupy obiektéw (badane
proby) na 4 skupienia. Rycina 7 przedstawia $rednie wartosci poszczegdlnych

zmiennych dla kazdego ze zidentyfikowanych klastrow.

Plot of Means for Each Cluster
25 ‘ , . y

20}

15¢

10¢

05}

00¢}

057

1.0 ¢

15t

20}

—— Cluster 1
‘ H : . : . : ' - -0+ Cluster 2
L h DPPH [%inhibition] HIS TRP C@E 3
b TP[mgll] FRAP[MMTEIL] CAD /- Cluster 4

Variables

25

Rycina 7. Wykres S$rednich wartosci kazdej zmiennej dla kazdego
zidentyfikowanego skupienia. *Sekwencja zmiennych jest nastgpujaca: pH, L, a, b, ¢, h,
logN, TP, TA, DDPH, ABTS, FRAP, 2-PE, HIS, PUT, CAD, TYR, TRP. ** TP —
ogolna zawartos¢ fenoli; TA — ogoélna zawartos¢ antocyjanow; TRP — tryptamina; PUT
— putrescyna; HIS — histamina; TYR — tyramina; CAD — kadaweryna; 2-PE — 2-
fenyloetyloamina (Publikacja P4).

Do skupienia pierwszego przypisano probki nr: 19; 23; 24; 25; 26; 27; 28; 29 —
wszystkie obiekty nalezace do tego skupienia byty przechowywane przez 3 miesigce.
Wigkszos$¢ z nich konserwowano metoda taczong z wyjatkiem probki nr 19 (CP: 10
min., He/O2) oraz nr 23 (metoda tradycyjna: 30 mg/L). Klaster ten charakteryzowat si¢
najnizszymi poziomami parametrow barwy. Kolejng cecha tej grupy prébek byt
najnizszy poziom parametréw antyoksydacyjnych oraz umiarkowany poziom amin

biogennych. Zaobserwowano takze najwyzszy poziom log N 1 relatywnie wysoki

poziom 2-PE.

47



WYNIKI I DYSKUSJA

Skupienie drugie obejmowato probki nr: 1; 2; 3; 4; 5; 6; 7; 10; 16; 17; 18; 20;
21; 22, w ktorym, co warte podkreslenia, przyporzadkowano zaréwno probki przed i po
przechowywaniu konserwowane CP oraz probki kontrolne. Charakteryzuje si¢ ono

umiarkowanymi poziomami prawie wszystkich zmiennych.

Pozostate dwa skupienia sg stosunkowo niewielkie. Skupienie trzecie (probka
nr 8; 12; 13; 15; 30), o najwyzszym poziomie deskryptorow barwy, zawiera gtownie
probki konserwowane metoda tradycyjng. Do klastra czwartego przypisano probki
konserwowane CP (He/O) - 9; 10, 11, 14. Charakteryzowat si¢ on niskim poziomem
amin biogennych. Potwierdzilo to nasze wcze$niejsze obserwacje, ze wydluzenie czasu
dzialania zimnej plazmy oraz zastosowanie tlenu do generowania plazmy korzystnie

wptywa na redukcje amin biogennych.
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5. WNIOSKI I STWIERDZENIA

1.

Na podstawie wykonanych analiz mozna stwierdzi¢, ze skutecznos$¢
dekontaminacyjna zimnej plazmy zalezy zaréwno od rodzaju uzytego gazu

roboczego, jak rdOwniez czasu trwania procesu.

. Zastosowanie cytometrii przeptywowej pozwolito na wykrycie (po procesie

plazmowania) subpopulacji komorek L. hilgardii $rednio aktywnych
metabolicznie, ktére w sprzyjajacych warunkach $rodowiska odzyskaty
zdolno$¢ do wzrostu w podtozu mikrobiologicznym.

Dziesigciominutowe dzialanie zimnej plazmy na komorki L. hilgardii
doprowadzito do indukcji stanu VBNC.

Po raz pierwszy w literaturze przedmiotu, z wykorzystaniem techniki AFM,
oceniono zmiany morfologiczne  bakterii  L.hilgardii  poddanych
dziesigciominutowemu dziataniu CP, a nastgpnie posortowano je na
subpopulacje komoérek zywych, srednio aktywnych oraz martwych.

Na skutek dziatania zimnej plazmy, subpopulacja komorek martwych
L. hilgardii  charakteryzowaly si¢ duza chropowatoscia struktur
zewnetrznych, mogaca wynika¢ z dzialania na $ciane komodrkowa bakterii
zawartych w strumieniu plazmy reaktywnych zwiazkow tlenu.

Ksztalt komoérek L. hilgardii w stanie posrednim réznit si¢ od ksztattu
komorek zywych 1 martwych. Zmiany morfologii komoérek mogty by¢

zwigzane z adaptacja do niekorzystnych warunkow §rodowiska.

. Wplyw zimnej plazmy na zawarto$§¢ zwigzkdéw fenolowych w probkach

czerwonego wina uzalezniony byt od warunkéw prowadzenia procesu oraz
budowy chemicznej konkretnego zwigzku reagujacego ze sktadnikami
plazmy.

Pigciominutowe dziatanie na probki czerwonego wina zimng plazmag
z gazem roboczym hel/azot wpltywalo w mniejszym stopniu na profil
zwigzkéw  fenolowych, aktywno$¢ biologiczng oraz = wilasciwosci

fizykochemiczne badanych probek.

. Niezaleznie od zastosowanej metody konserwacji probek czerwonego wina

proces przechowywania spowodowat redukcje ogolnej zawartosci zwigzkow

fenolowych oraz obnizenie aktywnos$ci przeciwutleniajace;.

49



WNIOSKI I STWIERDZENIA

10.

11.

12.

13.

W przeprowadzonych badaniach po raz pierwszy wskazano mozliwos¢
wykorzystania zimnej plazmy do redukcji amin biogennych w czerwonym
winie.

Zastosowanie zimnej plazmy nie wptyneto na kwasowo$¢ oraz barwe
badanych prébek czerwonego wina w stopniu zauwazalnym dla konsumenta.
Przeprowadzone analizy wykazaly, ze po uprzednim doborze i optymalizacji
warunkow plazmowania, zimna plazma moze stanowi¢ alternatywng metode
konserwacji czerwonego wina.

Na podstawie analizy chemometrycznej wykazano po raz pierwszy, ze
istniejg specyficzne zalezno$ci miedzy zastosowang metoda konserwacji
a poszczegdlnymi parametrami $wiadczacymi o jakoSci wina tj. barwa,
wlasciwos$ci przeciwutleniajace, zawartos¢ zwigzkow fenolowych i amin

biogennych oraz czysto$s¢ mikrobiologiczna.
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Abstract

Microbiological contamination is a big challenge to the food industry, medicine, agriculture, and environmental protection. For this reason,
scientists are constantly looking for alternative methods of decontamination, which ensure the effective elimination of unwanted biological
agents. Cold plasma is a new technology, which due to its unique physical and chemical properties becomes a point of interest to a growing
group of researchers. The previously conducted experiments confirm its effective action, e.g. in the disinfection of skin wounds, air, and sew-
age treatment, as well as in food preservation and decontamination. The reactive compounds present in the plasma: high-energy electrons,
ionized atoms and molecules, and UV photons are the key factors that cause an effective reduction in the number of microorganisms. The
mechanism and effectiveness of the cold plasma are complex and depend on the process parameters, environmental factors and the type
and properties of the microorganisms that are to be killed. This review describes the current state of knowledge regarding the effectiveness

of the cold plasma and characterizes its interaction with various groups of microorganisms based on the available literature data.

Key words: biofilm, cellular response, cold plasma, mycotoxin, viruses

Introduction

Cold plasma (CP) or nonthermal plasma (NTP)
and, in particular, cold atmospheric plasma (CAP) is
gaining increasing scientists’ interest, given the possi-
bility of application thereof in medicine (Boudam and
Moisan 2010; Isbary et al. 2010; Vandamme et al. 2010;
Metelmann etal. 2018), food industry (Afshari and
Hosseini 2014; Hojnik etal. 2017, Pignata etal. 2017),
agriculture, and environmental protection (Bogaerts
and Neyts 2018; Pawtat etal. 2018a; 2018b; Siddique
etal. 2018). Many investigations have confirmed the
positive effect of the plasma on the anticancer therapy
(Kim et al. 2009; Vandamme et al. 2010), disinfection of
skin wounds (Isbary etal. 2010; Lademann et al. 2011),
surgical instruments and materials in contact with food
(Boudam and Moisan 2010; Dasan etal. 2017b), puri-
fication of air, water, wastewater, and sewage, as well as
preservation and decontamination of food (Gallagher
etal. 2007; Korachi etal. 2009; Pawtat 2013; Chizoba
Ekezie etal. 2017; Wolny-Kofadka etal. 2017). Such

a broad spectrum of the cold plasma applications is
associated with its ability to inactivate biological factors
as viruses (Terrier etal. 2009; Su et al. 2018), bacteria
(Isbary etal. 2010; Samon et al. 2014; Kartaschew etal.
2016), spores (Deng etal. 2006; Boudam and Moisan
2010), yeasts (Korachi etal. 2009; Metelmann etal.
2018), or fungi (Bayliss et al. 2012; Panngom et al. 2014;
Siddique etal. 2018).

William Crookes discovered plasma in 1879 while
the concept of the plasma was first used in the article
by Irving Langmuir’s entitled “Oscillations in ionized
gases” in 1928. Since then, plasma physics has become
an important field of research. The plasma processing
is used from the seventies when it was used to etch
semiconductor materials. Then, in the 1980s, it was
used in the computer industry, especially in the produc-
tion of miniaturized circuits. In the last decade of the
twentieth century, there has been a development of the
plasma generation technology at an atmospheric pres-
sure, which allowed to eliminate the expensive vacuum
chambers. This has resulted in wider applications of
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cold plasma in medicine, environmental protection and
food preservation (Misra etal. 2016).

Plasma, which is regarded as the fourth state of mat-
ter is a type of ionized gas containing many charged
particles (OH-, H,0%, electrons), reactive compounds
(reactive oxygen species - ROS, which include hydro-
xyl radical, superoxide anion hydrogen peroxide, and
reactive nitrogen species — RNS, i.e., peroxynitrite), the
molecules in the excited and basic states, and UV pho-
tons (UVB, UVC) (Brisset and Pawtat 2016; Bruggeman
etal. 2016).

Plasma can be classified according to the genera-
tion conditions, i.e. atmospheric pressure (low-pressure
plasma, high-pressure plasma), temperature (low-tem-
perature plasma, high-temperature plasma), and the
composition of plasma-generating gas (one-component
plasma, multi-component plasma) (Dzimitrowicz et al.
2015; Bourke et al. 2017). The division of the plasma due
to the temperature depends on the temperature of the
electrons (T). The high-temperature plasma is charac-
terized by T =10°~ 10° K, whereas for the low-tempera-
ture plasma the T, value is in the range from 10* to 10°K
(Fridman et al. 2005). In addition, the low-temperature
plasma is divided into thermal and non-thermal plasma
due to the thermodynamic equilibrium. Inactivation
of biological factors uses a non-thermal plasma that is
characterized by a thermodynamic imbalance. There-
fore, the electrons have a higher temperature than the
temperature of the neutral particles (T ), and the tem-
perature of the gas (T ), and thus, the temperature of
the process increases slightly (Laskowska etal. 2016;
Liao etal. 2017).

Non-equilibrium plasma (with temperatures of elec-
trons substantially exceeding the temperatures of the
other gas components) can be generated with the use
of various electric discharges, e.g. corona, microwave,
gliding arc, and dielectric barrier discharges as plasma
sources. As a result of these discharges, the energy from
the electric field is collected by electrons as a result of
their collision, and only part of the energy is transferred
to neutral molecules which results in the formation of
the T >T state, characterized by non-thermal plasma.
The type of the plasma source has directed the effect on
the composition and the number of components gen-
erated by the plasma and determines the technological
application of the plasma. The temperature of the plasma
is extremely important in the processing of the materials
that are sensitive to high temperatures. The optimization
of the power supply system, an appropriate geometry of
the discharge system, and the type of gas are essential
when active agents generated by cold plasma (e.g. reac-
tive compounds), whose temperature does not exceed
several tens of degrees Celsius, have to be standardized.
For the applications in agriculture, food industry, and
medicine, the dielectric barrier discharges (DBD) and
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plasma jets are used most frequently for the generation
of cold plasma due their simple structure and ease of
modification (Pawtat et al. 2016; Bourke etal. 2017).

The mechanism involved in the cold plasma steriliza-
tion process has not yet been elucidated. The numerous
attempts made by scientists confirm the inactivation of
virus particles and microbial cells by the plasma, but the
relationships between them have not been explored in
details (Liao etal. 2017). The reactive compounds, high-
energy electrons, ionized atoms and particles, and UV
radiation are involved in the process of biological inac-
tivation (Bourke et al. 2017). When in contact with bio-
logical material, the compounds derived from oxygen
or nitrogen, i.e., O, O,, O,, OH-, NO, and NO, are char-
acterized by high reactivity. Their effects include oxida-
tion of membrane lipids and proteins, which results in
the disturbances of the proper membrane function and,
finally, the disruption of the cell membrane (Afshari and
Hosseini 2014). Membrane integrity is highly influenced
by electrostatic forces. The charged particles generated
by the plasma accumulate on the outer side of the mem-
brane, thereby leading to its disintegration (Liao etal.
2017). The discontinuity of the cell surface structures
can also be an effect of the electroporation process. This
phenomenon involves an increase in the number of the
existing cell micropores and the emergence of new ones
induced by the pulsed electric field (Wiktor et al. 2013).
The degradation of DNA caused by UV radiation could
also be involved in the inactivation of microorganisms.
Photons present in the plasma can alter the structure
of the nucleic acids, leading to the formation of nitro-
gen base dimers and impairment of DNA replication
capacity (Beggs 2002; Liao etal. 2017). The contribu-
tion of each of the mechanisms and their effectiveness
in biological inactivation vary and depend primarily on
the parameters of the plasma generation process, envi-
ronmental factors, and the type and properties of the
microorganisms (Fig. 1) (Bayliss etal. 2012).

The aim of this review is to present the current
knowledge on the antimicrobial activity of the plasma
and to discuss the molecular mechanism of interactions
between cold atmospheric plasma and various groups
of microorganisms.

Effect of cold plasma on viruses

The cold plasma technology becomes a promis-
ing solution for inactivation of pathogenic viruses
that cause infections in humans, animals, and plants
(Bourke etal. 2017). The specific mechanisms of CP
inactivation of viruses have not been elucidated yet.
The studies carried out so far demonstrated that expo-
sure to cold plasma can lead to the modification and/
or degradation of proteins, nucleic acids, and lipids of
viral envelopes (Pradeep and Chulkyoon 2016). The
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Fig. 1. Factors influencing the effectiveness of decontamination
using cold plasma. Based on Liao etal. 2017.

researches on the impact of the plasma on bacterio-
phages (a A phage model system) suggested that the
damage of capsid proteins is directly involved in the
inactivation of viruses (Yasuda etal. 2010).

Cold plasma has been demonstrated to inactivate
animal viruses. Terrier etal. (2009) investigated three
types of viruses with the considerable clinical impor-
tance, which cause respiratory infections, e.g. res-
piratory syncytial virus (RSV), human parainfluenza
virus type 3 (HPIV-3), and influenza A virus subtype
H5N2. The plasma generated with air as the working
gas contributed to a significant decrease in the titer
of all viruses tested. Researchers indirectly associated
this finding with the presence of ozone in the gener-
ated plasma that induces the protein damage and lipid
peroxidation. The effect of the plasma on adenoviruses
was analyzed by Zimmermann etal. (2011), who used
4.7-kV micro-discharges for the generation of the
plasma. These viruses have double-stranded DNA
(dsDNA) and exhibit low sensitivity to physical and
chemical factors. They are causative agents of ophthal-
mological, respiratory, and gastrointestinal diseases.
Using a green fluorescent protein (GFP) and a firefly
luciferase, the researchers demonstrated that both viral
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Fig. 2. Pyramid of the sensitivity of microorganisms to plasma*.
Based on Klampfl T.G. etal. 2012; and Liao etal. 2017.
* Sensitivity of individual groups of microorganisms can vary depend-
ing on the conditions of the process.

infectivity and replication were inhibited. The activity
of reactive nitrogen species (RNS) and their intermedi-
ates was proposed as a mechanism of the plasma effect
on the DNA structure and immunogenicity of the virus.
Some investigations were focused on the susceptibil-
ity of noroviruses (NoV), which cause gastrointestinal
infections and pose a major problem in the food indus-
try. Ahlfeld et al. (2015) studied the effect of CP on the
inactivation of NoV from fecal samples. They treated
the samples with a plasma stream and evaluated the
effectiveness of inactivation at a variable time of the
process. They achieved 1.23 log and 1.69 log reduction
in the viral titer after 10 and 15 minutes, respectively
(Bourke etal. 2017). The recent research also suggests
that plasma-activated solutions (PASs) can contrib-
ute to effective decontamination. The effectiveness of
inactivation of the Newcastle disease virus (ND) by
the plasma-activated solutions (H,O, 0.9% NaCl, 0.3%
H,0,) was assessed. The scanning electron microscope’s
(SEM) images revealed morphological changes in virus
particles, and the reduction of their titer and RNA deg-
radation have also been shown (Su et al. 2018).

Effect of cold plasma on microbial cells

Microorganisms are a key target in the investigation
of the plasma efficiency, as susceptibility to the steriliza-
tion process may vary between microorganisms, even
within species and strains (Fig. 2). It largely depends
on the structure of cellular envelopes and the microbial
growth phase (Liao etal. 2017).

Bacteria
The exact mechanism of inactivation of bacterial

cells by cold plasma is still unknown, although the
issue has been extensively studied. Permeabilisation of
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the cell membrane or cell wall leading to leakage of
intracellular components, i.e. potassium, nucleic acids,
and proteins, is regarded as one of the mechanisms of
inactivation of this group of microorganisms. Further-
more, inactivation of bacteria occurs via the oxidative
damage to intracellular proteins and DNA related to
the effect of the plasma compounds (Mai-Prochnow
etal. 2014). The overall mechanisms of microbial inac-
tivation with plasma reactive species are presented in
Fig. 3. The impact of the plasma stream on the external
bacterial structures was investigated by Laroussi etal.,
who use the plasma generated with dielectric barrier
discharge (DBD) against Escherichia coli and Bacil-
lus subtilis cells. For Gram-negative E. coli with a cell
wall composed of an outer membrane and thin pep-
tidoglycan (murein), there was substantial damage to
the membrane resulting in the cytoplasm leakage. The
authors suggest that the visible changes resulted from
the electrostatic rupture of the outer membrane. In
turn, the microscopic image of Gram-positive B. subtilis
cells with a thick cell wall did not show the significant
morphological modifications and the decontamina-
tion was most probably due to interactions of reactive
compounds with the intracellular components. The dif-
ferences in the effect of the plasma on this microbial
group are related to a different structure of cell walls
in these microorganisms (Laroussi et al. 2003). A com-
prehensive analysis of chemical modifications induced
by CAP in the structure of Gram-positive (B. subtilis)
and Gram-negative (E. coli) bacteria was performed by
Kartaschew etal. (2016) with use of a Fourier Trans-
form Infrared Spectroscopy (FTIR) technique. The
spectral images revealed that the plasma caused an
increase in the number of symmetric stretching vibra-
tions that reveal the formation of carboxylic groups
(COO"). The investigators also noted the spectra in the
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absorbance range of 1720 cm™ that indicate the forma-
tion of carbonyl groups (C=O) related to the presence
of aldehydes, ketones, or acids. The resulting signals
were associated with the destruction of the cell wall
and cellular membrane by ROS. Another phenomenon
induced by the activity of the plasma is the change of
the cell membrane potential. This leads to disturbances
in the function of the protonomotoric force and, conse-
quently, abnormal ATP synthesis and the impairment of
cell metabolism and division (Brun et al. 2018).

The changes in the membrane integrity may have
a direct effect on DNA, mainly through the discontinu-
ation of interactions with membrane proteins and for-
mation of pores in the cell membrane by which nucleic
acids can be released from the cell (Coutinho etal.
2018). Plasma-induced release of DNA is possible after
the prior DNA fragmentation, and the effectiveness of
this process depends on the conformation of the nucleic
acid. In comparison with linear DNA, its supercoiled
circular form is regarded as the resistant form of the
nucleic acids (Moreau etal. 2008; Alkawareek etal.
2014). In general, it is believed that the plasma effect
on DNA is a result of the activity of both reactive com-
pounds and UV photons (Coutinho etal. 2018). In the
cell, the DNA-protein crosslinks (DPCs) can be formed,
which lead to the formation of hard-to-repair damage.
Reactive oxygen and nitrogen species produced by the
plasma oxidize proteins by the generation of hydroper-
oxide groups in their structure, which can form strong
intramolecular crosslinks with the nucleic acids. In the
experiment conducted by Guo etal. (2018), E. coli cells
after treatment with the plasma stream with an air and
1% He were subjected to two versions of a Comet assay
(with and without proteinase K) to assess the formation
of DPC in DNA of the analyzed bacterium. In the fluo-
rescent DNA image of the cells treated with the plasma,
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Fig. 3. Mechanisms of microbial inactivation with plasma reactive species. Based on Bourke etal. 2017.
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the researchers observed short “tails” indicating the
damaged fragments without proteinase treatment, and
much longer tails after the treatment with proteinase.
This suggested the presence of DPC crosslinks, which
were destroyed by the enzyme digesting the proteins.
Then, the proteins were by the CsCl density gradient
ultracentrifugation, treated with a nuclease, and their
analysis revealed a higher concentration and diversity
of the proteins than in the samples that were not treated
with the plasma. This may be another piece of evidence
supporting the hypothesis that the plasma-induced
damage to nucleic acids is a result of the protein-DNA
covalent bonding. An important issue is the CP effect on
the genes encoding antibiotic resistance. The resistance
of methicillin-resistant Staphylococcus aureus (MRSA)
is associated with the mecA gene, which encodes protein
PBP2a characterized by low affinity to p-lactam anti-
biotics. The most recent investigations of the CP applica-
tions for inactivation of S. aureus MRSA demonstrated
that the cumulative energy delivered to the surface of the
plasma-treated sample was 0.12 kJ/cm?* and 0.35 k]/cm?,
respectively, when air was used as the working gas.
Five-log reduction in the number of S. aureus MRSA
was observed even at the lower energy values, whereas
higher values (0.35 kJ/cm?) were required for more effec-
tive degradation of the resistance gene. The isolated
mecA gene exhibited higher sensitivity to the plasma
activity compared to the intracellular gene. This is
closely related to the protective effect of cell constituents,
which are the first to interact with the reactive plasma
components (Liao etal. 2018). The investigations also
highlighted the changes in the membrane potential
and integrity induced by the various intensities of the
plasma activity. After application of the plasma treat-
ment with a cumulative energy level of 0.12 kJ/cm?, the
authors observed that a membrane potential coefficient
was close to the depolarization value (Liao etal. 2018).

The use of cold plasma leads to the degradation
of cellular proteins. Large proteins (50-90kDa) are
destroyed as the first. It was revealed by analysis of the
samples where the concentration of the proteins with
a molecular mass below 25kDa increased after the
plasma treatment (Hosseinzadeh Colagar etal. 2013).
The probable mechanism of the degradation consists
of the destruction of hydrogen, sulfide, and peptide
bonds by reactive compounds present in the plasma.
This results in the changes of the primary, secondary,
and tertiary protein structure that lead to a decline in
the enzymatic activity of the cell (Mai-Prochnow etal.
2014). Recently, researchers have investigated the effect
of CP on proteins in thermophilic bacteria that pose
a serious problem in the food industry due to their high
resistance to the classical decontamination methods, i.e.
high temperature or chemical denaturing agents. Attri
etal. (2018) treated a highly stable MTH 1880 protein
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from the thermophilic bacterium Methanobacterium
thermoautotrophicum with CP generated by DBD and
analyzed it with the circular dichroism (CD), fluores-
cence, and nuclear magnetic resonance (NMR) spec-
troscopy techniques. Additionally, molecular dynamics
(MD) simulation was carried out for both the native
and plasma-treated protein. The investigators achieved
a partial destabilization of MTH protein only after
a long time of exposure to CP (20 min), which resulted
in a decrease of 5°C in its melting point and an increase
in its susceptibility to thermal denaturation. To elucidate
the mechanism of the plasma effect on cellular proteins,
the proteomic profile of Salmonella enteritidis was deter-
mined and as the result, 1096 proteins were identified
with 249 of them present only in the plasma-treated
samples and nine only in control samples. Under the
impact of CP, the proteins that were overexpressed came
mainly from the carbohydrate and nucleotide metabo-
lism pathways and were associated with RNA transcrip-
tion. It indicates an increased energy metabolism in cells
as a defense response of bacteria (Ritter et al. 2018). The
plasma-induced changes in bacterial metabolism were
reported by Laroussi etal. (2003), who demonstrated
the reduced utilization of L-lactic acid and increased
consumption of D-sorbitol (Moreau et al. 2008). Inter-
estingly, the effect of plasma on microorganisms does
not always lead to cell death but can also reduce their
metabolism, therefore, the cells do not undergo division
and become viable but not culturable (VBNC). Dolezal-
ova etal. (2015) treated a suspension of E. coli cells with
the plasma and measured bacterial viability with a con-
ventional culture method and by assessment of the fluo-
rescent images of the cells stained with the LIVE/DEAD
kits. The result of the former method suggested a 7.0-log
reduction of the number of cells, whereas a reduction
of only 1.0 log was indicated with the latter technique.
These findings suggest that the plasma may induce the
VBNC state of the cells.

Spores. Through evolutionary adaptation, bacte-
rial spores have acquired the possibility to survive in
adverse environmental conditions. They are character-
ized by resistance to disinfectants, chemical sterilants,
drying processes, and thermal inactivation. This poses
a serious threat to food and pharmaceutical industries as
well as medicine, where spores are a permanent source
of contamination (Liao etal. 2017). The major cause of
such high resistance of spores is their structure, which
differs substantially from that of vegetative forms of bac-
teria. Spores are composed of impermeable outer layers
creating a specific barrier for the external factors. Addi-
tionally, they are characterized by low water content,
which accounts for approximately 15% of the entire cell
(Olesiak and Stepniak 2012). The interior of the spore
contains a rigid structure, i.e. an inner membrane per-
meable only to small molecules (<200 Daltons). When
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the membrane is damaged, dipicolinic acid (DPA) is
released and endospore germination is not induced.
DPA ensures considerably higher (up to 50-fold) resist-
ance to UV radiation in spores (Olesiak and Stepniak
2012). In the very core of the spore, the DNA protec-
tion function against chemical and physical agents is
fulfilled by small acid-soluble SASP proteins, which
are closely related to the nucleic acids (Kadzielska et al.
2012). The precise mechanism of the plasma effect on
spores has not been clarified to date. Some researchers
suggest that spores are inactivated mainly via interac-
tions between the reactive plasma compounds and the
external spore structures (Hong etal. 2009). The mor-
phological changes in B. subtillis endospores induced by
various CF-related factors were presented by Deng et al.
(2006) on scanning electron microscopy (SEM) images.
The changes in the spore size, leakage of the cytoplasm
content, and final membrane disruption were observed.
These results suggest that oxidation by reactive oxygen
species is the main factor contributing to the reduc-
tion of the number of viable B. subtilis cells, whereas
the electric field, UV photons, and charged particles
play a minor role in this process. Other investigators
demonstrated that inactivation of endospores was pri-
marily caused by damage to their outer layers result-
ing in leakage of DPA and hydration of the core (Tseng
etal. 2012). The importance of the external structures
for resistance to cold plasma was analyzed by Raguse
etal. (2016), who investigated wild-type B. subtilis spores
and mutants deficient in some surface structures. Addi-
tionally, the investigators examined the effect of the gas
applied on the effectiveness of sterilization. Their results
indicated a substantial impact of surface structures and
the type of gas on the resistance of spores. A mixture of
oxygen and argon was the most effective in inactivation
of bacterial spores, as it caused significant damage to
the external layers. In contrast, the mutants deficient
in surface structures exhibited the highest sensitivity to
plasma. The recent studies conducted by Connor etal.
(2017) also have emphasized the impact of environmen-
tal conditions on plasma efficiency. The studies on the
resistance of Clostridium difficile spores to plasma were
conducted in three different environments (the spores
suspended in water and dry spores with or without
0.03% BSA). The greatest reduction in the spore number
in the shortest time was observed in a dry environment.
In contrast, organic matter and moist environment
extended the time of the spore inactivation by plasma
(Klampf et al. 2014).

Another aspect that should be explored more deeply
is the mechanism of CP effect on sporal DNA. There is
acontradictory data on the effect of UV photons gen-
erated in the sterilization process on nucleic acids. The
results of investigations conducted by Tseng et al. (2012)
did not show DNA degradation in B. subtilis spores after
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a 20-min exposure to the plasma. This finding can be
supported by the conclusion reported by Fiebrandt
etal. (2016), who suggested that cell layers absorb UV
radiation, thereby protecting DNA from damage. This
mechanism is plausible given the structure of spores.
Surface structures of spores are characterized by a high
content of proteins with amino acid side chains forming
endogenous chromophores. These compounds can be
the main target of photooxidation, thereby protecting
the cell interior from harmful radiation.

Some investigations have indicated that the plasma
inactivates spores by the impact on key metabolic pro-
teins. In their study, Dobrynin etal. (2010) suggested
that reactive oxygen species penetrating the cell inte-
rior could cause oxidation of proteins involved in ger-
mination or inactivate germination receptors located
in the inner membrane of spores. In turn, Wang etal.
(2011) compared the kinetics of germination of the cold
plasma-treated B. subtilis spores and untreated spores.
They conducted the experiments in an environment
enriched with nutrient germinants (L-valine) and non-
nutrient germinants (dodecylamine, Ca**DPA). Their
results indicated the potential inactivation effects of the
plasma on germination receptors but the germination
induced by L-valine was inhibited.

Bacterial biofilm. Many microorganisms live in
the environment as biofilms rather than free-living
organisms. Biofilm was defined as the cells adhering
to a solid surface and surrounded by an extracellular
matrix produced by them (Czapka etal. 2018). Such
populations exhibit higher resistance to adverse exter-
nal factors (antibiotics, temperature, and pH); therefore,
they pose a serious challenge in both medicine and food
industry (Maciejewska etal. 2016). There are numer-
ous reports demonstrating the sensitivity of biofilms
to CF; however, the time required for full inactivation
thereof is longer than for planktonic cells (Mai-Proch-
now etal. 2014; Flynn etal. 2015). This was confirmed
by Jahid etal. (2014), who compared the effect of CP
on planktonic Aeromonas hydrophila cells and bacte-
rial biofilm on the surface of lettuce. The experiment
showed that a 15-s plasma treatment was sufficient
to reduce the number of planktonic populations by
>5logs. In contrast, the cell population on the lettuce
surface was substantially reduced after a 5-min pro-
cess of the plasma treatment (Jahid etal. 2014; Bourke
etal. 2017). The extracellular matrix constitutes approx.
90% of biofilm and its presence largely determines the
effectiveness of sterilization processes (Czyzewska-
Dors etal. 2018). The matrix composition varies and
depends on species of microorganisms forming the bio-
film. The basic components of the extracellular matrix
are polysaccharides, lipids, proteins, and nucleic acids.
These compounds constitute a protective barrier against
antibiotics or temperature as well as photons, reactive
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compounds, and charged particles in the plasma. Since
these agents have to penetrate the protective layer, the
biofilm inactivation time is prolonged (Mai-Prochnow
etal. 2014). The results of investigations conducted by
Ermolaeva etal. (2011) demonstrated the differences
in the survival of bacteria in different biofilm layers,
suggesting that the effectiveness of CP depends on the
biofilm thickness. Microscopic evaluation of the viabil-
ity of P. aeruginosa biofilm showed a greater number
of bacterial cells in its deeper layers. This probably
explains the proportional decline of the sterilization
effectiveness with the increasing biofilm thickness.
Another determinant of the sterilization effectiveness
is the species of biofilm-forming microorganisms. This
issue was investigated by Mai-Prochnow et al. (2016)
who compared the effects of CP on bacterial biofilm
formed by Gram-positive B. subtillis and Gram-negative
P aeruginosa. Almost complete reduction of the bac-
teria in Gram-negative biofilm was observed in con-
trast to Gram-positive biofilm where a 10-min plasma
treatment resulted in <1log reduction. The presence
of reactive oxygen compounds contributing to the cell
wall disintegration in the emission spectra suggests
that the cell wall thickness may be correlated with the
duration of the cold-plasma inactivation. In conclusion,
the sterilants present in the plasma inactivate biofilms
through damage to the extracellular matrix, cell wall,
cellular membrane, and internal cell structures. They
can also induce the VBNC state in the cells (Ziuzina
etal. 2015; Bourke et al. 2017).

Bacterial cell response to cold-plasma treatment.
Elucidation of mechanisms of cell response to the cold
plasma treatment is an important issue and requires
further exploration. Hitherto, the changes in gene tran-
scription and expression induced by exposure of cells to
plasma have been already analyzed. The available scien-
tific publications demonstrated a potential increase
in the expression of SOS regulon, oxidation-related
genes, and the genes encoding DNA repair processes.
In turn, the expression of housekeeping genes was
reduced (Sharma et al. 2009; Roth et al. 2010). Sharma
etal. investigated the effect of plasma on genomic DNA
in E. coli and performed a microarray analysis of the
samples after 2-min plasma exposure. The increased
expression of the gene involved in superoxide radical
scavenging (katG) and the recA gene responsible for
DNA recombination and repair was noted (Sharma
etal. 2009). Similar results were reported by Roth et al.
(2010) who analyzed the samples of highly radiation-
resistant bacteria (Deinococcus radiodurans) and found
an increase in the expression of the genes involved in
DNA repair, oxidative stress responses, and cell wall
synthesis. The process of the nucleic acids repair may
result in the emergence of mutations that will determine
increased resistance to CP. UV radiation, which induces

159

the formation of nitrogen base dimers in nucleic acids
is the main mutagenic factor. On the other hand, ROS
and RNS present in the plasma exert a destructive effect
on cellular components; thus, contribute to bacterial
death and minimize the conservation of mutation
effects (Boxhammer et al. 2013).

Yeast

Yeasts, which are a valuable source of many enzy-
mes, are widely used in food biotechnology and micro-
biology in both fermentation and food-enrichment
processes (Krzyczkowska etal. 2008). With their low
pathogenicity as well as a unique structure and proper-
ties, some yeast species, e.g. Saccharomyces cerevisiae or
Schizosaccharomyces pombe have become an insepara-
ble element of molecular biology, serving as a model
for an eukaryotic organism. Furthermore, a simple and
cost-efficient culture of yeasts has contributed to the
increasing interest in these organisms as objects for
the elucidation of the effect of CP on cells (Wawrzycka
2011). The experiments were performed by Nishime
and coworkers (2017) on the effectiveness of the plasma
generated by DBD discharges with helium addition
against various microorganisms. The researchers stud-
ied Enterococcus faecalis (Gram-positive) and P. aeru-
ginosa (Gram-negative) bacteria as well as Candida
albicans yeasts. They reported an inactivating effect of
the plasma on all of the microorganisms investigated.
Nevertheless, in comparison with the bacterial cells,
C. albicans exhibited higher resistance, which can be
explained mainly by the differences in their cell struc-
ture. In turn, the investigations conducted by Colonna
etal. (2017) were focused on the effect of the plasma
generated with dry air and a gas mixture (65% O, 30%
CO,, 5% N,) on S. cerevisiae cells at a different density
of cellular suspension and duration of the exposure. The
results confirmed a correlation between the effective-
ness of sterilization and the process parameters. For the
samples with higher cellular density, a longer timer of
exposure of the suspension to the plasma was required
for a complete cell degradation. Moreover, the reduc-
tion effect monitored at various time points indicated
higher efficiency of a plasma stream with a gas mixture.
The effect of environmental conditions on the effective-
ness of inactivation was examined by Ryu etal. (2013),
who observed a decrease of the number of S. cerevisiae
cells suspended in different media (water, saline, and
YPD). The most serious CP-induced damage to mem-
brane lipids and genomic DNA was observed in yeast
cells suspended in water. This was associated with the
highest content of hydroxyl radicals generated in the
water medium during the process.

Polcic etal. (2018), who used genetic mutants of
yeasts to identify the role of oxidative stress and apoptosis
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in the decontamination process made an attempt at the
elucidation of the mechanisms of CP effect on S. cere-
visiae. The results of the experiments indicated higher
susceptibility of strains with superoxide dismutase defi-
ciency than those deprived of the key components of
the apoptotic pathway, as their sensitivity to the plasma
activity did not change. This proves that reactive oxygen
species are one of the most important factors involved in
the inactivation of yeast cells, and the apoptosis process
itself does not play a key role in this case. An impor-
tant issue requiring comprehensive investigations is the
impact of CP on intracellular proteins. The treatment of
S. cerevisiae with argon plasma was found to lead to pro-
tein ubiquitination and formation of the insoluble pro-
tein aggregates in the yeast cytoplasm. These researchers
also underlined the potential of the CP-induced gen-
eration of endoplasmic reticulum (ER) stress, which is
characteristic of eukaryotic cells. This was confirmed by
an increase in the activity of the endoplasmic reticulum
transmembrane protein Irelp induced by accumulation
of unfolded proteins in ER (Itooka et al. 2018). As dem-
onstrated in many research reports, the cold-plasma
technique can be used for inactivation of enzymes
(Lietal. 2011; Surowsky etal. 2013; Tolouie etal 2017;
Tolouie etal. 2018). The authors suggest that the abil-
ity of plasma to inhibit enzymes is associated with loss
of the protein secondary structure. It is an effect of
interactions with reactive compounds generated in the
gas used in the process (Misra etal. 2016). Colonna
etal. (2017) investigated the impact of CP on enzymes
produced by yeasts in a study on the plasma generated
with dry air. Their analyses were focused on S. cerevisiae
yeast invertase, which lost its activity at a level of > 96%
after 75 s of the treatment.

Fungi

Plant diseases caused by fungal pathogens pose
a serious crisis in agriculture, as they cause huge eco-
nomic losses worldwide. As demonstrated in the recent
research reports, the cold-plasma technology can
become an alternative plant protection method either by
inactivating fungal cells or improving the resistance of
infected hosts (Dasan et al. 2017a; Siddique et al. 2018).
The investigations that confirmed the susceptibility of
this microbial group to the CP activity have been con-
ducted by many researchers (Suhem etal. 2013; Sohbat-
zadeh et al. 2016; Nikmaram et al. 2018). Some of them
suggested that the inactivation of fungal cells using CP
mainly involves the production of reactive compounds
which seems to have their destructive effect on the cell
wall and inner membrane of fungi (Ye etal. 2012; Lu
etal. 2014; Dasan etal. 2016; Dasan etal. 2017a). In their
study, Ye etal. (2012) assessed the effect of the plasma
(working gas: air) generated by corona discharges on the
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cells of Penicillium expansum, i.e. one of the most impor-
tant pathogens causing spoilage of the stored fruit. SEM
images revealed disruption of the external structures of
P, expansum, which resulted in cytoplasmic leakage. In
turn, an analysis of transmission electron microscopy
(TEM) images indicated the plasma-induced alterations
in the cell, i.e. an increased volume of the protoplasm,
stretching of vacuoles, and disintegration of the mem-
brane, which contributed to cell lysis.

Besides their impact on external structures and
intracellular organelles, the reactive compounds present
in the plasma and the generated UV radiation cause
damage to nucleic acids and oxidation of proteins and
lipids. Lu etal. (2014) have investigated the effect of
CP on Cladosporium fulvum by determination of the
concentration of malondialdehyde (MDA), i.e. the basic
product of lipid peroxidation. The findings reported
confirmed the hypothesis that the activity of steriliz-
ing agents in fungal cells triggers the peroxidation pro-
cess. The similar observations were reported by another
research team investigating the effect of CP generated
at atmospheric pressure on Aspergillus flavus cells. The
investigators determined the activity of thiobarbituric
acid (TBA) in the samples, which showed a linkage
between the membrane damage and lipid oxidation
process (Simoncicova etal. 2018).

The other mechanism that may reduce the number
of fungal cells is apoptosis or necrosis, as suggested by
Panngom etal. (2014) to identify the mechanism of
inactivation of Fusarium oxysporum cells, the authors
stained the cells with Annexin V and propidium iodide
and treated them with argon plasma for 1, 5, and
10 min. The numbers of viable, necrotic, and apoptotic
cells were analyzed with flow cytometry. The majority
of the cells were propidium iodide-stained after 5- and
10-min of the treatment with CP. This indicates that the
necrosis process was the main mechanism of inactiva-
tion of the fungal cells.

An important aspect that requires further research
is the increase in resistance to fungal pathogens in the
plasma-treated plants. The experiments conducted
by Filatova etal. (2016) demonstrated a substantially
reduced incidence of diseases caused by Fusarium spp.
and Ustilago maydis in wheat, lupine, and maize after
exposure of the seeds to CP. The stimulating and fungi-
cidal effect of the plasma resulted in an increase in the
yield of the spring wheat, maize, and lupine seeds by
4-6%, 1.5-2%, and 20-40%, respectively, in compari-
son with the control. After additional assays that should
be carried out in the future, CP may become an alter-
native to chemical plant protection agents, which may
effectively minimize the negative impact of fungicides
on the environment (Siddique et al. 2018).

Cold-plasma inactivation of mycotoxins. The UN
Food and Agriculture data indicate that 25% of world
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crops are contaminated with mycotoxins produced by
fungi during plant growth or crop storage. Aspergillus,
Fusarium, and Penicillium molds are the major produc-
ers of toxic secondary metabolites, including aflatoxin,
fumonisin, zearalenone, ochratoxin, and deoxynivale-
nol, which are most toxic to mammals. The elimination
of these compounds from food products is problematic
due to their high thermostability; for instance, the tem-
perature of aflatoxin degradation ranges from 237 to
306°C (Pankaj etal. 2017). The latest physicochemical
methods that can potentially be used for elimination of
mycotoxins include the cold-plasma sterilization (Ouf
etal. 2015; Hojnik etal. 2017; Pankaj etal. 2017; Shi
etal.2017). There is a possibility of the complete deg-
radation and reduction of aflatoxin B1 (AFB,), deoxy
nivalenol (DON), and nivalenol (NIV) cytotoxicity
with the use of argon plasma generated by microwave
discharges (Hojnik etal. 2017). The reduction of the
toxicity of these compounds may result from structural
changes induced by the sterilization process. Wang
etal. (2015) applied low-temperature radio-frequency
plasma and reported 88.3% reduction in AFB, concen-
tration after a 10-minute process. The analysis of deg-
radation products revealed five different compounds
characterized by loss of the double bond between C8
and C9 in the furan ring. Besides its effect on the stand-
ard mycotoxin solutions, the plasma has been found to
exert a reductive effect on the compounds contained
in food products (Ouf et al. 2015; Siciliano et al. 2016;
Shi etal. 2017). Aflatoxins present in hazelnuts were
decontaminated using CP (1000 W, 12 min), which
resulted in an over 70% decline in the AFB, concentration
(Siciliano etal. 2016). In turn, the concentration of this
maize contaminant was reduced by 62% and 82% after
the 1- and 10-min plasma treatments, respectively (Shi
etal. 2017). However, the atmospheric plasma treatment
of contaminated nuts did not allow complete removal
of the mycotoxin. The best results were obtained with
the highest power (1150 W) and the longest operating
time (12 min), which enabled the reduction of AFB1
approx. by 70%. Given the high efficiency of degrada-
tion of standard mycotoxin solutions and mycotoxins
contained in food, the cold plasma method is becom-
ing a promising solution that may replace conventional
techniques in the future. In addition to the high effi-
ciency of compound degradation, the relatively low
cost of the process, as well as environmental safety, also
favor the use of CP (Hojnik etal. 2017).

Summary

The cold plasma technology is becoming a promising
solution with the potential to replace conventional tech-
niques of decontamination of food products, medical
materials, and air in the future. This technique has many
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advantages, e.g. high efficiency in reducing the viral par-
ticles load and the number of microorganisms, forma-
tion of non-toxic by-products, and a relatively low cost
of the process (Liao et al. 2016). Although many studies
focused on this issue, the precise molecular mechanism
of the plasma effect on cells of different microbial groups
has not been clarified yet. The available reports on the
possibility of induction of VBNC state in some bacteria
raise doubts about the safety of this sterilization method
(Dolezalova and Lukes 2015). In addition, this technol-
ogy has some disadvantages, i.e. a small working surface
and poor permeability. In food products, this technique
may cause increased lipid oxidation, increased acidity
of the product, reduced color intensity and decrease in
firmness of fruits (Misra etal. 2016; Chizoba Ekezie
etal. 2017). Therefore, it is necessary to conduct further
research that will allow for the optimization of process
parameters, explain the doubts concerning the biting
mechanisms of plasma operation and promote the appli-
cation of cold plasma in the industry with no negative
effects on human health or the environment.
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Morphological and physiological
changes in Lentilactobacillus

hilgardii cells after cold plasma
treatment

Iwona Niedzwiedz'*, Wojciech Juzwa?, Krzysztof Skrzypiec?, Tomasz Skrzypek*,
Adam Wasko?, Michat Kwiatkowski®, Joanna Pawtat® & Magdalena Polak-Berecka®*”

Atmospheric cold plasma (ACP) inactivation of Lentilactobacillus hilgardii was investigated. Bacteria
were exposed to ACP dielectric barrier discharge with helium and oxygen as working gases for 5,

10, and 15 min. The innovative approach in our work for evaluation of bacterial survival was the use

in addition to the classical plate culture method also flow cytometry which allowed the cells to be
sorted and revealed different physiological states after the plasma treatment. Results showed total
inhibition of bacterial growth after 10-min of ACP exposure. However, the analysis of flow cytometry
demonstrated the presence of 14.4% of active cells 77.5% of cells in the mid-active state and 8.1% of
dead cells after 10 min. In addition, some of the cells in the mid-active state showed the ability to grow
again on culture medium, thus confirming the hypothesis of induction of VBNC state in L .hilgardii
cells by cold plasma. In turn, atomic force microscopy (AFM) which was used to study morphological
changes in L. hilgardii after plasma treatment at particular physiological states (active, mid-active,
dead), showed that the surface roughness of the mid-active cell (2.70 £ 0.75 nm) was similar to that of
the control sample (2.04 £ 0.55 nm). The lack of considerable changes on the cell surface additionally
explains the effective cell resuscitation. To the best of our knowledge, AFM was used for the first time
in this work to analyze cells which have been sorted into subpopulations after cold plasma treatment
and this is the first work indicating the induction of VBNC state in L. hilgardii cells after exposure to
cold plasma.

Wine is one of the most frequently consumed alcoholic beverages in the world'. Due to the presence of alcohol
as well as the low pH and compounds with antibacterial activity, wine is considered an unfavourable environ-
ment for the development of microflora. However, some microorganisms have developed a number of adaptive
mechanisms that allow them to survive the unfavourable conditions prevailing in wine at particular stages of
production, thus adversely affecting its physicochemical properties. This group includes mainly Brettanomyces
yeasts, lactic acid bacteria (LAB), and acetic acid bacteria®*. LAB are the most numerous group of bacteria in
grape must and wine. In wine production, one of the main risks arising from the metabolism of lactic bacteria
is the synthesis of ethyl carbamate. This compound has carcinogenic properties. Moreover, LABs are the main
producers of biogenic amines (BA) such as histamine, tyramine, phenylethylamine, and spermidine. Biogenic
amines are responsible for lowering the sensory quality of wine, but also their presence can be dangerous to
consumer health. An example is histamine, which can cause ailments such as vomiting, headaches, and rash*°.
Extensive research conducted by Rodas et al. (2005) showed that the majority of isolates of LAB in wine belongs
to Lentilactobacillus hilgardii species®’. The strains of this species were found in wine with 20% ethanol content®.
The aforementioned high resistance of L. hilgardii strains to high alcohol concentrations and other conditions in
wine is a huge problem in winemaking because elimination thereof from the product is difficult. This is related
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to the metabolic characteristics and structure of the bacterial cell membrane. The presence of S-layer proteins
on the cell surface and long unsaturated fatty acids (C19) in the direct membrane increases the resistance of the
bacteria to alcohol. In the context of protection against adverse conditions, the S-surface layer plays an impor-
tant role due to its stability at various pH and resistance to temperature, radiation, and proteolysis®. In addition,
as shown by recent studies, L. hilgardii is likely to produce bacterial cellulose, which can considerably increase
resistance to the sterilizing agent’. In comparison with other wine bacteria such as Pediococcus pentosaceus and
Oenococcus oeni, L. hilgardii exhibits higher resistance to flavonoids and phenolic acids''. High resistance of L.
hilgardii to stress conditions is a huge problem in winemaking because elimination thereof from the product is
difficult. Although the classic thermal methods of food preservation are still very important in food technology,
heat processes can negatively affect the unique properties of product such as taste, colour, and flavour?. Scientists
around the world are paying special attention to non-thermal methods that will eliminate undesirable microor-
ganisms but will not significantly affect the final stability of the product®.

Non-thermal plasma (NTP), also known as cold plasma (CP), is one of the technologies for non-thermal
food preservation with great potential as a new decontamination technique. The term cold plasma was first
used by Irving Langmuir in 1928 and refers to a partially or fully ionized gas, which consists of molecules in
the excited and basic state, reactive compounds, charged particles and UV photons'?. A number of available
publications indicate effective elimination of undesirable microorganisms from food products'**. This wide
range of cold plasma applications is related to its ability to inactivate viruses'®!”, bacteria'®, spores', yeasts** and
fungi®!. Nevertheless, the exact mechanisms of cold plasma antimicrobial activity are still unknown. Numerous
publications indicate that reactive nitrogen and oxygen compounds, high-energy electrons, ionized atoms and
particles as well as UV photons present in the plasma stream damage the external structures of microorganisms,
have a negative effect on internal cellular components and cause DNA degradation'>?2. The integrity and proper
functioning of the cell membrane of microorganisms is mainly affected by oxidative stress and probably also as
some scientists indicate, by generated electrostatic forces. Reactive compounds, mainly oxygen, cause the oxida-
tion of lipids and proteins contained in the membrane, while charged particles accumulating on the outer side of
the membrane cause the interruption of its continuity**2. In addition, under the influence of an electric field, an
electroporation process may occur, which manifests itself in the formation of micropores'®. The resulting damage
to external cell structures may lead to the leakage of intracellular components. On the other hand, the action of
UV photons may cause the formation of nitrogen base dimers, thus disturbing the DNA replication process'*?.
However, it is known from the available studies that the effectiveness of cold plasma depends on many factors,
e.g. operating condition (reactor type, flow, gas pressure, power of plasma excitation, gas type, process duration),
exposure mode (direct or indirect), environmental conditions (pH, humidity, matrix type) and the individual
morphological and physiological characteristics of the cell****. Thus, it is necessary to optimize the conditions of
plasma treatment in order to make the sterilization with this method effective. Nevertheless, CP has many advan-
tages over conventional techniques, such as the process temperature, which is close to the ambient temperature
and therefore does not adversely affect the properties of the product. Furthermore, compared to conventional
methods, it is environmentally friendly and cost efficient due to water saving?. However, due to the generation
of oxidative stress in the cell and the action of an electric field, cold plasma may induce some bacteria to enter
the viable but non-culturable (VBNC) stage. Bacteria in this state are characterized by an inability to grow on
microbiological media despite their physiological and metabolic activity. The classical plate culture method is
most frequently used to determine the microbiological quality of the product. However, this technique does not
detect microorganisms that have entered the VBNC state. This is a critical problem in food technology causing
adulterated results. Therefore, it is necessary to apply methods that will allow determination of a reliable influ-
ence of the new non-thermal decontamination technique on microbial cells®.

In this study, inactivation of L. hilgardii by cold atmospheric plasma was investigated in a model experimen-
tal system. To ensure that the effectiveness of the method was not misinterpreted and damaged cells could be
detected, their survival was compared by classical culture, optical density measurement and flow cytometry.
Morphological and physiological changes of plasma treated cells were analysed using scanning electron micros-
copy, atomic force microscopy and Fourier transform-infrared spectroscopy.

Materials and methods

Bacterial strains and growth. The L. hilgardii strain (NRRL B-1843) was grown overnight (18 h) in MRS
(OXOID LTD., Hampshire, England) at 30 °C. Cells were harvested by centrifugation at 8000xg for 15 min. The
cell pellet was washed once with sterile phosphate-buffered saline (PBS pH 7.4) and twice with sterile water. The
pellet was resuspended in sterile water, the bacterial density was measured with a spectrophotometer (SmartSpec
Plus Spectrophotometr, USA) at 600 nm, and the number of cells was estimated at 108 CFU mL™ according to
the previously established growth curve.

Experimental design. 1In order to establish the experimental conditions, preliminary studies were carried
out to assess the efficacy of cold plasma inactivation of L. hilgardii cells using various critical plasma parameters
such as the type of plasma generator (with different configurations and power supplies) and the type of gas
used. For the verification tests, two electrode gliding arc (GAD) reactor?”, radio-frequency (RF) plasma jet**~,
dielectric barrier discharge (DBD) plasma jet with two ring electrodes on the ceramic tube®** and DBD plasma
jet with one ring electrode on the ceramic tube and grounded electrode below the container were used. After
the exposure for 2.5 min, the most effective gas mixture was selected and the operating time was extended to
5 min only for this single gas mixture and the selected reactor. The impact of process parameters was assessed
by determining the survival of cold plasma-treated cells were determined by standard counting method on MRS
plates. Colonies on plates were enumerated after 6 days incubation at 30 °C, and viable counts were expressed
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Figure 1. Experimental set-up for plasma treatment: 1—plasma jet reactor; 2—sample in a glass test tube; 3—
magnetic stirrer; 4—high voltage power supply; 5—gas flow controller (A scheme of experimental set-up; B
photo of reactor).
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Figure 2. Voltage signal between electrodes.

as CFU/mL, as averaged values. Each experiment was performed in triplicate. Finally, process parameters were
selected from the obtained data.

Cold plasma treatment of bacteria. Exposure of microorganisms to cold plasma. Four sterile glass
tubes containing 6 mL of L. hilgardii suspension (10 CFU mL™") in sterile water were prepared. One of them
was a control sample not treated with cold plasma. The others were subjected to non-thermal plasma exposure
for 5, 10, and 15 min respectively. After that, the samples were transferred to sterile falcons. Part of the research
material was immediately used for bacterial growth analysis and SEM imaging. The rest of the material was fro-
zen in dry ice with 20% glycerol and stored at — 80 °C for further experiments.

Plasma treatment system. The cold plasma treatment was performed using a dielectric barrier discharge (DBD)
reactor with the power supply of push-pull topology. Helium and oxygen were used as working gases. The
atmospheric pressure plasma generated in the reactor had a form of a jet emerging from a ceramic tube with
internal and external diameters of 1.4 mm and 3.4 mm, respectively. A high-voltage ring electrode was located
10 mm from the end of the tube. A grounded flat electrode made of copper PCB laminate was placed on a mag-
netic stirrer. 6 mL of a liquid sample were placed in a glass test tube with a 20-mm internal diameter, directly in
the discharge area between the two electrodes. The distance between the end of the reactor and the surface of
the liquid was 2 mm. The samples were mixed during the exposure to cold plasma with a PTFE stir bar (Fig. 1).
The flow rate of the gas mixture of 96 L/h of helium with 1.8 L/h of oxygen was adjusted by gas flow controllers.
The reactor was supplied by RMS voltage of 5.1 kV with frequency of 21.43 kHz and mean power of 6 W. The
sine-like voltage signal is shown in Fig. 2.
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Bacterial growth parameters. Growth parameters of L. hilgardii before and after the plasma treatment
were determined by plate counting method and measurements of optical density (ODg,) in microcultures with
a Bioscreen C system (Labsystem, Helsinki, Finland). Briefly, bacterial cultures were centrifuged and suspended
in physiological saline and set to the same optical density of 0.2 at 600 nm. Bacteria were grown in 250 uL of
MRS medium, which was transferred into 100-well Bioscreen plates in triplicate, and inoculated with 50 pL of
the bacterial suspension. The experiment was performed in aerobic conditions by measuring the ODy, every
2 h for 96 h. The following growth curve parameters (i.e. lag time, doubling time, max specific growth rate) were
determined using the PYTHON script according to Hoeflinger et al.*.

Flow cytometry. Cellular metabolic activity and viability of microbial cells from the treated and non-treated
samples (10® CFU mL™) were examined using a BacLight Redox Sensor Green Kit (Life Technologies, Carls-
bad, CA, USA) and a flow cytometer (cell sorter) BD FACS Aria III (Becton Dickinson, San Jose, CA, USA).
Preparation of samples together with configuration and settings of the instrument were based on the proto-
col described in Duber et al.**. The BacLight Redox Sensor Green Kit contains RedoxSensor Green reagent
and propidium iodide. The RedoxSensor Green reagent is a fluorogenic redox indicator dye*. This compound
is subjected to conversion by microbial reductases involved in the electron transport chain. Following excita-
tion (maximum =490 nm), the converted dye emits green fluorescence (maximum =520 nm). The intensity of
green fluorescence emission is directly proportional to the cellular redox potential (CRP), indicating the levels
of metabolic activity of microbial cells*. Propidium iodide (PI) is an indicator of cellular integrity facilitating
discrimination of live and dead microbial cells. The microbial cells were characterized by two non-fluorescent
parameters: forward scatter (FSC) and side scatter (SSC) and two fluorescent parameters: green fluorescence
(FITC) from the RedoxSensor Green reagent collected using a 530/30 band pass filter and red fluorescence
(PE-TexasRed) from the propidium iodide (PI) reagent collected using a 616/23 band pass filter. For excitation
of both fluorescent reagents, 488-nm blue laser was employed. Data were acquired in a four-decade logarithmic
scale as area signals (FSC-A, SSC-A, FITC-A, and PE-TexasRed -A) and analysed with FACS DIVA software
(Becton Dickinson).

The analysis facilitated detection of dead, mid-active, and active microbial cells. Sub-populations Q1, Q2,
and Q4, i.e. dead, mid-active, and active microbial cells, respectively, were selected based on differences in the
level of metabolic activity measured as the cellular redox potential (CRP)*”*%. The definition of the discrete
sub-populations was supported by gating in the dot plots of green fluorescence (FITC-A) versus side scatter
(PE-TexasRed-A) using quartile gates. The calculation of CRP values was performed using medians of green
fluorescence (FITC-A) signals of gated sub-populations.

Microbial cells from the defined sub-populations (Q1, Q2, and Q4) were isolated using a BD FACS Aria
III cell sorter. Cell sorting was preceded by the doublet discrimination procedure with the use of height versus
width scatter signal measurement (SSC-H vs. SSC-W and FSC-H vs. FSC-W) in order to discriminate single cells
from conglomerates allowing high purity sorting. AccuDrop beads (Becton Dickinson, San Jose, CA, USA) were
used to setup the drop delay for the best sorting performance. The FACS Aria III cell sorter settings were also
established so as to achieve the highest purity level. The cells were sorted to 5 mL cytometry tubes.

Recovery of the subpopulation cells.  Therecovery method of Liu etal. (2018) was used with minor modifications®.
Cells, which had previously been sorted using flow cytometry into subpopulations in different physiological
states (active, mid-active, and dead cells) and stored at —80 °C with cryoprotectant, were resuspended in fresh
sterilized MRS broth supplemented with Tween-20 and amino acids was performed for recovery of potential
VBNC L. hilgardii cells. Bacteria were grown in 250 uL of MRS medium, which was transferred into 100-well
Bioscreen plates in triplicate, and inoculated with 50 pL of the bacterial suspension. The experiment was per-
formed in aerobic conditions by measuring the ODy, every 4 h for 168 h. Next one hundred microliters of L.
hilgardii cells were plated onto supplemented MRS agar. After incubation at 32 °C, microbial growth and colony
formation on agar plate was observed.

Detection of morphological changes. Scanning electron microscopy (SEM). L. hilgardii cells
(108 CFU mL™) before and after the cold plasma treatment were subjected to SEM analysis in order to investi-
gate morphological changes in the cell surface due to potential cell damage. Bacteria were transferred directly
from the culture onto microscopic stubs, frozen in liquid nitrogen, and transferred to the cryo system (Polaron
Range, PP 7480). The samples were sublimed (15 min, — 85 °C), sputter-coated with platinum, and transferred
into the microscope chamber. The bacteria were observed with the use of an in-lens detector, EHT 3 kV, SEM
(Zeiss, ULTRA PLUS).

Atomic force microscopy (AFM). Control samples and samples treated with cold plasma for 10 min, which
had previously been sorted using flow cytometry into subpopulations in different physiological states (active,
mid-active, and dead cells), were analysed using AFM. After sorting concentration of cells in each samples
were respectively; 10* CFU mL™ (active cells), 10° CFU mL™! (mid-active cells) and 10° CFU mL™! (dead cells).
Samples were prepared according to Zdybicka-Barabas et al.** and Rachwat et al.*!. After three rounds of cen-
trifugation (8000g, 10 min, 4 °C) of the cells in sterile water, the pellets were resuspended in sterile water at
ODgyo=0.1. Next, 5 uL of the bacterial suspension were applied to the centre of mica discs and allowed to dry
overnight at room temperature. NanoScope Analysis vet. 1.40 software V. AFM (Veeco Oyster Bay, NY, USA)
was used for imaging the bacterial cell surface (Analytical Laboratory, Faculty of Chemistry, UMCS, Lublin,
Poland). The measurements were performed in the ‘Peak Force QNM’ operation mode using a silicon tip with a
spring constant of 24 N m™ (NSG30, NT-MDT, Russia) and resonance frequency of 300 kHz. The resolution of
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LogN (CFU/mL) | Log N (CFU/mL)

Option | Plasma generator | Gas used 2.5 min 5 min
Air 8.86+0.21 Nt

A Glide arc Nitrogen 8.83+0.15 Nt
Helium/oxygen | 8.83+0.09 7.78+0.07
Air 8.83+0.17 Nt

B Plasma jet Nitrogen 8.81+0.25 Nt
Helium/oxygen |8.72+0.18 7.28+0.12
Air 8.45+0.09 Nt

C DBD Nitrogen 8.40+0.12 Nt
Helium/oxygen | 7.89+0.05 6.04+0.09
air 8.57+0.07 Nt

D RF nitrogen 8.58+0.13 Nt
helium/oxygen |7.93+0.21 6.93+0.11

Table 1. Number of live cells of Lentilactobacillus hilgardii after cold plasma treatment for 2.5 min and 5 min
using various plasma generators (nt not tested). Cell concentrations for control samples at each stage of the
experiment were 8.89+0.11 (2.5 min) and 7.81+0.19 (5 min) log CFU/mL respectively. DBD dielectric barrier
discharge, RF radio frequency discharge.

the scans was 256 x 256. Three bacterial cells from each mica disc were analysed. The topographies of the tested
samples were determined on the basis of height and peak force error images, the DMT module, and adhesion
forces between the cell surface and the tip. The data were analysed with Nanoscope Analysis ver. 1.40 software
(Veeco, Oyster Bay, NY, USA). The values of average root-mean-square (RMS) roughness and adhesion forces of
the cell surface were calculated using 30 fields (120 x 120 nm) in 1 x 1 um images of the bacterial cell surface. The
Student’s t test was used to establish the differences between the control samples and bacterial cells in the active,
mid-active, and dead states after the 10-min plasma treatment, and P values of <0.05 were considered signifi-
cant. The three-dimensional images and section profiles of the L. hilgardii cells were generated using Nanoscope
Analysis.

Fourier transform-infrared spectroscopy (FI-IR). FT-IR spectra were collected on a Nicolet 8700 FT-IR spec-
trometer (Thermo Scientific, Waltham, MA, USA) equipped with a KBr beam-splitter and a Mercury Cad-
mium Telluride MCT/A detector in the transreflection mode. The spectra were recorded over the range of 4000-
650 cm™. Each spectrum represented an average of 120 scans and was apodized with the Happ-Genzel function;
the number of scan points was 8480. The spectral resolution was 8 cm™. Each sample was measured five times.
Each spectrum was baseline corrected and then the spectra were normalized. Assignment of the functional
groups of the FT-IR spectra was carried out according to Naumann et al.*2. To prepare the samples, bacteria
(10% CFU mL™") were ground on an aluminium-coated microscope glass slide. The background spectrum was
recorded for every sample. FTIR spectra were measured and analysed using Atlus Microscopy Software for
OMNIC-8.

Results and discussion

Effect of non-thermal plasma on inactivation of L. hilgardii cells. The inactivation mechanisms
of cold plasma on microbial cells has been confirmed by numerous scientific reports'#**. However, there are no
studies describing the effects of this sterilizing agent on cells of wine spoilage bacteria such as L. hilgardii. Previ-
ous reports indicate that the effectiveness of cold plasma inactivation is influenced not only by the environmen-
tal conditions (matrix type, pH) and the process parameters (type of reactor, duration of the process) but also by
the specific properties of microorganisms'*!>#*. For this reason, the first step of our experiment was to carry out
initial optimization of the process conditions, which included the selection of the reactor, working gas and dura-
tion of the plasma treatment of L. hilgardii cells. Based on the survival of bacterial cells exposed to cold plasma
in various conditions, we decided to use a dielectric barrier discharging cold atmospheric plasma with a mixture
of helium and oxygen as working gases in the next stages of the experiment (Table 1).

An important point in understanding the exact mechanism of the cold plasma action on bacterial cells is to
determine the time required for complete growth inhibition*. For this purpose, the present study was to evalu-
ated the differences between the application of traditional cells counting techniques and FCM analysis. Experi-
mental data for the L. hilgardii growth parameters after cold plasma exposure were determined in comparison
with the control sample using the classical plate culture method, optical density measurement and flow cytometry
techniques. The inhibition of L. hilgardii growth after non-thermal plasma treatment for 5, 10, and 15 min is
presented in Figs. 3 and 4. Complete inhibition of bacterial growth was observed after the 10-min cold plasma
exposure. However, the 5-min plasma treatment resulted in 263% lag time extension and 46% doubling time
extension, compared to the control samples. The distinct lag phase suggested adaption to the stress growth condi-
tions and the onset of repair mechanisms. Since the working gas used was a mixture of helium and oxygen, a
high concentration of reactive oxygen species, i.e. singlet oxygen, ozone, hydrogen peroxide, or superoxide anion,
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Figure 3. L. hilgardii strains population reduction under treatment of DBD. Bars represent standard deviation.
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Figure 4. L. hilgardii growth parameters after plasma treatment (PT_5 5-min plasma treatment, PT_10 10-min
plasma treatment, PT_15 15-min plasma treatment).

was probably present in the plasma stream. For this reason, we suspect that ROS induced oxidative stress in the
cell*. Nevertheless, lactic acid bacteria have developed a number of defensive mechanisms against ROS. These
mainly include excessive production of antioxidant enzymes such as peroxide dismutase (peroxide degradation),
which is encoded by the sodA gene and its expression occurs in the presence of oxygen*’. However, other studies,
in which DBD was also the plasma source and the working gas was an argon/oxygen mixture, showed that the
time needed to fully inactivate Gram-negative bacteria (Pseudomonas aeruginosa, Escherichia coli, Vibrio para-
haemolyticus) and Gram-positive bacteria (Listeria monocytogenes, Staphylococcus aureus) was 5 min. Neverthe-
less, these differences may result from the fact that the number of living cells was determined only by plate
counting method*®. Flow cytometry in combination with specific fluorescent staining facilitated characterization
of the physiological states of bacterial cells in the tested samples. The BacLight Redox Sensor Green Vitality Kit
(Thermo Scientific) was used to characterize and distinguish the different physiological states of the treated
microbial strains based on measurements of cellular metabolic activity. The flow cytometry analysis facilitated
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Figure 5. Flow cytometry analysis of the physiological state of L. hilgardii cells (active, mid-active, dead) after
exposure to cold plasma (PT_5 5-min plasma treatment, PT_10 10-min plasma treatment, PT_15 15-min
plasma treatment).

discrimination of the discrete sub-populations of active (Q4), mid-active (Q2), and dead (Q1) microbial cells.
The interpretation of the results of the experiment consisted in determining the percentages of the defined sub-
populations of dead, mid-active, and active cells (assessment of their distribution in the entire population of
microorganisms in the tested samples. The percentages of the defined microbial sub-populations demonstrated
considerable differences in the distribution of individual sub-populations of active, mid-active, and dead micro-
bial cells (sub-population Q4, Q2, and Q1, respectively) between the untreated (control) and cold plasma-treated
samples (Fig. 5). The microbial cells from mid-active sub-population (Q2) may represent the dormant and injured
cells (including VBNC), which may undergo a resuscitation process®® and regain viability** which leads to the
recovery of culturability. The substantial resolution of the applied assay helped to characterize and distinguish
the different physiological states to monitor the germicidal effect of the tested anti-microbial procedure. The first
indication of the bactericidal effect was demonstrated in the sample subjected to the 10-min plasma exposure
(PT_10) as an 8.1% increase in the percentage of dead bacterial cells. This was accompanied by a considerable
increase in the percentage of mid-active cells (77.5% vs. 42.9% for the untreated control). The L. hilgardii sample
subjected to the 15-min cold plasma treatment (PT_15) demonstrated a virtually detrimental effect with the
dominance of dead bacterial cells (98.8%). The flow cytometry evaluation of the metabolic activity of the micro-
bial cells helped to discriminate between different physiological states of microbial cells in the plasma-treated
samples. This facilitated monitoring of the microbial heterogeneity to evaluate the impact of the tested anti-
microbial procedure on the viability and vitality of the microbial community at the single-cell level. As shown
by the bacterial growth curve in Fig. 4, L. hilgardii subjected to the 10-min plasma treatment exhibited cell growth
on the fourth day of culture. Our results demonstrate that cold plasma treatment may have constituted an envi-
ronmental stress that initiated response strategies in the L. hilgardii cells. Pavlov and Ehrenberg have described
a model in which bacteria manipulate their own gene expression to adapt quickly to changes in the environment™.
Microbial response provides bacteria with an ability to concentrate on growth metabolism instead of multiplying
under environmental stress®’. In our experiment, we can assume that the L. hilgardii response includes the viable
but non-culturable (VBNC) state, in which the bacteria cannot form a colony on solid media but still possess
the capability of renewed metabolic activity, namely, to be still alive in favourable conditions. These strategies
inevitably pose a potential hazard to the food processing industry. The VBNC state is a bacterial strategy to
survive adverse conditions causing cellular stress, i.e. extreme temperatures, elevated osmotic pressure, exposure
to light or oxygen content. As mentioned earlier in the plasma stream, whose working gas is oxygen, the ROS
concentration is high, which can potentially induce cell entry into the VBNC state®. In order to confirm our
hypothesis that cold plasma induces VBNC state in L. hilgardii cells, we have performed resuscitation of sub-
population cells on supplemented MRS broth and MRS agar. Figure 6 shows the growth of the recovery cells.
There was observed the growth of active and mid-active cells and the lack of growth of dead cells. This may
confirm our assumption that some of the mid-active cells of L. hilgardii are able to be cultured under appropriate
conditions. The resuscitation experiment was carried out after storing the samples at — 80 °C (with cryoprotect-
ant), therefore we observe a longer stationary phase. It is worth noting the faster growth of cells in the VBNC
state in relation to active cells. At this stage of the experiment we can assume that the faster and more intensive
cell divisions may be influenced by defense mechanisms activated under environmental stress, such as cold
plasma. Although our study did not include investigation of changes in gene expression under the influence of

Scientific Reports |

(2020) 10:18882 | https://doi.org/10.1038/s41598-020-76053-x nature research



www.nature.com/scientificreports/

1,2
1
0,8
5
g
5 0,6 —e— ACTIVE
MID-ACTIVE
04 —&—DEAD
0,2
o & i
0 24 48 72 % 120 144 168

Time [h]

Figure 6. Recovery of the subpopulation L. hilgardii cells after 10-min plasma treatment.
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Figure 7. Scanning electron micrographs of L. hilgardii cells: untreated (control) and after 10-min cold plasma
treatment.

cold plasma, however, on the basis of studies carried out by other authors we can assume that the potential entry
into VBNC was related to the loss of catalase activity®>. Recent studies indicate that Schleiferilactobacillus har-
binensis (previously Lactobacillus herbinesis)’ strains from rotten beer can enter the VBNC state and, what is
important, the cells recover their ability to grow on media with catalase®. Furthermore, other reports confirmed
that new non-thermal decontamination techniques such as high hydrostatic pressure (HHP) induced cell entry
into the VBNC state?>**. Unfortunately, in most literature reports on the efficacy of cold plasma, only a few
authors use detection methods that are more sensitive than the plate culture methods®. A possibility of induction
the VBNC state by cold plasma was reported by Dolezalova and Lukas®* who received a 7 log reduction in E. coli
growth assessed by the plate count as a result of treatment with an atmospheric pressure plasma jet. In turn, the
LIVE/DEAD technique showed only 1 log reduction of E. coli. These results show that the classical culture
methods are insufficient to determine the effectiveness of new sterilization methods and may cause falsification
of the results. In addition, cold plasma may induce the VBNC state in L. hilgardii cells.

Effect of cold plasma on bacterial cell morphology. Cold plasma inactivation is primarily based on
the interaction of its components with the cell surface. The oxygen and nitrogen compounds in the plasma cause
oxidation of lipids and proteins of the membrane and, consequently, interruption of its continuity. Addition-
ally, the plasma contains charged particles, which accumulate on the outer side of the membrane leading to its
disintegration'®. In order to determine the relationship between the physiological state and morphology of the
cell after exposure to cold plasma, we used various microscopic techniques to characterize cell wall damage at the
nanoscale. Scanning electron microscopy (SEM) was used to examine the cell surface. Atomic force microscopy
(AFM) was used to correlate the nanometric scale observations with the nanomechanical and physical proper-
ties. The SEM analysis was carried out to observe the morphological changes in plasma-untreated bacterial cells
in comparison to the cells treated with the plasma for 10 min (Fig. 7).

The untreated L. hilgardii cells are visible as short or long rod-shaped cells with a smooth surface. In contrast,
most of the treated cells have an irregular shape with deep cavities on the surface. In some cells, the outer layer
looks as if it has been etched. This effect is probably caused by radicals (OH™ or NO~) that cause erosion and

Scientific Reports |

(2020) 10:18882 | https://doi.org/10.1038/s41598-020-76053-x nature research



www.nature.com/scientificreports/

ADHESION PEAK FORCE HEIGHT
ERROR

DMT
MODULUS

I. CONTROL II. ACTIVE III. MID-ACTIVE IV. DEAD

Figure 8. AFM imaging of cells sorted into subpopulations after 10-min plasma treatment.

digestion of the cell membrane®. However, the substantial number of cells in the intermediate state indicates
that not all cells have suffered sufficiently serious external damage that would lead to their death. Previous stud-
ies have pointed out differences in the action of cold plasma on bacterial cells due to the different structure of
external cellular covers. In general, Gram-positive bacteria are considered to be more resistant to CP than Gram-
negative species, and the mechanism of their inactivation based on reactions of ROS (reactive oxygen species)
will cause severe damage to intracellular components (e.g., DNA) but not cell leakage®. In our study, atomic
force microscopy (AFM) images were used for further investigations of the changes in L. hilgardii before and
after the CP treatment. The analysis allowed determination of the discrepancies in the topography and surface
properties of cells after the 10-min exposure to cold plasma in three different physiological states (active, mid-
active, dead) compared with cells that were not exposed to the sterilizing agent. To the best of our knowledge,
AFM was used for the first time in this work to evaluate cells sorted into subpopulations after cold plasma
treatment. Cells in the control sample had a typical rod shape and smooth surface, whereas cells subjected to
the 10-min plasma treatment (active, mid-active) had a more irregular shape, which can be seen as the height
and peak force error images (Fig. 8). The cells in the intermediate state were shorter and smaller. Many authors
point out a marked reduction in the cell size in the VBNC state (shorter length), which is a starvation survival
strategy*>*’. Interestingly, the section profile (Fig. 9) also indicates that these cells were almost twice the height
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Figure 9. Section profile of the cell surface of L. hilgardii cells in three different physiological states after plasma
treatment.

Control Active Mid-active Dead
DMT modules 1.81+0.24 GPa 1.97+0.19 GPa 2.19+£0.17 GPa 1.45+0.28 GPa
Roughness 2.04£0.55nm 2.11£0.57 nm 2.70£0.75 nm 7.07+3.1 nm
Adhesion 0.32+0.08 nN 0.29+0.09 nN 0.43+£0.09 nN 0.24+0.02 nN

Table 2. Values of DMT Modules, roughness and adhesion of cells surface sorted into subpopulations after
10-min plasma treatment.

of the control cells. Similar results were obtained by Hung et al.*8, who observed Vibrio parahaemolyticus in the
VBNC state as bulged cells. The transition from rod-shaped bacterial morphology into coccoid morphology has
been characterized for some bacteria in the literature®°. A change in the shape is likely to contribute positively to
the uptake of nutrients by the cell. This is related to the large cell surface area compared to the cellular volume®'.
However, considerable differences in cell topography can be observed in cells whose physiological condition
indicates that they are dead. The section profile (Fig. 9) indicated that these cells had deep, irregular depressions
on their surface but it seemed that the integrity of the outer layers was not interrupted. This is consistent with
previous reports demonstrating that inactivation of Gram-positive bacteria is the result of ROS action on the
internal components of cells. Moreover, the nanomechanical properties of cells in the examined physiological
states in comparison with the control are shown in the peak force error, DMT module, and adhesion images.
Thanks to the application of AFM technique, in addition to images showing the differences in the cell surface,
we obtained figures that allowed us to calculate values corresponding to cell surface RMS roughness, adhesion,
elasticity, and stiffness (Table 2).
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Figure 10. FT-IR spectra of L. hilgardii cells: untreated (control) and after 10-min cold plasma treatment.

The DMT Module in the dead cells was 1.45 +0.28 GPa, which indicated that the surface was more flex-
ible than surface of control cells (1.81 £0.24 GPa) after the plasma treatment. In turn, the highest stiffness
(2.19+0.17 GPa) was typical for cells in the intermediate state; however, the results were similar to those of the
control and living cells. An increase in stiffness is probably associated with a change in the cell shape. Research
conducted by Vattakaven et al.®* showed that Vibrio tasmaniensis in the VBNC state changed into coccal forms
with a thicker cell wall after 150-day cold- starvation®. In addition, the roughness of the dead cells (7.07 + 3.1 nm)
was statistical significantly higher in relation to the control (2.04 +0.55 nm) (p < 0.05). The enhanced roughness
suggests disorganization of the cell wall surface and correlates with the changes observed by SEM. The rough-
ness of the living cells should be underlined. Despite the exposure to cold plasma, the roughness of their outer
structures was almost the same as that of the cells in the control sample. These unchanged cell surface properties
in the viable and intermediate states suggest that some of mid-active bacteria can resume growth and divisions
in favourable environmental conditions.

FT-IR. 'The analysis of the chemical modifications in the outer structure of plasma-treated L. hilgardii bacteria
was performed using the FT-IR technique. A comparison of the control sample with the sample subjected to
10-min cold plasma exposure demonstrates a substantial number of spectral changes associated with vibrations
of functional groups such as carbohydrates, fatty acids, proteins, or nucleic acids (Fig. 10). The 3100-2800 cm™!
spectral region is the fatty acid region, 1800-1500 cm™ represents the amide region, 1500-1200 cm™ is a mixed
region containing signals from proteins, fatty acids, and phosphate-carrying compounds, 1200-900 cm™ is the
polysaccharide region, and 900-700 cm™ is the “fingerprint region”®. In first region, a decrease around the
bands ~2960 cm™ and 2920 cm™ was observed after the plasma treatment, which is related to destruction of
antisymmetric stretching in the CH; and CH, groups of fatty acids. Similar results were presented by Khan
et al.*%, who examined the effect of DBD on the mechanism of bacterial biofilm inactivation. The authors sug-
gested that the decrease in the intensity of the spectra corresponded to cell membrane disturbances®. The FT-IR
investigations show very prominent increase around 1375 cm™ which may be related to symmetric stretching
vibration of C=0 indicating a formation of the carboxylate groups (COO"). Figure 10 shows a rising shoulder
at 1720 cm™, indicating the formation of new carbonyl groups like aldehydes, ketones, or acids. Probably, the
occurrence of these two signals is associated with the degradation of the cell wall and membrane caused by ROS
(e.g. OH™ and O*)%%6. There is also an increase in the band at 1045 cm ™. As described in other reports, protein
treatment with CAP is probably associated with symmetrical tensile vibrations of S=O and radical oxidation of
sulphur-containing amino acid methionine®’-%. This demonstrates that plasma can cause oxidation of sulphur-
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containing molecules such as amino acids (methionine, cysteine), proteins, or compounds with antioxidant
effects, e.g. glutathione (GSH).

Conclusion

In this work a model experimental system was used to assess the effect of cold plasma on L. hilgardii cells. Dif-
ferences between cell viability results obtained by plate count method, optical density measurement and flow
cytometry are presented. In the classical plate culture method and optical density measurement complete inhibi-
tion of bacterial growth was observed after the 10 min cold plasma exposure. On the other hand, flow cytometry
analysis indicating the levels of metabolic activity of microbial cells revealed the presence of three physiological
states: active (14.4%), mid-active (77.5%) and dead (98.8%) of L. hilgardii population after 10 min plasma treat-
ment. Re-cultivation of the sorted subpopulation seems to confirm that at least some of the mid active cells were
in the VBNC state. Moreover, application of AFM technique indicated that morphological changes in external
cell structures in the intermediate state did not show any considerable damage compared to control cells. This
also suggests that cells can grow again in favorable conditions. However, entry of the food spoilage bacteria in
VBNC state is a potential threat to the food industry. The classical plate culture method, which is not able to
detect the mid-active bacteria, is commonly used to determine the microbiological purity of a food product.
For new non-thermal food preservation methods such us cold plasma, whose exact mechanism of microbial
inactivation is not yet known, it is necessary to use more sensitive detection methods that will give a reliable
result on the microbiological purity of the product. In summary, the flow cytometry used in this work, combined
with cell sorting that allows the analysis of different subpopulations, is a valuable new approach in explaining
the bactericidal effect of cold plasma and requires further research will help explain the exact mechanism of
microbiological inactivation in the future.
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The effect of cold plasma (CP) on phenolic compound (PC) and biogenic amine (BA) contents of red wine was
investigated for the first time. The influence of CP was compared with the effects of a wine preservation using
potassium metabisulfite and a combined method. The PC profile was determined by UPLC-PDA-MS/MS while
BAs using DLLME-GC-MS. Chemometric analysis also was used. The content of PCs was 3.1% higher in the
sample preserved by CP treatment (5 min, helium/nitrogen) compared to a sample preserved by the addition of
potassium metabisulfite (100 mg/L). On a positive note, CP treatment reduced the concentration of BAs in the

wine samples. The lowest BA contents were recorded after 10 min of cold plasma (helium/oxygen) treatment
with the addition of potassium metabisulfite (1120.85 pg/L). The results may promote interest in CP as a po-
tential alternative method for the preservation of wine and other alcoholic beverages.

1. Introduction

Wine is an alcoholic beverage, the tradition of production and con-
sumption of which has been known around the world for centuries
(Gajek et al., 2021). The recent climatic changes have brought about
alterations in the geographical distribution of areas used for viticulture.
As a consequence of global warming, a significant increase in the area of
vineyards and wine production has been observed across Central and
Eastern Europe, including Poland (Kozminski et al., 2020). Wine is
produced by fermentation of sugars contained in fruit using naturally
occurring microorganisms or starter cultures. This product is a complex
matrix consisting of water, alcohol, carbohydrates, organic acids,
polyphenols, minerals, and aromatic substances (Robles et al., 2019).

One of the most abundant and important groups of compounds found
in wines are polyphenols. They are responsible for the color (anthocy-
anins), taste (tannins), and aroma of wines. Additionally, they show
antioxidant activity, which makes them beneficial in the prevention of
cardiovascular diseases and other chronic medical conditions (Snopek
et al., 2018). The polyphenol content of wine depends on the grapevine
strain and the grape variety, the winemaking technology, the aging
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processes, and the wine preservation methods used. Red wines are
characterized by a higher content of polyphenolic compounds (PCs)
compared to white wines, and thus show a higher antioxidant activity
(Robles et al., 2019). Due to the growing consumer awareness of the
health benefits associated with the consumption of polyphenol-rich
products as well as the knowledge of the impact of these compounds
on the final quality of a product, wine producers are looking for solu-
tions that would minimize the loss of polyphenols during the entire
winemaking process.

Besides health-promoting phenolic compounds, wines also contain
biogenic amines (BAs), which may have a negative impact on human
health. They are nitrogenous compounds that are mainly formed by the
decarboxylation of amino acids, which in wine is the result of the ac-
tivity of microbes such as yeast or lactic acid bacteria (LAB) (Smit et al.,
2012). The content of biogenic amines depends mainly on the concen-
tration of amino acid precursors in a product’s matrix, but also on pH as
well as alcohol and sulfur dioxide contents, which directly affect the
growth of microorganisms (Papageorgiou et al., 2018). In addition, the
presence of amino acid precursors is influenced by the grape variety, the
geographical region, vinification methods, and the aging process
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(Ptotka-Wasylka et al., 2018a). The biogenic amines most commonly
found in wines include histamine (HIS), cadaverine (CAD), tyramine
(TYR), 2-phenylethylamine (2-PE), putrescine (PUT), and tryptamine
(TRP) (Esposito et al., 2019). High concentrations of biogenic amines in
the final product may cause undesirable physiological effects in the
consumer, such as headaches, nausea, or tachycardia (Naila et al.,
2010).

In order to prevent the negative effects of microorganisms on the
quality of wine, methods of eliminating the undesirable microbes have
been developed. Although classic thermal methods of food preservation
still play a very important role in food technology, they are not suitable
for vinification processes as they can negatively affect the unique taste,
color and flavor of wine (Niu et al., 2019). Instead, sulfur dioxide, which
has decontaminating and antioxidant properties, is commonly added to
wine to remove unwanted microorganisms (Christofi et al., 2020).
Furthermore, the addition of sulfur dioxide is thought to prevent enzy-
matic and non-enzymatic oxidation of wines (Esparza et al., 2020).
However, despite its positive effects, it can cause allergic reactions in
some consumers, which is why the World Health Organization (WHO)
has introduced restrictions on its use. This has contributed to an
increased search for new strategies to minimize or even replace SO,
(Cordero-Bueso et al., 2019), but the problem of biogenic amines still
remains unsolved. Therefore, scientists are looking for effective non-
thermal preservation methods which allow to remove undesirable mi-
croorganisms without significantly affecting the final stability of the
product (Puligundla et al., 2018).

Cold plasma is one of the most recent non-thermal methods used in
sterilization processes. Numerous scientific publications confirm its
effective antimicrobial activity, which is connected with the influence of
reactive compounds, atoms in the excited and basic state, and UV pho-
tons on microbial cells (Bourke et al., 2017). Reactive compounds are
produced by subjecting a working gas to various electrical discharges
such as barrier discharge and corona discharge. Importantly, in the
context of cold plasma applications in the food industry, the temperature
of the free electrons in the working gas is lower than that of the other
particles, which directly results in a slight increase in process tempera-
ture (Niedzwiedz et al., 2019). To date, there are few reports in the
literature explaining the mechanism of action of cold plasma on food
products (Alves Filho et al., 2020; Gavahian et al., 2018). During CP
generation, light emission, cavitation processes, shock wave generation,
and free radical generation are accompanied, which can directly
contribute to the degradation of many organic compounds (He et al.,
2012). However, there is limited information in the literature regarding
the impact of cold plasma on the final quality of alcoholic beverages,
which means this problem is worth delving into.

The objective of the present study was to investigate the effect of a
new wine preservation method using cold plasma on the phenolic
composition and biogenic amine content of red wine. An additional
objective was to compare the effect of preserving wine samples using the
traditional method (addition of potassium metabisulfite at 30 mg/L or
100 mg/L) and a combined method (cold plasma and the addition of
potassium metabisulfite at 30 mg/L) with the effect of cold plasma
alone. Wine sample storage was also considered in the study. In addi-
tion, chemometric analysis was conducted to discover specific re-
lationships between the different wine preservation methods and the
content of bioamines and selected phenolic compounds. To the best of
our knowledge, there is no research so far regarding the effect of cold
plasma treatment on the content of phenolic compounds and biogenic
amines in red wine samples in comparison with the effect of this method
combined with potassium metabisulfite.

2. Materials and methods
2.1. Chemicals and materials

All reference materials used in the determination of the biogenic
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amines such as tryptamine hydrochloride, putrescine dihydrochloride,
histamine dihydrochloride, tyramine hydrochloride, cadaverine hydro-
chloride and 2-phenylethylamine hydrochloride, as well as hexylamine
(internal standard, IS), were purchased from Sigma-Aldrich (St. Louis,
MO, USA). The derivatization reagent (isobutyl chloroformate) was
purchased from Sigma-Aldrich (St. Louis, MO, USA). Ultrapure water
was obtained from a Milli-Q water purification system (Millipore, Bed-
ford, MA, USA). Stock solutions of BAs and IS (both at 1 mg/mL) were
prepared daily in ultrapure water and stored at + 4 °C in silanized screw-
capped vials with solid PTFE-lined caps (Supelco, Bellefonte, PA, USA).
Methanol, used as a dispersive solvent, was a high purity grade solvent
purchased from Fluka (Seelze, Germany). High purity grade chloroform,
applied as an extractive solvent, was obtained from Sigma. 0.1 M HCl
was supplied by Fluka. Other chemicals were of an analytical grade.
Analytical standards for phenolic profile determination such as
cyanidin-3-O-glucoside, delphicin-3-O-glucoside, isorhamnetin-3-O-
glucoside, kaempferol-3-O-glucoside, malvidin-3-O-glucoside, myr-
icetin-3-O-glucoside, peonidin-3-O-glucoside, petunidin-3-O-glucoside,
quercetin-3-O-glucoside,  quercetin-4’-O-glucoside,  quercetin-3-O-
rutinoside, (4)-catechin, (-)-epicatechin, (-)-epicatechin-3-gallate, pro-
cyanidin Al and A2, trans-resveratrol, and trans-piceid were purchased
from Extrasynthese (Lyon, France). Caftaric acid, caffeic acid, coutaric
acid, gallic acid, ferulic acid, protocatechuic acid, and p-coumaric acid
were purchased from PhytoLab (Vestenbergsgreuth, Germany). Formic
acid (LC-MS grade) was purchased from Fischer Scientific (Schwerte,
Germany). Acetonitrile was purchased from POCH (Gliwice, Poland).

2.2. Wine samples

The red wine used in this study was produced at Dom Bliskowice
Winery (Lublin Province, Poland) from grapes of Regent and Rondo
(1:1) varieties harvested in October 2019. The wine was subjected to
different preservation processes (control sample — not preserved; cold
plasma treatment; addition of 30 mg/L potassium metabisulfite; addi-
tion of 30 mg/L potassium metabisulfite combined with cold plasma
treatment; and addition of 100 mg/L potassium metabisulfite). The
samples were then analyzed immediately after preservation and also
after three months of storage (15 °C, limited light) (Table 1).

2.3. Cold plasma treatment of wine

Wine samples were exposed to cold plasma for 2-, 5- and 10-min.
Mixtures of helium and nitrogen or helium and oxygen were used as
the working gas. The samples were treated using a DBD (Dielectric
Barrier Discharge) plasma jet reactor. The volume of 50 ml of wine was
poured to a sterilized glass container and placed on a magnetic stirrer.
To ensure homogenous exposure to plasma treatment, samples were
stirred with a PTFE stir bar placed inside the sample. The DBD reactor
consisted of a 1.4 mm internal diameter ceramic gas tube. Two metal
electrodes were located as follows: a ring-shaped high voltage electrode
was positioned 10 mm from the end of the jet and A flat, copper PCB
laminated electrode was used as the ground. The latter electrode was
placed on the magnetic stirrer, just beneath the sample container. The
distance between the end of the reactor’s tube and the surface of the
liquid was 2 mm. The flow rates of the substrate gas mixtures were 96 L/
h of helium with 1.8 L/h of oxygen or nitrogen admixtures. The flow
rates were adjusted by gas flow controllers (Automatic Works “ROTA-
METR,” Gliwice, Poland). A schematic view of the experimental set-up is
presented in Fig. 1. The mean power of the power supply was 6 W. For
both gas mixtures, the sine-like voltage signals were quite similar, with a
subtle difference in the maximum voltage, which was slightly higher in
the case of the helium and oxygen mixture and ranged 8.3 kV.

A K-type thermocouple connected to a DT-847U meter was used to
measure the temperature of the sample after plasma treatment. In the
course of the experiment, the maximum registered temperature of the
sample did not exceed 32 °C, so the treatment can be considered a cold
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Table 1
Characterization of samples and sample coding.
Sample  Preservation method Cold plasma Gas used for Storage
exposure time preservation
1 no preservation 0 No No
2 cold plasma 2 He /04 No
3 cold plasma 5 He /02 No
4 cold plasma 10 He /02 No
5 cold plasma 2 He / Ny No
6 cold plasma 5 He / Ny No
7 cold plasma 10 He / N, No
8 30 mg/L potassium 0 No No
metabisulfite
9 cold plasma and 30 2 He / Oy No
mg/L potassium
metabisulfite
10 cold plasma and 30 5 He / Oy No
mg/L potassium
metabisulfite
11 cold plasma and 30 10 He / O, No
mg/L potassium
metabisulfite
12 cold plasma and 30 2 He / Ny No
mg/L potassium
metabisulfite
13 cold plasma and 30 5 He / Ny No
mg/L potassium
metabisulfite
14 cold plasma and 30 10 He / Ny No
mg/L potassium
metabisulfite
15 100 mg/L potassium 0 No No
metabisulfite
16 no preservation 0 No Yes
17 cold plasma 2 He / Oy Yes
18 cold plasma 5 He / O, Yes
19 cold plasma 10 He / Oy Yes
20 cold plasma 2 He / N, Yes
21 cold plasma 5 He / Ny Yes
22 cold plasma 10 He / No Yes
23 30 mg/L potassium 0 No Yes
metabisulfite
24 cold plasma and 30 2 He / Oq Yes
mg/L potassium
metabisulfite
25 cold plasma and 30 5 He / Oq Yes
mg/L potassium
metabisulfite
26 cold plasma and 30 10 He / Oy Yes
mg/L potassium
metabisulfite
27 cold plasma and 30 2 He / N, Yes
mg/L potassium
metabisulfite
28 cold plasma and 30 5 He / N, Yes
mg/L potassium
metabisulfite
29 cold plasma and 30 10 He / Ny Yes
mg/L potassium
metabisulfite
30 100 mg/L potassium 0 No Yes

metabisulfite

one.

2.4. Determination of polyphenolic compounds

The protocol reported by Kapusta et al. (2018) was used to determine
polyphenolic compounds in the wine samples. The qualitative and
quantitative determination of the phenolic compound profile was
performer using ultra-performance reverse-phase liquid chromatog-
raphy (UPLC-PDA-MS/MS). The UPLC-PDA-MS/MS Waters ACQUITY
system (Walters, Milford, MA, USA) used consisted of a sample manager,
a binary pump manager, a column manager, a photodiode array (PDA)
detector, and a tandem quadrupole mass spectrometer (TQD) with
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electrospray ionization (ESI). A BEH C18 column (100 mm x 2.1 mm i.
d., 1.7 pm, Waters) was used to separate the compounds. Wine samples
were filtered before the analysis through a 0.45-um Millipore filter and
then injected onto the chromatographic column. The injected sample
volume was 5 pL. The experiment was conducted in duplicate. Waters
MassLynx software v.4.1 was used to collect and analyze the results. The
results obtained are expressed in mg/L.

The method was validated for parameters such as linearity, accuracy
(relative error, RE), limit of detection (LOD), limit of quantification
(LOQ), and precision (relative standard deviation, RSD). Quantification
was determined by external standard calibration. Stock standard solu-
tions of the polyphenols were prepared with methanol. Six calibrators of
each standard were prepared by dilution of stock solutions, and the
calibration curve was generated by plotting the peak area ratio of the
polyphenol versus the nominal concentration ranging from 0.05 to 5 mg
ml~! (R2 < 0.999). The regression equation was obtained by weighted
(1/c2) least-squares linear regression. The LOD was determined as a
signal-to-noise ratio (S/N) of 3:1, and the LOQ was determined as a S/N
of > 10. An acceptable RE within 4 20% and an RSD not exceeding 20%
should be obtained.

2.5. GC-MS determination of biogenic amine content

The protocol reported by Piotka-Wasylka et al. (2018b) was used to
determine biogenic amines (BAs) in the wine samples. Isolation of
analytes was carried out simultaneously with their derivatization. The
selected analytes were determined qualitatively and quantitatively
using gas chromatography combined with mass spectrometry (GC-MS).
A gas chromatography (GC) 7890A (Agilent Technologies, Santa Clara,
CA, USA) system was interfaced with an inert mass selective detector
5975C (Agilent Technologies, Santa Clara, CA, USA) with an electron
impact ionization chamber (EI). A ZB-5MS capillary column (30 m x
0.25 mm L.D., 0.25 pm) supplied by Zebron Phenomenex was used for
chromatographic separation. The injection was performed in the split-
less mode at 230 °C. The interface was set at 250 °C. The injected sample
volume was 2 pL. Helium was the carrier gas with a constant pressure of
30 psi. The oven temperature program was as follows: 50 °C held for 1
min, ramped to 280 °C at 15 °C /min and held for 9 min (total run time
was 25.3 min). The analysis was carried out in the selected ion moni-
toring (SIM) mode. The MS parameters were set as follows: EI ionization
with 70 eV energy; ion source temperature, 250 °C. All the ion fragments
with their relative intensities at the specific retention times were
considered as a valid confirmation criterion and were used to identify
the selected BAs. An Agilent ChemStation was used for data collection
and GC-MS control.

The optimized method was evaluated using the following validation
parameters: linearity, precision, sensitivity and accuracy in accordance
to quality assurance protocol. Linearity was examined by application
of 10 different concentrations. Hexylamine was used as internal stan-
dard. Limits of detection (LODs) and limits of quantification (LOQs)
were calculated to estimate the sensitivity of the methodology. Both
LODs and LOQs were calculated from spiked samples (n = 3) and the
minimum detectable analyte amount with a signal-to-noise ratio of 3
and 10, respectively, was established. The intra-day (RSD,) and inter-
day (RSDgR) precision were determined by the application of five repli-
cates of wine samples spiked at two levels (0.10 and 0.25 mg/L). In
addition to validation parameters, recovery rates were estimated using
the ratio of the peak areas of the spiked samples of known concentration
of biogenic amines to those of spiked water solution (n = 3). The matrix
effect (ME) of the optimized method was also evaluated by application
the procedure described by Matuszewski et al. (2003). The ME was
examined at a concentration level of 0.25 mg/L and calculated
by comparing the mean peak area of the analyte standards in the water
solution (a, n = 3) with the mean peak area of an analyte spiked post-
extraction (b, n = 3). The following Equation was used:
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Fig. 1. A. Experimental set-up for plasma treatment of wine: 1- plasma jet reactor; 2 — sample in a glass container; 3 — magnetic stirrer; 4 — high voltage power
supply; 5 — gas flow controller. B. Voltage signal between electrodes for the selected gas mixtures.

ME[%] = g X 100% o)

The MEs, were ranged from 79% and 99%. In general, ME has
no impact on the qualitative and quantitative results of this method and
can be omitted. Additionally, it was proven that it is justified to use an
internal standard (IS) for calibration. Information on determined vali-
dation parameters and average recoveries (%) obtained with the opti-
mized method in spiked wine samples are given in Table S.5
(Supplementary Material).

2.6. Chemometric analysis

In the present study, multivariate statistical data mining was used to
discover the specific correlations between the different wine preserva-
tion methods and determine the content of bioamines and selected
phenolic compounds. The following chemometric methods were used
for intelligent data analysis: cluster analysis (hierarchical and non-
hierarchical or K-means clustering), two-way joining analysis, prin-
cipal component analysis, and factor analysis. The analysis was per-
formed using STATISTICA 8.0 software.

3. Results and discussion
3.1. Polyphenolic content

Red wine is a rich source of phenolic compounds that exert beneficial
effects on the human health due to their antioxidant properties. Many
studies have been conducted which indicate that the profile of phenolic
compounds in a wine depends on the geographical location of the
vineyard, the type of grapes, the method of production and preservation,
and storage time (Manns et al., 2013; Stoj et al., 2020). To evaluate the
effect of the preservation method and storage time on the phenolic
compound content of red wine samples, UPLC-PDA-MS/MS was used. A
total of 54 compounds were determined in the studied samples by UPLC:
24 anthocyanins, 7 flavonols, 12 flavon-3-ols, 7 phenolic acids, and 4
stilbenes (Supplementary Material — Table S.1). The Retention times,
molecular ion masses and the basic MS2 fragments of the individual
phenolic compounds are presented in Supplementary Material -
Table S.2. The contents of selected phenolic compounds detected in our

red wine samples are shown in Table 2.

3.1.1. Anthocyanins

The most abundant group were anthocyanins, especially malvidin 3-
O-glucoside-5-O-glucoside, malvidin 3-O-glucoside and delphinidin 3-
O-glucoside, a profile that is characteristic of Rondo variety wines
(Stoj et al., 2020; Kapusta et al., 2018). The basic structure of antho-
cyanins is their aglycone part (Khoo et al., 2017). In the examined wine,
derivatives of five aglycones were determined: delphinic, malvidin,
petunidin, peonidin and cyanidin. Anthocyanins are unstable com-
pounds that can undergo reversible transformations in aqueous envi-
ronments due to pH changes, thus affecting the color of the product. In
addition, these compounds may degrade during processing when
exposed to various factors, such as temperature, oxygen, or light (He
et al., 2012; Yue et al., 2021). This is consistent with our results, which
indicated that the storage process as well as the preservation method
used affected the final anthocyanin concentration. Analyzing the influ-
ence of the storage process, we noted an 8.23 to 47.51 % reduction in the
subtotal levels of these compounds in each of the tested samples
compared to samples which had not been stored. Additionally, a lower
decrease in the content of diglycoside anthocyanins was observed,
which indicates that they exhibit a higher stability than monoglycoside
anthocyanins (Table S.1). This observation is confirmed by numerous
scientific reports (He et al., 2012; Kim et al., 2010). The most stable
molecule with the lowest level of reduction in all samples was cyanidin-
3-0O-glucoside-5-O-glucoside. By contrast, cyanidin-3-O-glucoside was
the most susceptible to degradation, which was directly related to its
structure. Malvidin-3-O-glucoside and peonidin-3-O-glucoside do not
have hydroxyl groups in the ortho position, which makes them relatively
more resistant to oxidation than cyanidin-3-O-glucoside (He et al.,
2012). Our results indicate that the content of each anthocyanin in both
non-stored and stored samples was also dependent on the preservation
method applied. In the present study, three preservation methods were
used: cold plasma (variable process conditions), addition of potassium
metabisulfite (30 mg/L or 100 mg/L) and a method combining the use of
cold plasma with the addition of potassium metabisulfite at 30 mg/L. In
the wine samples analyzed immediately after the addition of potassium
metabisulfite (Table S.1 — samples no. 8 and 15), we observed a slight
increase in the total content of anthocyanins compared to the control
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Table 2
Contents of selected phenolic compounds in red wine samples determined by
UPLC-PDA-MS/MS (n = 2).

Sample 3gM 3gD 3gC 3kGM 3kGPet 3kGPeo PCA
no.* (mg/L) (mg/ (mg/ (mg/ (mg/L) (mg/L) (mg/
L) L) L) L
1 191.76 82.38 2.96 45.67 18.99 4.94 + 0.16
+ 3.02 + 5.62 + +1.13 + 1.84 0.26 +
0.01 0.00
2 142.6 49.26 1.91 27.87 13.35 292 + 0.2
+ 3.02 + 5.60 + +1.07 +1.75 0.26 +
0.01 0.00
3 153.32 50.93 2.11 31.25 15.38 3.22 + 0.22
+ 3.24 + 5.79 + +1.19 + 2.02 0.28 +
0.01 0.00
4 126.35 39.49 1.67 23.74 11.36 2.48 + 0.2
+ 2.67 + 4.49 + +0.91 +1.49 0.22 +
0.01 0.00
5 157.68 55.64 2.03 33.75 16.33 3.32+ 0.2
+ 3.34 + 6.33 + +1.29 +2.15 0.29 +
0.01 0.00
6 166.42 57.24 2.07 34.97 16.4 + 3.61 + 0.21
+3.52 +6.51 + +1.34 215 0.32 +
0.01 0.00
7 170.08 58.03 2.07 35.98 17.17 3.63 + 0.21
+ 3.60 +6.60 + +1.38 +2.26 0.32 +
0.01 0.00
8 182.88 64.70 2.44 39.71 19.23 4.03 £ 0.17
+ 3.87 +7.36 + +1.52 + 2.53 0.35 +
0.01 0.00
9 177.2 64.19 2.25 37.73 18.94 3.89 + 0.2
+ 3.75 +7.30 + +1.44 + 2.49 0.34 +
0.01 0.00
10 170.57 58.29 2.2 37.34 17.98 3.70 + 0.22
+ 3.61 + 6.63 + +1.43 + 2.36 0.33 +
0.01 0.00
11 150.23 57.69 1.91 30.75 11.63 2,99 + 0.17
+9.16 + 9.27 + + 3.14 + 0.89 0.24 +
0.05 0.01
12 178.48 75.63 2.41 39.46 15.64 3.80 + 0.18
+ 10.88 + + + 4.03 +1.19 0.31 +
12.16 0.06 0.01
13 166.59 72.04 2.23 38.68 15.28 3.63 + 0.18
+ 10.16 + + + 3.95 +1.16 0.30 +
11.58 0.05 0.01
14 171.68 69.42 2.08 38.43 14.93 3.66 + 0.19
+10.47 =+ + +3.93 +1.14 0.30 +
11.16 0.05 0.01
15 190.82 64.7 2.43 43.86 17.36 3.96 + 0.13
+ 11.63 + + +4.48 +1.32 0.32 +
13.17 0.06 0.01
16 149.42 61.47 2.12 30.64 12.09 2.94 + 0.32
+9.11 +9.88 + +3.13 +0.92 0.24 +
0.05 0.02
17 106.81 15.13 0.41 18.55 7.43 £ 2.03 £ 0.79
+6.51 +243 + +1.90 0.57 0.17 +
0.01 0.06
18 121.59 40.16 1.45 22.42 8.69 + 2.27 + 0.7
+7.41 +6.46 + +2.29 0.66 0.19 +
0.04 0.05
19 54.59 14.78 0.52 6.96 3.05 + 1.07 + 0.8
+ 3.33 + 2.38 + +0.71 0.23 0.09 +
0.01 0.06
20 101.6 11.50 0.34 17.1 6.32 + 1.88 + 0.78
+ 6.19 +1.85 + +1.75 0.48 0.15 +
0.01 0.06
21 138.68 53.03 1.67 26.58 13.18 2.59 + 0.73
+ 2.00 + 6.97 + +0.43 +2.12 0.01 +
0.10 0.02
22 79.88 12.89 0.39 11.36 5.78 + 1.44 + 0.84
+ 1.15 + 1.69 + +0.18 0.93 0.01 +
0.04 0.02
23 143.55 61.70 2.28 28.27 14.36 2.83 + 0.25
+ 2.07 + 8.11 + + 0.46 + 2.31 0.01 +
0.14 0.01
24 92.75 7.81 14.19 7.29 + 1.63 +
+1.34 +1.03 +0.23 117 0.01
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Table 2 (continued)

Sample 3gM 3gD 3gC 3kGM 3kGPet  3kGPeo  PCA

no.* (mg/L) (mg/ (mg/  (mg/ (mg/L) (mg/L) (mg/
L) L) L) L)

0.25 0.81
+ +

0.02 0.02

25 97.01 11.90 0.33 15.12 7.74 £ 1.71 £ 0.79
+ 1.40 + 1.56 + +0.25 1.24 0.01 +

0.02 0.02

26 76.38 19.42 0.67 11.26 59+ 1.4 + 0.80
+1.10 + 2.55 + +0.18 0.95 0.01 +

0.04 0.02

27 84.70 9.37 0.28 12.73 6.49 + 1.52 + 0.84
+1.22 +1.23 + +0.21 1.04 0.01 +

0.02 0.02

28 100.49 23.42 0.67 16.68 8.91 + 1.83 £ 0.83
+1.45 =+ 3.08 + + 0.27 1.43 0.01 +

0.04 0.02

29 97.29 34.25 1.18 17.31 8.86 + 1.92 + 0.74
+ 1.40 + 4.50 + + 0.28 1.42 0.01 +

0.07 0.02

30 132.67 57.73 2.07 26.45 13.35 2.7 £ 0.19
+1.91 + 7.58 + +0.43 + 2.15 0.01 +

0.13 0.00

3gM - malvidin 3-O-glucoside; 3gD — delphinidin 3-O-glucoside; 3gC - cyanidin
3-0O-glucoside; 3kGM - malvidin 3-O-(600-O-coumaryl) - glucoside; 3kGPet —
petunidin 3-O-(600-O-coumaryl) -glucoside; 3kGPeo — peonidin 3-O-(60 0-O-
coumaryl) - glucoside; PCA - protocatechuic acid.

* the coding of the samples is shown in Table 1.

sample (no. 1). Moreover, the sample with the addition of 100 mg/L
potassium metabisulfite had the highest content of anthocyanins
(836.32 mg/L) compared to the other samples (580.36-811.73 mg/L).
In our study, however, the total content of anthocyanins after the three-
month storage period in samples subjected to sulfurization (Table S.1-
samples 23 and 30) was similar to the control sample (sample 16); only
the addition of 100 mg/L potassium metabisulfite caused a decrease in
the content of these compounds by 5.77%. These results indicate that the
application of potassium metabisulfite has a minimal effect on the
reduction of the anthocyanin content. In our experiment, we evaluated
the impact of cold plasma treatment time (2, 5, 10 min) and the type of
working gas used (helium/oxygen and helium/nitrogen) on the profile
of phenolic compounds in red wine samples. Additionally, we tested the
effect of cold plasma treatment combined with potassium metabisulfite
(30 mg/L) treatment. Our results showed that both the duration of the
process and the type of gas used contributed to a change in the content of
individual compounds. The analysis of the level of anthocyanins in
unstored samples indicated that the application of cold plasma for 10
min with the mixture of helium/oxygen as the working gas resulted in
the highest reduction in the total anthocyanin content compared to the
control (Table S.1). On the other hand, in wine samples exposed to cold
plasma with helium/nitrogen as the working gas, an increase in
anthocyanin concentration was observed, which was the larger the
longer the samples were exposed to treatment. The total anthocyanin
content after 2, 5, and 10 min was, respectively, 707.23, 747.74, and
755.25 mg/L. Also, higher anthocyanin concentrations were recorded in
the samples exposed to cold plasma with the addition of potassium
metabisulfite compared to the same samples exposed to cold plasma
alone (Table S.1). This was probably related to the protective effect of
sulfate on anthocyanins. We also observed a similar relationship related
to the working gas used. Again, wine samples exposed to cold plasma
generated using a mixture of helium and oxygen showed a higher
reduction in the anthocyanin content compared to samples using a
mixture of helium and nitrogen as the working gas. The disparities in the
effect of the individual gases on anthocyanin stability were probably due
to the fact that the different gases produced different reactive com-
pounds during plasma generation. When oxygen is used in the working
gas mixture, the plasma stream may contain hydrogen peroxide,
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hydroxyl radical, peroxyl anion or singlet oxygen, all of which can cause
significant degradation of anthocyanins (Arjunan et al., 2015). Since red
wine is a complex matrix and undergoes various chemical processes, the
effects of different preservation methods on phenolic compounds after
three months of storage were also analyzed. Interesting results were
observed in most of the samples exposed to 5 min of cold plasma. A
higher content of some anthocyanins was noted compared to samples
that were plasma-treated for only 2 min (Table 2). In addition, the
decrease in the anthocyanin content compared to the sample preserved
by the same method but not stored was also lower than after a 2-min
exposure to cold plasma. For example, for a 5-min cold plasma treat-
ment with helium/nitrogen as the working gas, the total anthocyanin
content before storage was 747.74 mg/L and dropped after storage by
11.57 % to 661.23 mg/L. By contrast, a 2-min cold plasma treatment
resulted in a 30.27 % reduction in anthocyanins compared to the non-
stored sample (Table S.1). Moreover, higher anthocyanin contents
were observed in the samples subjected to 5 min of cold plasma treat-
ment without potassium metabisulfite, which was an inverse relation-
ship to that observed in the samples before storage. This may indicate
that cold plasma, despite the initial degradation of anthocyanins, pro-
duces a better overall preservation effect than the mixed method. In
addition, when samples with the same exposition time were compared,
the anthocyanin content in samples exposed to cold plasma generated
using the helium/nitrogen gas mixture was similar to that of the control
sample and the sample with 30 mg/L potassium metabisulfite, and 4.34
% higher than that of the sample with 100 mg/L potassium
metabisulfite.

3.1.2. Phenolic acids

The contents of phenolic acids such as gallic acid, protocatechuic
acid, caftaric acid, cutaric acid, caffeic acid, coumaric acid and ferulic
acid were also determined in the studied wine. Gallic acid was the most
abundant of those compounds at concentrations from 9.52 mg/L to
11.86 mg/L. In the samples before storage, the highest total content of
phenolic acids was noted after a 2-min exposure to cold plasma — 24.68
mg/L (helium/nitrogen), a value that was 8.25% higher compared to the
control sample (Table S.1). A study conducted on white wine by Lukic¢
et al. (2019) also reported a slight increase in the content of some
phenolic acids as a result of cold plasma exposure. Cold plasma also had
a beneficial effect on the content of hydroxycinnamic acids in pome-
granate juice (Herceg et al., 2016). Acids belonging to this group are
characterized by a higher stability, which probably translates into their
lower reactivity with the radicals formed during cold plasma generation.

In contrast to anthocyanins, the content of phenolic acids increased
after storage in most samples (Table S.1). Interesting results were
observed for the content of protocatechuic acid. In each sample after
storage, the content of this acid increased compared to the non-stored
samples. However, cold plasma treatment (10 min, helium/nitrogen)
resulted in a substantial, up-to-4-fold increase in the content of this
compound compared to non-stored samples (0.84 mg/L). The lowest
content of this compound was observed in samples with 100 mg/L po-
tassium metabisulfite (0.19 mg/L) (Table 2). The contents of other acids
showed a similar trend. Based on the literature data and our own results
on the anthocyanin content, we can assume that such a large increase in
protocatechuic acid in samples exposed to cold plasma was related to a
decrease in the anthocyanin content. Under cold plasma treatment,
anthocyanins degrade to phenolic acids, and the main products of their
decomposition are protocatechuic, vanillic, syringic, and p-coumaric
acids (Yang et al., 2018). Garofulic et al. (2015), who evaluated the
effect of cold plasma treatment on the contents of anthocyanins and
phenolic acids in cherry juice, suggested that plasma acting on the food
matrix for a short time caused the dissociation of agglomerates or par-
ticles, leading to an increase in the content of phenolic compounds.

3.1.3. Other phenolic compounds
In another experiment, we used ultraperformance chromatography
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to determine flavanols, flavan-3-ols, and stilbenes in the examined red
wine samples. The content of flavanols in the wine was low and their
total content ranged from 3.74 mg/L to 2.52 mg/L. The highest con-
centration was recorded in the non-stored control sample, while the
lowest concentration was recorded after storage in the sample preserved
by cold plasma (10 min, helium/nitrogen working gas) with the addition
of potassium metabisulfite. The most abundant flavan-3-olswere (+) -
catechin at 25.67 mg/L (sample no. 5) and procyanidin B1 at 10.46 mg/
L (sample no. 12). Cis - and trans-resveratrol were also determined in the
studied wine samples. The content of cis-resveratrol in the samples
before and after storage was practically the same. A slight increase in its
content was observed after storage in the sample exposed to cold plasma
(10 min, helium/oxygen). An inverse correlation was noted for trans-
resveratrol (Table S.1).

3.2. Biogenic amine content

DLLME-GC-MS was applied to determine the concentrations of
biogenic amines in the red wine samples analyzed. The results are pre-
sented in Table 3. Six biogenic amines were identified: TRP, PUT, HIS,
TYR, CAD, and 2-PE, with histamine having the highest concentrations
in all samples. This finding corresponds with the results reported by
other researchers who indicate that histamine is the most abundant
biogenic amine in wines (Ptotka-Wasylka et al., 2018). High concen-
trations of histamine in a product can cause negative health effects in the
consumer, so it is important to use methods that will reduce the content
of this compound in the food matrix (Esposito et al., 2019). In our
experiment, the highest HIS content was found in the unpreserved
control sample (before storage: 818 + 34 ug/L; after storage: 821 + 30
ug/L). A significantly lower content of this compound was observed in
the sample that had been exposed to cold plasma for 10 min using a
helium/oxygen mixture as the working gas (584 + 34 pg/L) in combi-
nation with the addition of 30 mg/L potassium metabisulfite. Also, after
three months of storage, the HIS content of this sample did not change
significantly (586 + 33 pg/L). When the effect of the wine preservation
method on the content of other biogenic amines was analyzed, in all
cases the 10-min application of cold plasma (helium/oxygen as working
gas) with 30 mg/L potassium metabisulfite resulted in the highest
reduction in the level of these compounds. Moreover, this effect per-
sisted after storage. To date, the literature provides no information on or
explanation of the effect of cold plasma on the content of biogenic
amines in wine. However, because the formation of these compounds
depends mainly on the microorganisms present in the food matrix
(Restuccia et al., 2018), it can be assumed that cold plasma, which has a
well-proven biocidal activity against unwanted microorganisms, indi-
rectly contributes to the reduction of biogenic amines in food products
(Bourke et al., 2017; Lu et al., 2014). Our results also showed that the
efficiency of cold plasma in reducing biogenic amines in wine samples
was affected by the duration of treatment and the type of working gas
used. Increasing the duration of the process to 10 min and the use of a
mixture of helium and oxygen as the working gas favourably affected the
elimination of these compounds from the product matrix. The influence
of the duration of the process as well as the type of gases used on the
sterilizing efficiency of cold plasma has also been demonstrated by other
authors. Hou et al. (2019), who sterilized blueberry juice using cold
plasma for 2, 4 and 6 min, recorded the highest reduction in Bacillus spp.
populations after the time of 6 min. Also, our previous study on the ef-
fects of cold plasma on Lentilactobacillus hilgardii cells showed that
increasing the duration of the process as well as using a mixture of he-
lium and oxygen as the working gas resulted in higher cell reduction
than using a mixture of helium and nitrogen (Niedzwiedz et al., 2020).

3.3. Chemometric analysis

The major goal of multivariate statistical data mining was to reveal
hidden specific relations between differently treated (different
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Table 3
Concentrations of selected biogenic amines determined in wine samples by
DLLME-GC-MS; n = 3.

Sample TRP (ug/  PUT HIS TYR (ug/  CAD 2-PE (ug/

no.* L) (ng/L) (ug/L) L) (ug/L) L)

1 4.089 + 489 + 818+ 2774+ 5873+ 1870+
0.012 25 34 0.16 0.15 0.054

2 3.670 + 475 + 799+ 2758+ 5415+  18.68 +
0.011 24 31 0.17 0.12 0.049

3 3.578 + 455 + 734+ 2734+ 5221+ 1873+
0.008 25 37 0.17 0.12 0.047

4 3.551 + 449 + 732+ 2643+ 5201+ 1863+
0.009 23 36 0.13 0.14 0.050

5 3.662 + 471 + 784+ 2751+ 5394+ 1871+
0.010 22 29 0.18 0.13 0.048

6 3.589 + 466 + 741+ 2744+ 5227+ 1875+
0.008 27 33 0.16 0.11 0.044

7 3.540 + 457 + 742+ 2678+ 5222+  18.66 +
0.010 22 34 0.17 0.13 0.051

8 2,918 + 344 + 654+  <LOD 4829+ 2374+
0.008 25 34 0.16 0.044

9 2.705 + 324 + 627 +  <LOD 4454+ 2377 +
0.011 23 38 0.14 0.047

10 2.678 + 299 + 622+  <LOD 39.79+  23.68 +
0.013 20 33 0.12 0.050

11 1.972 + 278 + 584+  <LOD 38.09+  23.76 +
0.006 19 34 0.14 0.048

12 2.802 + 348 + 654+  <LOD 4387+ 2372+
0.014 24 38 0.16 0.051

13 2732 + 320 + 641+  <LOD 4017 +  23.63+
0.016 21 32 0.13 0.047

14 2.052 + 291 + 601 +  <LOD 37.89+  23.69 +
0.008 19 36 0.11 0.052

15 3.878 + 466 + 773+  <LOD 5242+  25.88 +
0.013 23 30 0.17 0.054

16 4.086 + 490 + 821+ 2771+ 5866+ 1878+
0.011 24 30 0.15 0.18 0.044

17 3.674 + 479 + 794+ 2766+ 5405+ 1875+
0.010 22 29 0.16 0.14 0.043

18 3.581 + 457 + 739+ 2791+ 5218+ 1879+
0.012 24 35 0.14 0.13 0.051

19 3.560 + 449 + 732+ 2638+ 5209+  18.60 +
0.010 21 33 0.12 0.18 0.044

20 3.669 + 476 + 789+ 2779+ 5399+ 1877 +
0.010 26 31 0.21 0.15 0.044

21 3.593 + 471 + 748+ 2749+ 5230+ 1870+
0.013 23 27 0.18 0.17 0.038

22 3.547 + 457 + 739+ 2685+ 5228+ 1871 +
0.011 20 31 0.15 0.10 0.047

23 2,915 + 349 + 658 +  <LOD 4833+ 2381+
0.009 24 33 0.16 0.056

24 2.711 + 332 + 629+  <LOD 4450 +  23.84 +
0.013 21 38 0.19 0.031

25 2.684 + 309 + 617+  <LOD 39.83+ 2377 +
0.012 24 31 0.10 0.062

26 1.979 + 279 + 586+  <LOD 38.04 +  23.85+
0.011 19 33 0.14 0.045

27 2.811 + 353 + 659+  <LOD 4395+ 2377 +
0.017 22 36 0.11 0.044

28 2.729 + 320 + 646 +  <LOD 40.20 +  23.56 +
0.014 19 31 0.17 0.039

29 2.058 + 289 + 613+  <LOD 3784+ 2371+
0.009 21 35 0.15 0.057

30 3.874 + 469 + 773+  <LOD 52.47 + 2593 +
0.012 25 34 0.20 0.061

TRP - tryptamine, PUT - putrescine, HIS — histamine, TYR - tyramine, CAD —
cadaverine, 2-PE - 2-phenylethylamine
* the coding of the samples is shown in Table 1.

preservation conditions) wine samples (a total of 30 cases) characterized
by 13 chemical variables (bioamines and phenolic compounds). Another
important task was to find similarity patterns depending on the storage
conditions and, beyond that, to identify specific chemical descriptors
responsible for the classification of the different wine samples.

The following chemometric methods were used in the intelligent
data analysis:
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e Cluster analysis (hierarchical and non-hierarchical or K-means
clustering).

o Two-way joining.

e Principal components analysis and factor analysis.

Hierarchical clustering was performed on standardized input data (z-
normalization), with squared Euclidean distance as a similarity mea-
sure, using Ward’s method of linkage and Sneath’s significance test.
Fig. 2 Al shows a hierarchical clustering dendrogram of the 13 chemical
variables. Three major clusters were identified at Sneath’s significance
level of 1/3Dmax:

C1: 3gM, 3kGM, 3kGPeo, 3kGPet, 3gD, 3gC - phenolic cluster.

C2: HIS, PUT, TRP, CAD, TYR — amine cluster.

C3: 2PE, PCA — mixed cluster.

The hierarchical clustering of the chemical variables identified three
patterns of similarity which could be conditionally determined as
phenolic, amine and mixed clusters. There was a good separation be-
tween the phenolic and the amine variables, which indicated that both
groups of variables had a separate impact on the quality of the different
wine samples which was unrelated to the preservation or storage con-
ditions. Fig. 2 A2 shows a hierarchical dendrogram linking 30 wine
samples (with different preservation and storage conditions). Three
major clusters of cases were formed (under the same clustering
conditions):

C1:17, 19, 20, 22, 24, 25, 26, 27, 28, 29 — samples after storage and
preservation by plasma and by plasma in combination with potassium
metabisulfite.

C2: 8,9, 10, 11, 12, 13, 14, 23 — samples before storage with pres-
ervation by plasma and potassium metabisulfite.

C3:1,2,3,4,5,6,7,15, 16, 18, 21, 30 — samples before storage with
plasma preservation.

Cluster 1 mainly included samples after storage preserved by plasma
and plasma plus potassium metabisulfite. Cluster 2 chiefly consisted of
samples before storage but preserved by plasma or by potassium meta-
bisulfite. Cluster 3 aggregated 12 plasma-preserved samples before
storage. The clustering of the wine samples showed separation into
patterns which differed in the treatment and storage conditions.

K-means clustering is a non-supervised clustering method in which
clusters are not formed spontaneously but according to a preliminary
hypothesis regarding the possible number of clusters. This a priori seg-
mentation is based on an algorithm which selects centroids in the
dataset under a predefined distance measure. The results of K-means
clustering for the formation of 3 clusters of variables and 3 clusters of
cases were identical to those obtained by hierarchical clustering. The
members of the non-hierarchical clusters were the same. This is illus-
trated in Table 3 in Supplementary Materials (S.3) which shows cluster
membership data for cases and variables along with the respective dis-
tances between the members in each identified cluster. It was important
to reveal the role of the chemical variables as specific descriptors for
each of the identified clusters. Fig. 3A presents the average values of
each chemical variable for each cluster. The cluster which included
plasma-preserved samples before storage (C1 in the plot below) was
characterized by the highest levels of amines, moderate (rather high)
levels of phenolic compounds and low levels of 2-PE and PCA. The
cluster with samples before storage, preserved by plasma and potassium
metabisulfite (C2 in the plot below) was characterized by the lowest
levels of amines, the highest levels of phenolic compounds, the highest
level of 2-PE, and the lowest level of PCA. The cluster with samples
stored after preservation by plasma and by plasma in combination with
potassium metabisulfite (C3 in the plot below) was characterized by
moderate levels of amines, the lowest levels of phenolic compounds,
moderate levels of 2-PE and the highest levels of PCA. It is readily seen
that the storage conditions led to changes in the levels of all the chemical
variables, which additionally depended on the preservation treatment
used. In general, the levels of phenolic compounds fell after storage,
whereas levels of amines were high before storage and plasma
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preservation but decreased substantially following preservation with
potassium metabisulfite or after storage.

The relationship between the chemical variables and the wine sam-
ples is shown additionally in the plot of the results of two-way joining
cluster analysis, in which variables and cases are in respective corre-
spondence (Fig. 3B).

The plot confirms the conclusions above about the determination of
specific chemical descriptors for the wine sample clusters.

Both chemometric methods are very similar and their basic task is to
find hidden factors (principal components or factors) responsible for the
structure of the data matrix. Additionally, they are typical projection
methods and, as such, lead to a dimensionality reduction of the system
under consideration. In the working algorithm, the data matrix is
decomposed into a factor loading matrix and a factor score matrix, the
former presenting the newly defined special directions in the variables
space, and the latter — the new coordinates of the objects. Both of these
matrices need to be correctly interpreted in order to find specific re-
lationships between objects and variables. In our dataset, two latent
factors were responsible for the data structure. The first of them, which
explained 51.3 % of the total variance of the system, could be tentatively
named the “phenolic factor,” and the second factor, with 40.5 % of
explained variance could be called the “amine factor.” This is largely
consistent with the results of cluster analysis. Table 4 (Supplementary
Materials S.4), in which statistically significant loadings are given in
bold, shows that the variables 2-PE and PCA are reversely correlated to
the rest of the significant factor loadings with regard to factor 1 and
factor 2, and this specificity corresponds to the formation of the mixed
cluster in cluster analysis. An interpretation of the data in the loadings
table leads to the conclusion that the data structure is dependent on two
latent relationships between the variables — a relationship between
phenolic compounds as a similarity group and a relationship between
biogenic amines as another similarity pattern. The graphical plot of the
factor loadings in Fig. 2B clearly illustrates these relationships. Both
clusters of variables are well-defined, and the more specific role of 2-PE
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as opposite to the amine group and PCA as opposite to the phenolic
group is indicated. The factor scores plot illustrates the formation of
three patterns of similarity between the wine samples. It matches the
hierarchical and K-means clusters of wine samples almost perfectly.

4. Conclusion

In this study, for the first time, the effect of cold plasma on the
content of phenolic compounds and biogenic amines in red wine was
evaluated with respect to storage time. In addition, the effect of cold
plasma was compared with the traditional method of preservation
(addition of 30 mg/L and 100 mg/L of potassium metabisulfite) and a
combined method (cold plasma with 30 mg/L of potassium meta-
bisulfite). In general, cold plasma treatment caused a decrease in the
total content of phenolic compounds in the wine samples subjected to
three months of storage. However, the application of cold plasma for 5
min with helium/nitrogen as the working gas reduced the content of
these compounds by only 2.85 % compared to the control. Moreover, the
content of phenolic compounds was 3.1% higher in the sample pre-
served by this method compared to the sample preserved by the addition
of potassium metabisulfite at a dose of 100 mg/L.). The highest degree of
degradation in wine samples was observed in anthocyanin content. On
the basis of the observed changes in their amount it can be observed that
a higher degree of reduction of these compounds was observed after
exposure to cold plasma with the use of helium/oxygen gas mixture in
comparison with the mixture of oxygen and nitrogen. Also, the increase
in process time resulted in their greater loss in the wine sample. Addi-
tionally, cold plasma increased the content of phenolic acids in the
studied samples. Protocatechuic acid content increased up to fourfold in
wine samples preserved by cold plasma (10 min, helium/nitrogen).
Importantly, the use of cold plasma resulted in a reduction of biogenic
amines, which can cause adverse health reactions in the consumer. The
highest degree of reduction was observed in the samples exposed to 10
min of cold plasma (helium/oxygen). Our results indicate that the
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Fig. 2. A. Hierarchical dendrogram. 1) clustering of 13 chemical variables 2) — clustering of wine samples. B. 1) Plot of factor loadings. 2) Plot of factor scores. 3gM —
malvidin 3-O-glucoside; 3gD - delphinidin 3-O-glucoside; 3gC - cyanidin 3-O-glucoside; 3kGM — malvidin 3-O-(600-O-coumaryl)-glucoside; 3kGPet — petunidin 3-O-
(600-O-coumaryl)-glucoside; 3kGPeo — peonidin 3-0-(60 0-O-coumaryl)-glucoside; PCA — protocatechuic acid; TRP - tryptamine, PUT - putrescine, HIS - histamine,

TYR - tyramine, CAD — cadaverine, 2-PE — 2-phenylethylamine.
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side; 3kGPeo — peonidin 3-O-(60 0-O-coumaryl)-glucoside; PCA - protocatechuic acid; TRP — tryptamine, PUT — putrescine, HIS — histamine, TYR - tyramine, CAD —

cadaverine, 2-PE — 2-phenylethylamine.

influence of the storage process as well as the preservation method on
the phenolic profile and the content of biogenic amines is not unam-
biguous and depends mainly on the chemical properties of the individ-
ual compounds. However, the reported effects of cold plasma and cold
plasma combined with the addition of potassium metabisulfite on the
analyzed compounds allow us to assume that in the future these methods
can be successfully used to reduce the use of SO in winemaking.

To conclude, cold plasma may become an alternative method for the
preservation of wine or other alcoholic beverages in the future, ensuring
adequate product safety and preserving the pro-health values of these
products. However, it is necessary to investigate the possible risks
resulting from the formation of toxic substances or free radicals that may
be hazardous to human health. Also, further research is needed to
optimize the process conditions of cold plasma treatment.
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Abstract: In this study, the effect of cold plasma (CP) on the physicochemical and biological properties
of red wine was investigated in comparison with the effects of the conventional preservation method
and the combined method. In addition, the effect of storage time after the application of each of
the analyzed methods was evaluated. The study examined the effects of the different preservation
methods on the pH, color, phenolic content, antioxidant activity and microbiological purity of the
red wine. Chemometric analysis was used to discover the relationship between the preservation
method used and wine quality. In the wine samples tested, a reduction in phenolic compounds and a
decrease in antioxidant activity were noted after storage. This effect was mildest for preservation
methods with the addition of potassium metabisulphite and those in which a mixture of helium and
nitrogen was used as the working gas. On a positive note, the CP treatment did not affect the color of
the wine in a way perceptible to the consumer: AE*—1.12 (He/Njy; 5 min). In addition, the lowest
growth of microorganisms was detected in the CP-treated samples. This indicates the potential of
cold plasma as an alternative method to the use of potassium metabisulfite in wine production, which
may contribute to its wider use in the alcohol industry in the future.

Keywords: cold plasma; phenolic compounds; antioxidant activity; chemometric analysis; wine
preservation; red wine; shelf life

1. Introduction

Wine is a traditional alcoholic beverage, which has been present in the cultures of the
whole world for thousands of years. The first references to winemaking can be found in
records from Georgia dating back to 6000 BC. For centuries, the culture of wine production
and consumption has been developing in the hot-climate areas today occupied by Greece,
Italy, Spain and Portugal, which are some of the most important winemaking countries in
Europe [1]. In recent years, climatic changes have contributed to increased grapevine culti-
vation and wine production also in the hitherto cold Western regions of the continent [2].
Large-scale production of wine all over the world has resulted in a wide range of wines
being available on the market.

On the consumption end of the wine business, growing consumer awareness makes
customers attach increasing importance to the quality of the wine they drink, especially
its physical, chemical and organoleptic properties [3]. The main parameters consumers
assess are alcohol content, composition, acidity, color, aroma and taste. In addition, more
and more importance is given to the health-promoting properties of wine [4], in particular
red wine, which is considered to have some potent health benefits. The salutary effects
of red wine are due to its complex chemical composition, which, in addition to water,
sugars and alcohol, includes bioactive compounds. Among the most important bioactive
compounds are polyphenols, which are characterized by antioxidant [5] and antibacterial
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properties [6], and have a beneficial effect on the nervous and cardiovascular systems [7].
Many epidemiological studies indicate that moderate red wine consumption contributes
to a reduction in mortality, protects individuals against diabetes [8] and has a preventive
effect on certain cancers [9].

The final quality of wine depends on the numerous chemical reactions occurring in
the complex food matrix during the many stages of the winemaking process that include
fermentation, preservation and aging. The fermentation of grapes involves a large number
of microorganisms, whose uncontrolled growth can lead to the deterioration of the product
or even its complete spoilage. To avoid this, different preservation methods are used,
which prevent the development of undesirable microflora and extend the shelf life of the
product [10]. A common preservative used for this purpose is sulfur dioxide (SO;), which
exhibits antimicrobial and antioxidant properties and prevents the non-enzymatic oxidation
of wines [11]. However, this compound can have a negative impact on the quality of wine
by causing sensory changes and it can also be potentially harmful to consumers” health as
it can lead to headaches, dermatitis or diarrhea [12]. For this reason, regulations have been
introduced to determine the acceptable dose of SO, in wine production. However, wines
without the addition of sulphates are considered healthier, hence the growing interest
in new preservation methods, which would minimize or eliminate the use of sulphur
compounds. The use of thermal technologies in wine preservation is not appropriate, as
they can adversely affect the taste, color and aroma of wine through the loss of bioactive
compounds when exposed to the temperature used. With this in mind, researchers are
currently particularly interested in new non-thermal methods of food preservation, such
as high hydrostatic pressure (HHP) or pulsed electric field (PEF), which, in addition to
providing microbiological safety, due to the low temperature of the process, have less impact
on product quality, e.g., by not contributing to high losses of thermolabile compounds [13].

Such methods also include cold plasma, which is considered to be the fourth state
of matter [14]. The concept of plasma was introduced in 1928 by the American physical
chemist Irving Langmuir to describe a low-pressure electrical discharge [15]. Food technol-
ogy makes use of low-temperature non-equilibrium plasma, which is characterized by a
thermal imbalance between electrons and other gas molecules such as ions, inert particles
or radicals. The lower temperature of the electrons relative to the heavy gas molecules
allows the food preservation process to be carried out at temperatures close to ambient [16].
Plasma components, whose amount and type depend on the working gas used, enable,
as indicated by numerous scientific reports, the effective elimination of microorganisms
from the food matrix [2,17]. The mechanism of microbial inactivation using cold plasma
is still not fully understood despite many studies [18,19]. However, it is believed that the
reactive compounds, UV photons, and excited and ground state atoms produced during
cold plasma generation can disintegrate microbial surface structures or degrade genetic
material [20,21]. In the context of the use of cold plasma in the food industry, it is worth
noting its advantages, such as the short duration of the process, low temperature, minimal
water consumption and effective decontamination, which allow this method to be viewed
as a sustainable food production technology [22].

Due to increasing consumer expectations of product quality and microbiological
safety, it is necessary to search for alternative preservation techniques. This is particu-
larly important in the alcoholic beverage industry, where the application of conventional
methods using high temperatures is undesirable. The present work is a continuation of
our previous research [2], in which we qualitatively and quantitatively determined pheno-
lic compounds and biogenic amines in wine samples subjected to different preservation
treatments. The methods studied were the conventional preservation method (addition of
potassium metabisulfite at 30 mg/L or 100 mg/L), cold plasma and a combined method
(cold plasma and addition of potassium metabisulfite at 30 mg/L). In the present study,
the scope of the research was extended to analyze the effects of the above-mentioned
preservation methods and storage time on the physicochemical properties (pH, color, total
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polyphenol content, total anthocyanin content, antioxidant properties) and microbiological
safety of red wine.

2. Results and Discussion
2.1. Physicochemical Properties

Physicochemical properties such as pH, color, total phenolic compounds, total antho-
cyanin content and antioxidant properties play a crucial role in wine quality assessment.
Therefore, in this study, we investigated how these parameters were affected by three
different preservation processes (cold plasma, a method combining cold plasma with the
addition of 30 mg/L potassium metabisulfite, and the traditional method involving the
addition of 100 mg/L potassium metabisulfite) and storage time (Tables 1 and 2).

2.1.1. Determination of pH and Color Measurement

Analyzing the influence of different preservation processes on the pH value of wine
samples, we did not observe major changes in acidity (Table 1). The pH was ~3.52 before
storage and ~3.49 after storage. These values were similar to the pH of the control sample
and did not differ from the acidity of commercially available red wines [23].

The effect of the different preservation methods and storage time on wine color
was evaluated using the CIELab model. An analysis of color lightness (parameter L*)
showed that, in non-stored samples, the value of this parameter was higher than in the
control. The highest L* values were recorded in the samples treated with the combined
method—15.13 (cold plasma: 5 min, He/Nj), and the traditional method—14.94. When
analyzing the a* parameter indicating the redness of the product, we observed the same
dependencies. Higher values of this parameter were recorded in samples where the
addition of potassium metabisulfite was used (in a sample with addition of potassium
metabisulfite at a dose of 30 mg/L—45.89 and 100 mg/L—46.14). In general, samples
preserved with cold plasma using helium /nitrogen as the working gas and samples with the
addition of potassium metabisulfite were characterized by higher values of this parameter.
The red color of wine is mainly due to anthocyanins. SO, can form bonds with them, which
directly contributes to the increased brightness of the product. From the point of view of
commercial wine quality assessment, this is an undesirable effect [13].

After three months, samples 17, 19, 24, 26 and 29 were darker in color compared to the
control (about 9.35; 13.44; 41.23; 20.39; and 15.94%, respectively). Cold plasma (working
gas: He/O;) was used to preserve four of them, which may indicate the involvement of
oxygen and its reactive compounds in the process of wine darkening. The mechanism
of this phenomenon may be related to ozone and hydroxyl radicals resulting from cold
plasma generation. These compounds can cause oxidative cleavage of chromophores,
leading to the breakdown of anthocyanins and loss of product color [24]. However, it
should be noted that the 5 min treatment with cold plasma alone (He/N5) as well as with
the addition of potassium metabisulfite (30 mg/L) did not cause any change in the value of
the L* parameter compared to the control sample. A slight darkening of wine under cold
plasma was also observed by Lukic et al. (2019) [25], who studied the effect of cold plasma
generated by high voltage pulsed power supply (working gas: argon, treatment time: 2, 5
or 10 min.) on white and red wine. Those authors observed a decrease in the value of the L*
parameter with increasing time of exposure to cold plasma. Analyzing the other parameters
that comprise the CIELab model (a*; b*), we found the same relationships as in the case
of the brightness parameter. The highest value of the parameter indicating the redness of
the product (a*) was recorded in the sample with the addition of potassium metabisulfite
at a dose of 100 mg/L and was 47.60. An increase in the parameter b* indicates a greater
proportion of yellow color in the wine, which may be due to the oxidation of flavanols.
Conversely, an increase in C* indicates an increase in the clarity of the product, which
may be due to sedimentation of colloids in the wine during storage [26]. Nevertheless,
data explaining the effect of cold plasma on wine color are still lacking, and the results
are inconclusive.
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Table 1. Effect of different preservation processes and storage time on pH and color of red wine.

Preservation " " " " " "
Sample Methods pH L a b C H AE
BEFORE STORAGE
1. no preservation 354 4 0.01 de 1123 4£002°  41.68+008¢ 193540078 4596+ 0.13° 2491 +0.03° -
2. cold plasma 3554 0.02°¢ 1128 £0.03°  41.84+£022°F  1945+0118 4614+005% 2493+007¢ 020+ 0.01
(2 min *; He/O;, **)
3. cold plasma 3524001b€de 118140078 4243 +007f%0 2036 +£0020 470640071  2564+012f 139 +0.09
(5 min; He/O5)
4, cold plasma 3524+001bde 125640061  4316+017%  2165+0221 4829 +006%  26.64+£0097  3.04+0.12
(10 min; He/O5)
5. cold plasma 348 400134 1102 40.05¢ 4151 £016¢  1901+£003f  4565+00°  2461+£010° 043 +0.02
(2 min; He/Ny)
6. cold plasma 349 £001%cde  1326+£022kK 4401 +£012'm0 2287 4+010™ 4960 £023! 2746+ 0.06™ 468 +0.16
(5 min; He/N»)
7. cold plasma 355+ 0.02°¢ 1255+0520  4329+0378 217040100  4841+£0195% 266240031  3.14 4 0.09
(10 min; He/N>)
8. 30 mg/L potassium metabisulfite 3.54 4+ 0.01 9 1479 £ 012" 4589 +£004% 252440107 5237 +033P 28824+020P9 807+ 022
cold plasma ) ) A .
9. (2 min; He/O5) and 3.54 4 0.01 9¢ 12314010 43.05+0250% 2123 +0.14%  4800+0.147  2624+0.15"  256+0.18
30 mg/L potassium metabisulfite
cold plasma _ _
10. (5 min; He/O,) and 3.52 4 0.00 Pede 12.69 + 0.14] 4344 +127Km 21874+ 0.05! 48644+ 0.05% 2673 +0.17%  3.40+0.10
30 mg/L potassium metabisulfite
cold plasma
11. (10 min; He/O5) and 35240015 1410+£006™  44.88+0.12°° 2398 +0.14° 51.04+0.14" 2851 4+012°° 6324013
30 mg/L potassium metabisulfite
12. cold plasma (2 min; He/N;) and 35240020 1433+008™ 4527 +£0.11P4  2462+0.10P 5154+0.16° 2854+ 0.18°  7.09 + 0.09
30 mg/L potassium metabisulfite
13. cold plasma (5 min; He/N;) and 351 +£001b¢de 151340147 4608 +022% 2580 +0.167 528140129 2924+013™  873+0.18
30 mg/L potassium metabisulfite
14. cold plasma (10 min; He/Ny) and 34840013 1213401580 4275401580k 209140071 469240111 2606401380 209 +0.03
30 mg/L potassium metabisulfite
15. 100 mg /L potassium metabisulfite 352400204 1494 +006" 4616 £0.097 254440129 5279 4+0.13P1 2903 +0129 842+ 0.01
AFTER STORAGE
16. no preservation 3.53 4+ 0.01 °de 117140158 4222 +0.04¢8" 2019 +0.14" 4680+ 008N  2555+0.10f  1.11+0.12
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Table 1. Cont.
Sample Pr;;:g:g;n pH L* a* b* Cc* H* AE*
17. (zcﬂi PII{&‘S‘/I‘SZ) 3504 0.022bde 1018 +0159 39554005 1756 £0.11°¢ 4327 +0.149 239340129 2,97 +0.09
18. (5Crcr)11§1 PII{"‘;“SZ) 348 00124 1362+ 009K 4421 +£007™° 2348 40097  50.05+008™ 2797 +£010" 540 +0.08
19. a gﬁnr?lﬁlzrj‘gz) 3.47 + 0.01 abc 9.72 4 0.09 € 39.89 £ 0129 167540099  4326+012¢ 2280 4+0.09¢  3.50 +0.10
20. (chi Plf:;n;‘h) 3.53 4 0.02 °de 12.74 + 0.08 429940119  21.964+009! 4828 +0.10% 2705+0.108  3.29 +0.10
21. (5Crcr)11$1 Pg:;“ljz) 350 +0.013cde  1174+£0108 4213 +0.15°8h 2024 £ 014" 4674 £0110 2567 +£010f 1124012
22. (15‘1’11351;15;?;2) 348 +0012d 1391 +012™ 4434 4£0137°  2398+0.12° 5041 +006™  2241+£009° 597+ 0.08
23. 30 mg/L potassium metabisulfite 3.53 + 0.01 <de 12.35 + 0.06 M 43.05+011% 213040115  4803+0.14)  2632+0.08M 263 +0.09
cold plasma
24, (2 min; He/O,) and 3.53 4+ 0.02 cde 6.6 +0.08 2 3428 £0.14 2 11.39 £ 0.032 3613 +£0.042 1837 +£0.042  11.81 +0.07
30 mg/L potassium metabisulfite
cold plasma _ ) )
25. (5 min; He/O,) and 3.49 =+ 0,01 abede 12.73 4 0.05] 4276 £ 0.06 Mk 2197 £ 006!  48.07+0.07] 2718 +£0.04™ 321 +0.06
30 mg/L potassium metabisulfite
cold plasma
26. (10 min; He/O,) and 3.47 £ 0.01 2bc 8.94 +0.05P 38.39 + 0.07° 15.414+0.11° 41374004 21.87£0.07P 562+ 0.09
30 mg/L potassium metabisulfite
cold plasma _ _ ‘
27. (2 min; He/Nj) and 348 +0.002d 1203 £0.038"  41.92+006°8 2073 +0.121 4677 +0.09M 2632 +0.04M  1.61 £ 0.09
30 mg/L potassium metabisulfite
cold plasma
28. (5 min; He/N,) and 3.46 +0.01 2 11.73 + 0.08 8 4179 +£0.05¢  20224+006" 4643 +0.098" 2582+0.05%  1.014+0.07
30 mg/L potassium metabisulfite
cold plasma
29. (10 min; He/N,) and 3.44 +0.03 2 9.44 + 0.06 3894 +0.06° 16284006  422140.07°¢ 22694+ 0.07°¢ 449 +0.06
30 mg/L potassium metabisulfite
30. 100 mg/L potassium metabisulfite 3.47 +0.01 abc 16.52 +0.12° 47.60 £ 0.09 5 2694 +0.03° 54704+ 0.05" 2951 4+0.07°5  10.98 +0.05

275 Values with the different superscript letters within one column are significantly different (p < 0.05). * Cold plasma exposure time—2, 5, or 10 min. ** Working gas (a mixture of He/O,

or He/Ny).
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Table 2. Effect of different preservation processes and storage time on polyphenolic content and antioxidant activity of red wine.
Sample Preservation DPPH ABTS FRAP
Number Methods TPC [mg/L] TAC [mg/L] [% Inhibition]  [% Inhibition] [mM TE/L]
BEFORE STORAGE
1. no preservation 244275 £12.30™  690.92 + 3.00 ™o 7222 4 (.87 hij 95.24 + 1.732 10.35 =+ 0.53 f8hijk
2. cold plasma 2300.25 + 10.15 647.92 + 3.64 ik 67.82 +1.2710 95.13 +2.542 10.16 + 0.59 fehil
(2 min *; He/O; **)
3. (;fr’lli Pﬁ:j“g | 2497.03 £ 11.26P9  607.00 + 17.82 1 7414 + 1.46 % 95.39 4 0.95 2 10.72 4 0.11 hijkl
4 2
4, (152’111%?1;‘5;‘30 | 244953 + 4.02 ™ 634.56 + 3.08 i 72.22 + 0.88 hil 94.81 +1.40° 9.81 =+ 0.19 defghi
4 2
5. (zcglli Pﬁ:}“ljz) 248346 £ 526  693.84 +4.98™° 7050 & 1.09 hi 95.22 +2.332 12.06 + 0.46 '™
6. (5C§111i Pg:;“;}z) 2388.46 =+ 3.59 k 642.35 + 10.51 1 72.61 + 431 ik 94.26 4 1.68 2 8.24 + 0.27 abed
7. a Ocill?nl:.ﬂ]izr?;z) 2517.39 + 4.07 9 649.17 + 3.01 ik 72.03 =+ 0.99 hi 95.39 + 1.56 @ 11.64 + 0.61 KIm
8. 30 mg/L potassium metabisulfite 242239 £303m 70219 4+8227°P 7375+ 1.84 ik 95.27 +1.12 11.42 + 0.65 KIm
cold plasma K ijk ijk a kim
9. (2 min; He/Oy) and 30 e/ potassium metabisulfite 2381.68 + 4.80 658.35 + 5.74 72.61 + 2.52 95.42 4 0.62 11.45 + 0.43
cold plasma op 2 hii fohii
Jxim 1 a ghyj
10. (5 min; He/Oy) and 30 me/1L potassium metabisulfite 2483.46 + 5.71 670.46 + 5.75 69.73 + 1.51 9530 + 1.25 10.17 £ 0.24
cold plasma no ijkl hij a defghi
11. (10 min; He/Oy) and 30 me/ L. potassium metabisulfite 2463.10 + 8.96 662.67 + 22.00 7222 +235 95.04 + 1.03 9.81 + 0.25
12. cold plasma (2 min; He/N,) and 30 mg/L potassium metabisulfite 2578.46 +9.04 673.80 + 6,31 Kmn 70,11 + 0.97 M 95.51 £ 0.932 12.09 £ 0.76 ™
13. cold plasma (5 min; He/N,) and 30 mg/L potassium metabisulfite 2415.61 + 4.34 ! 658.56 + 14.13 ik 69.16 + 1.08 95.24 + 0.37 2 11.45 + 0.69 jKlm
14. cold plasma (10 min; He/N5) and 30 mg/L potassium metabisulfite 2551.31 +=3.46° 707.20 £+ 5.21 °P 73.95 + 0.95 9542 +1.592 11.86 + 0.77 Kim
15. 100 mg/L potassium metabisulfite 2598.81 + 5.18 5 730.16 + 14.61 P 77.31 + 134k 95.56 + 1.55 1241 4059 ™
AFTER STORAGE
16. no preservation 1954.20 4 5.37 1 571.10 + 1.67 8 57.21 4 0.89 8 94.80 + 0.93 @ 11.32 4 0.61 ikim
17. (zcglli Pﬁ:%‘ ) 1750.64 + 5.38 ¢ 485.10 4 7.23 4 46.66 + 0.65 °f 93.36 + 0.56 2 8.17 + 0.14 abe
4 2
18. (5C§1l§1 Pg:;“oa ) 1791.35 4 4.18 f 476.47 + 12,11 < 36.13 + 0.57 4 93.86 + 1.16 8.15 + 0.46 2bc
4 2
19. cold plasma 1587.79 =+ 6.28 2 425.40 + 3.26 2 23.81 +0.342 92.54 +0.512 7.16 £0.172

(10 min; He/O5)
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Table 2. Cont.
Sample Preservation DPPH ABTS FRAP
Number Methods TPC [mg/L] TAC [mg/Ll [% Inhibition] [% Inhibition] [mM TE/L]
20. (2Cr‘:i pfi‘es;“lg | 1832.06 + 7.03 8 436.95 + 11.12 2b 3144 + 1.70 «d 94.14 + 1.882 10.41 = 0.56 8hijk
-y 2
21. (5C§11§1 pg:;“Na ) 194420 £ 5.09 1 529.91 + 15.49 ©f 50.18 + 1.30 f 9420 + 1442 11.46 £ 0.77 KIm
-/ 2
2. (15(;:1‘;},’1135;7; | 179135+ 791F  43612+489%  4607+103¢  9320+0.88°  9.05+ 0.30 bedefs
4 2
23. 30 mg/L potassium metabisulfite 1832.06 & 5.958 543.83 + 9.96 1 31.99 + 0.67 <d 9451 +0.732 10.07 + 0.42 efghi
24, (2 min; He/O,) and gcg ﬁgp/lis;iassium etabisulfite 1750.64 + 8.50 © 467.57 4+ 10.85 © 30.85 + 0.25 be 94204+ 1442 973 + .16 cdefghi
-/ 2
cold plasma b ab ab a ab
25. (5 min; He/Oy) and 30 ma /L. potassium metabisulfite 1628.50 + 7.48 437.23 4+ 5.03 26.16 + 0.71 93.46 + 1.74 7.82 +0.16
cold plasma d ab od a abcde
26. (10 min; He/Oy) and 30 me/ L potassium metabisulfite 1709.92 + 4.34 43354 + 2.55 32.02 +0.98 93.30 + 1.66 8.52 + 0.36
cold plasma ¢ be od a bedefg
27. (2 min; He/Ny) and 30 mg /L. potassium metabisulfite 1669.21 + 5.93 458.38 + 7.07 3551 + 0.52 93.17 + 1.84 9.12 + 0.42
cold plasma d cod e a bedefgh
28. (5 min; He/Ny) and 30 ma /L. potassium metabisulfite 1709.92 + 2.37 482.32 + 6.27 43.72 4+ 0.90 93.70 + 0.66 9.19 + 0.60
cold plasma d bedef
g e e a cae:
29. (10 min; He/Ny) and 30 mig/ L potassium metabisulfite 1832.06 + 6.93 501.24 + 4.12 44.90 + 1.65 94.20 + 1.45 8.81 + 0.31 “
30. 100 mg /L potassium metabisulfite 1913.49 + 11.40h 553.57 + 9.45 18 50.18 £ 2.61f 94.72 + 0.56 2 10.31 + 0.57 f8hijk
g/Lp

375 Values with the different superscript letters within one column are significantly different (p < 0.05); * Cold plasma exposure time—2, 5, or 10 min. ** Working gas (a mixture of He/O,

or He/Ny).
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In order to determine whether the changes we observed could affect the assessment
of wine quality by the consumer, the parameter AE* was calculated, which indicates
whether the differences in color between the control sample and the test sample can be
perceived by the human eye (AE* > 3) [27]. In samples that were tested immediately
after exposure to a sterilizing agent, the application of cold plasma for 2, 5 or 10 min
(working gas He/O;) did not visibly affect the coloring of wine. However, when the
duration of the process was prolonged, the value of this parameter increased from 0.19
to 3.04. The highest values of AE* were recorded for wine samples preserved using the
combined method (5 min, He/N;)—8.72, and the traditional method (addition of 100 mg/L
potassium metabisulfite)—8.42. After storage, the lowest AE* values were recorded for
the wine samples preserved with the combined method (helium/nitrogen; 5 min), AE*
of 1.01, and cold plasma treatment (helium/nitrogen; 5 min), AE* of 1.12. However, the
change in color, for most treatments, was imperceptible (AE* < 3.0) or almost imperceptible
(AE* < 6.0) to the human eye, with the exception of the combined method (2 min, He/O,)
and the conventional method: AE* of 11.81 and 10.98, respectively.

2.1.2. Polyphenolic Content

The total contents of phenolic compounds and anthocyanins were determined us-
ing the spectrophotometric method (Table 2). Measurement of TPC immediately after
the application of the different preservation processes did not show considerable differ-
ences among the methods used. Most samples showed a slight increase in the content
of these compounds compared to the control. The highest concentration of TPC was
recorded in the sample with the addition of 100 mg/L potassium metabisulfite and was
6.39% higher than in the unpreserved sample. These results contrast with the data obtained
by Luki¢ et al. (2019), who treated a Cabernet Sauvignon red wine with cold plasma and re-
ported a reduction in phenolic compounds from 1816.06 mg GAE/L to 1606.57 mg GAE/L
immediately after 10 min exposure to CP. However, those authors used different process
parameters in their study (a different type of plasma generator and working gas), which
may have led to differences in the results obtained. Numerous literature data on the effects
of cold plasma on the physicochemical properties of food products highlight differences
in CP efficiency depending on the process parameters used [28]. The results we obtained
after three months of storage showed that the content of TPC in each of the samples was
reduced in comparison with the control sample (from 20 to 33% degradation). There are
limited reports in the literature explaining the mechanism of action of cold plasma on food
products [29,30]. In the generation of CP, emission of light occurs, a shock wave is gener-
ated, cavitation processes can develop and, most importantly, free radicals are generated.
All this can contribute directly to the degradation of many organic compounds [31]. The
highest degree of TPC degradation was obtained in the sample subjected to 10 min of cold
plasma treatment (He/O;), which is consistent with our previous research findings [2].
Cold plasma generated using a mixture of helium and oxygen as the working gas contains
many reactive compounds formed from oxygen, such as hydroxyl radical, peroxyl anion or
singlet oxygen, which directly interact with the chemical compounds in the food matrix
and can cause their degradation. This topic has been discussed more extensively in recent
studies [2,32]. However, comparing the content of phenolic compounds after 3-month
storage, we noted in the cold-plasma-preserved sample (He/O;; 5 min) a lower content of
these compounds by 0.51% compared to the unpreserved stored sample. Furthermore, the
concentration of TPC was 1.62% higher compared to the conventionally preserved sample.

Similar relationships were noted when we investigated the total anthocyanin content.
However, in contrast to the TPC results, the number of anthocyanins decreased immediately
after application of the preservation agent and degraded even more after time. An analysis
of the effect of process duration on the content of anthocyanins after 3-month storage
showed no clear relationship between increasing process duration and a decrease in the
content of these compounds in the samples. Such a trend was observed only for methods
in which cold plasma with the working gas He/O, was used as the sterilizing agent. In
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the case of cold plasma (He/N;) or combined treatments, the content of these compounds
was higher after 5 min of application of the sterilizing agent compared to 2 min. Similar
correlations were also noted in our previous publication, in which we qualitatively and
quantitatively determined the content of individual phenolic compounds in the same
wine samples using UPLC/MS/MS [2]. Furthermore, when analyzing the anthocyanin
content of the stored samples, we clearly observed their higher content in the samples with
potassium metabisulfite. In the conventionally preserved samples (addition of potassium
metabisulfite at 30 mg/L or 100 mg/L), the anthocyanin content was lower by 4.77% and
3.07%, respectively, compared to the non-preserved stored sample. This is probably related
to the protective effect of sulphur dioxide on the enzymatic and non-enzymatic oxidation
of wines [33].

2.1.3. Antioxidant Activity

Wine has health-promoting properties due to a high content of phenolic compounds,
which gives it a strong antioxidant capacity. In the present study, we used DPPH, ABTS
and FRAP methods to determine the effect of the different preservation processes studied
and three-month storage on the antioxidant capacity of wine.

The results of these assays are presented in Table 2. The findings obtained using
the different analytical methods did not always have the same correlations associated
with the preservation method used, which may be due to the distinct interactions of the
bioactive compounds with the reagents used in the assay. Nevertheless, across all assays,
the highest antioxidant activity was recorded in the unstored sample with the addition of
100 mg/L potassium metabisulfite, with DPPH, ABTS and FRAP values of 77.31%, 95.56%
and 12.41 mmTE/L, respectively. Interestingly, as discussed above, this sample also had the
highest TPC and TAC contents. However, the sample preserved by cold plasma (10 min;
He/O,) and then stored had the lowest antioxidant capacity. DPPH, ABTS and FRAP
values for this sample were 67.03%, 2.83% and 30.82% lower, respectively, compared to the
control sample. As in the case of the total content of phenolic compounds and anthocyanins,
the effect of the duration of the preservation process on antioxidant activity is not clear.
There are no literature data on the direct effect of cold plasma on the antioxidant properties
of wine. However, it was shown that exposure of blueberry juice to CP resulted in a
decrease in its oxidative potential with increasing treatment time [28]. In contrast, in our
study, the radical scavenging activity determined by DPPH was 19% higher after 5 min CP
treatment (He/N) compared to 2 min cold plasma exposure. The present results indicate
that antioxidant activity is strongly related to the content of phenolic compounds. Similar
conclusions have also been reached by other authors who have studied the antioxidant
properties of wine [34,35].

2.2. Microbial Contamination

Microbiological contamination of food products not only causes earlier spoilage of
food, but can also be a threat to consumers’ health. In addition, a shortened shelf life of
products generates large amounts of food waste, which is a serious problem in the face of
world hunger. Therefore, scientists are still looking for effective food preservation methods.
This paper presents a quantitative analysis of the microbiological contamination of wine
samples subjected to different preservation methods immediately after the application of a
sterilizing agent, as well as after a three-month storage period. In Figure 1A, showing the
degree of reduction in microorganisms in the samples that were not subjected to storage,
we can see that each of the preservation methods resulted in a reduction of the total number
of mesophilic bacteria, and when the combined method (10 min, He/O,) was used, no
microorganisms were detected in the sample. In addition, an analysis of the graph indicates
that the inactivation efficiency of cold plasma increased with increasing process duration.
A similar relationship has been reported by numerous authors [18,36-38]. For example,
Pankaj et al. (2017), who studied the effect of cold plasma (DBD; working gas: air; treatment
time: 1-4 min.) on white grape juice reported a reduction in Saccharomyces cerevisiae by
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7.4 log CFU/mL after 4 min of CP treatment. When we analyzed our samples after
3 months of storage (Figure 1B), we noted a growth in the number of microorganisms in each
sample; however, the number of microorganisms was also the lowest in the sample treated
for 10 min by the combined method using He/O; as the working gas. The microorganism
reduction rate in this sample was 4.21 log number of cfu compared to a stored sample that
had not been subjected to any preservation treatment. It should also be noted that this
method showed a higher microbial elimination efficiency than the addition of 100 mg/L
potassium metabisulfite. The inactivating effect of cold plasma on microorganisms has
already been well-documented by numerous authors. Both its direct effect on microbial
cells [39,40] and its contribution to the microbiological safety of food products have been
analyzed [41-43]. The findings available in the literature correspond with ours and indicate
that the effectiveness of cold plasma treatment depends on the numerous parameters of the
process as well as the food matrix that is subjected to the preservation process.

IgN[CFU/mL]

0

H Control
w2 min.
5 min
10 min.
SO, dose
30mg/L 100 mg/L

Control He/O,

plasma treatment

He/N, He/O, He/N,

combined method
preservation method

SO, additive

IgN[CFU/mL]

O B N W R OO N ®

B Control
2 min.
H5min
10 min
SO, dose

s ik 5
&

He/O, He/N, He/O,

30mg/L 100 mg/L

He/N,

Control
combined method SO, additive

preservation method

plasma treatment

Figure 1. Effect of inactivation of bacterial growth at different preservation methods. (A)—before
storage. (B)—after storage. Cold plasma exposure time—2, 5, or 10 min. Working gas was a
mixture of He/O, or He/Np; ™ Values with the different superscript letters are significantly different
(p <0.05).

Biological contamination of wines poses a serious problem not only because it can
cause spoilage and reduce the shelf life of these products, but also because the microor-
ganisms present in wine may increase the content of biogenic amines [44]. In our previous
publication, we determined the biogenic amine content in the same samples we used in the
present experiments [2]. A comparison of those results with the number of microorgan-
isms determined in this study suggests that the content of microorganisms may correlate
with the concentration of biogenic amines in wine. For example, the lowest total contents
of biogenic amines were recorded in samples 11 and 14 (925.82 pg/L and 955.63 ug/L,
respectively), in which the total number of mesophilic bacteria was the lowest in this study.

2.3. Chemometric Analysis

The major goal of the multivariate statistical analysis of the experimental data was
to reveal patterns of similarity between the objects or between the variables; to identify
specific descriptors responsible for the partitioning of the wine samples; and to elucidate
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the dataset structure by finding the optimal number of latent variables (factors) able to
explain the maximal amount of explained variance of the system.
The following chemometric methods were used in the intelligent data analysis:

e  Cluster analysis.
e  Factor analysis and principal components analysis.

2.3.1. Cluster Analysis

Figure 2 shows a hierarchical dendrogram for the clustering of the 18 variables studied
(input data standardized by z-transform, squared Euclidean distances as a similarity
measure and Ward’s method of linkage). Three major clusters (significance level 1/3Dmax)
were identified as follows:

C1: pH, TP, TA, DPPH, ABTS, FRAP—cluster 1 indicates the impact of the acidity,
phenolic composition and antioxidant activity of the samples (oxidation factor);

C2: L*, a*, b*, C*, H*, 2-PE—cluster 2 is almost entirely composed of color characteris-
tics; the linkage of 2-PE to the color estimates is surprising to some extent but, in general,
cluster 2 reflects color impact as an important descriptor of the investigated wine;

C3: LogN, HIS, PUT, TRP, CAD, TYR—cluster 3 is a representation of the linkage
between the microbiological parameter and the biogenic amines (biological factor).

DPPH [%inhibition]

ABTS [%inhibition]
\_FRAP [mM TE/L]
=

pH
TP [mglL]
TA [mg/L]

5|

s TN

o 0 0 T

2-PE

[logN]
HIS
PUT
TRP
CAD

0 20 40 60 80 100 120
(Dlink/Dmax)*100

Figure 2. Hierarchical dendrogram for linkage of 18 variables. TRP—tryptamine; PUT—putrescine;
HIS—histamine; TYR—tyramine; CAD—cadaverine; 2-PE—2-phenylethylamine.

The application of non-hierarchical clustering (K-means) for the a priori selected
number of three clusters confirmed the partitioning obtained by hierarchical cluster analysis.
Table S1 (Supplementary Material) shows the members of each cluster identified using
the K-means clustering approach. The only (insignificant) difference between the clusters
obtained using the K-means algorithm versus hierarchical clustering was their numbering
(clusters 1 and 2 were formed in reverse order).

In Figure 3A, the average values for each identified cluster of variables are presented
for each of the 30 wine samples. Four different groups of objects are visible in Figure 3A.



Molecules 2022, 27, 7048 12 of 19
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Figure 3. (A) Plot of average values for each cluster of variables for each object wine sample.
(B) Plot of average values of each variable for each identified cluster. The sequence of variables
is as follows: pH, L*, a*, b*, C*, H*, logN, TP, TA, DDPH, ABTS, FRAP, 2-PE, HIS, PUT, CAD,
TYR, TRP. TRP—tryptamine; PUT—putrescine; HIS—histamine; TYR—tyramine; CAD—cadaverine;
2-PE—2-phenylethylamine.

The first group includes samples with numbers 1-7, the second 8-15, the third 16-22
and the last, the fourth group—samples 23-30. In general, the first group of samples is
characterized by low levels of the “color” factor, the second one by low levels of bioamines
(biological impact), the third one by low levels of oxidation impact and the fourth one
by high levels of the “color” factor. Additionally, it can be stated that the first group are
plasma-preserved samples; the second group are samples preserved with plasma and
metabisulfite; the third group are samples treated with plasma after storage; and the fourth
group are samples treated with plasma and metabisulfite after storage. It could be assumed
from this part of the statistical analysis that the time of treatment and the concentration of
the metabisulfite added were not significant factors.

Table S2 (Supplementary Materials) shows the non-hierarchical partitioning of the
30 wine samples (objects), which reveals patterns of similarity between the objects described
by all the variables. A preliminary hypothesis assumed the existence of four clusters
depending on the conditions of preservation (plasma or plasma plus metabisulfite) and
storage (without storage and after storage).

It is of substantial interest to see which variables (descriptors) are specific for the
partitioning of the group of objects into four clusters.

Figure 3B shows the average values of each variable for each of the identified clusters.

Cluster 1 is characterized by the lowest levels of color parameters (all samples pre-
served by plasma and metabisulfite and stored afterwards). Another feature of this group
of samples is the lowest levels of antioxidant parameters and moderate levels of biogenic
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amines. Very specific for this cluster is the highest level of log N and the relatively high
level of 2-PE.

Cluster 2 is the largest one (it mainly contains samples preserved with plasma, with
and without storage). It is characterized by moderate levels of almost all the variables and
the highest levels of biogenic amines.

The other two clusters are relatively small (cluster 3, with the highest levels of color
descriptors, chiefly contains non-preserved control samples and cluster 4 mainly consists
of samples preserved using helium/oxygen), characterized by high levels of antioxidants
and low levels of biogenic amines.

The graphical relation between the objects and the variables is illustrated by the
two-way clustering diagram in Figure 4A.
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Figure 4. (A)—Two-way joining plot. (B)}—2D plot of factor loadings. TRP—tryptamine; PUT—putrescine;
HIS—histamine; TYR—tyramine; CAD—cadaverine; 2-PE—2-phenylethylamine.

The dark brown regions represent strong relations (e.g., biogenic amines are strongly
associated with objects 2, 17, 20, 4, 6 and 22), and green regions indicate a lack of a strong
relation (e.g., TA are weakly associated with objects 17, 22, 14, 27, 29 and 23).

2.3.2. Factor Analysis and Principal Component Analysis

Table S3 (Supplementary Material) shows the factor loadings for the 18 variables studied.

Three latent factors explain over 80% of the total variance of the system. In general,
the grouping by high factor loadings in the different latent components corresponds to the
results obtained by cluster analysis. The first latent factor, which explains over 30% of the
total variance, could be provisionally named an “antioxidant” factor due to the significant
loadings of the phenolic compounds, pH and antioxidants. The negative sign of logN
indicates another level of the relationship.

The second latent factor explains nearly 30% of the total variance and includes high
loadings for biogenic amines, which is why it can be tentatively referred to as a “biogenic
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amines factor”. The only exception is 2-PE (negative sign of the loading), but this could be
explained by the low variability of the variable (it takes only two values for all objects).
The third latent factor could be conditionally called a “color” factor, as it includes all
the color indicators (it explains nearly 30% of the total variance).
Figure 4B shows a 2D plot of the factor loadings. It very clearly illustrates the formation
of the three latent factors and the special positions of logN and 2-PE.

3. Materials and Methods
3.1. Wine

In this study, we investigated a red wine produced at the Dom Bliskowice winery
located in Poland’s Lubelskie Province. Two grape varieties, Rondo and Regent (1:1),
obtained from the October 2019 harvest, were used to produce the wine. The test sam-
ples included wine subjected to different preservation processes: cold plasma treatment,
preservation with the addition of 30 mg/L or 100 mg/L potassium metabisulfite and a
method combining cold plasma with the addition of 30 mg/L potassium metabisulfite. The
control sample was wine not subjected to any preservation process. Samples were assayed
immediately after preservation and again after three months of storage.

3.2. Cold Plasma Treatment

50 mL of wine contained in a sterile glass container was placed on a magnetic stirrer
to ensure that the plasma generated in the Dielectric Barrier Discharge (DBD) reactor was
uniformly applied to the samples. A mixture of helium and nitrogen or helium and oxygen
was used as the working gas. The preservation process was carried out for 2, 5 or 10 min.
The exact methodology for cold plasma treatment was described in an earlier publication
by NiedZzwiedz et al. (2022).

3.3. Determination of pH and Color Measurement

The pH value of the red wine samples was measured potentiometrically using a
Hanna HI 221 pH meter (Hanna Instruments, Woonsocket, RI, USA). The electrode tip was
thoroughly rinsed each time with distilled water both before and after measurement.

Color parameters were determined with an X-Rite 8200 colorimeter (X-Rite, Inc., Grand
Rapids, MI, USA) using the CIELab color space (Method OIV-MA-AS2-11, 2006). Black
slides and white plates were used to calibrate the colorimeter. The spectra were registered
directly on the wine, using a 10 mm optical path glass cell. Color was expressed by the CIE
coordinates: L*—clarity, lightness; a*—red/green color components; and b*—blue/yellow
color components, and by its derived magnitudes: C*—chroma and H*—hue angle. In
order to determine the degree of color change between the study samples and the control,
delta E (AE*) was calculated according to the following formula:

AE* =/ (AL + Aa? + Ab?) (1)

where: AL; Aa; and Ab are the difference between the value of a given parameter of the test
sample and the control sample.

3.4. Determination of Polyphenolic Compounds
3.4.1. Total Phenolic Content

The total phenolic content (TPC) of red wine was determined by the Folin—Ciocalteu
method with a minor modification. Wine samples were diluted 1:9 with distilled water.
Fifty microliters (50 puL) of diluted sample was mixed with 750 pL of Folin—-Ciocalteu
reagent. After 5 min, 750 pL of sodium hydrogen carbonate (NaHCO3) was added to the
mixture followed by incubation for 2 h at room temperature. The absorbance was measured
at a wavelength of 760 nm against the blank sample. Results were expressed as mg/L gallic
acid equivalents (mg GAE/L).
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3.4.2. Total Anthocyanin Content

For the determination of the total anthocyanin content (TAC), two reaction solutions
were prepared by mixing (1) 50 uL of diluted wine sample (10x) with 200 puL of KCl buffer
(pH 1.0) and (2) 50 pL of diluted wine sample (10x) with 200 pL of CH3COONa x 3 H,O
buffer (pH 4.5). Subsequently, the samples were incubated for 15 min. After that time, the ab-
sorbance was measured at two wavelengths: 520 nm and 700 nm. TAC was calculated using
the formulas below, and the results were expressed as cyanidin-3-glucoside equivalents.

A = (As20 = A700) pp 1.0 — (A520 = A700) 11 45 )
(A x MW x DF x 1000)
(ex1)

where A—absorbance of sample; C—anthocyanin concentration; MW—molar mass of
cyanidin-3-glucoside; DF—sample dilution; e—cyanidin-3 molar extinction coefficient of
glucoside; and 1—length of light path.

C:

®)

3.5. Determination of Antioxidant Activity
3.5.1. DPPH Inhibition

Antioxidant activity was determined using the DPPH radical according to a slightly
modified method proposed by Brand-Williams et al. (1995) [45] and Szwajgier et al.
(2021) [46]. A 10-fold diluted test sample in a volume of 20 pL was mixed with 255 uL of
methanol and 30 uL of a DPPH solution with a fixed absorbance (1.5 at 515 nm). A blank
sample was prepared in an identical manner by replacing the diluted wine sample with
20 pL of deionized water. Then, after 4 min of incubation, the absorbance of the samples
was measured at 515 nm using a microplate reader. The experiment was performed in three
replicates, and the results were expressed as % inhibition of DPPH including standard
deviations. The calculation was performed according to the following equation:

%DPPHinhibition = (Ag — As)/Ap x 100, 4)
where Ap—absorbance of the blank sample, As—absorbance of the test sample.

3.5.2. ABTS

Antioxidant activity was assayed using the radical cation ABTS according to
Miller et al. (1993) [47] with modifications. For analysis, the test sample diluted 10-fold in
a volume of 20 puL. was mixed with 180 pL of distilled water and 185 pL of ABTS solution
(absorbance = 1.5 at 734 nm). After 4 min, absorbance was measured. The negative blank
sample contained 0.2 mL of distilled water and 0.185 uL of ABTS solution. Sample back-
ground was subtracted during calculations. All samples were analyzed in three replicates,
and the results were expressed as % inhibition of ABTS including standard deviations

3.5.3. FRAP

Antioxidant activity was determined based on the degree of ferric ion reduction using
the FRAP method according to the procedure described by Szwajgier et al. (2021). A FRAP
solution was prepared for the analysis by mixing 2.5 mL of a 5 mM 2,4,6-tris(2-pyridyl)-(S)-
triazine (TPTZ) solution (in a 40 mM HClI solution), 2.5 mL of a 5 mM FeCl3 solution and
25 mL of acetate buffer (0.3 M pH 3.6). The mixture was then heated in a water bath at 37 °C
for 20 min. After reagent preparation, 20 ul of a wine sample was mixed with 1.9 mL of the
FRAP solution and shaken for 30 min at room temperature. Absorbance was measured at
593 nm after shaking. Results were expressed as Trolox equivalents (mg Trolox/mL).

3.6. Microbiological Analysis

The microbiological purity of the wine samples was evaluated using a pour plate
method. For this purpose, a series of ten-fold dilutions was first prepared by mixing 1 mL
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of wine with 9 mL of saline solution. Then, 1 mL of the appropriately diluted solution
was applied to the center of a sterile Petri dish, and 15 mL of sterile, cooled nutrient agar
medium (BTL, £L6dz, Poland) was poured over it. The medium with the test sample was
mixed well and incubated for 72 h at 30 °C. After incubation, colonies were counted, and
the number of viable cells was determined as the mean of log colony forming units (cfu)
per mL of sample + standard deviation.

3.7. Chemometric Analysis

Multivariate statistical data mining was used to discover specific correlations between
the different wine preservation methods and their effects on the physicochemical and
biological properties of wine. The chemometric methods used included cluster analy-
sis (hierarchical and non-hierarchical) and factor analysis. The input dataset consisted
of 30 objects (wine samples subjected to different preservation methods) described by
18 variables that could be divided into 6 categories: pH, color, microbiological analysis,
polyphenolic compounds, antioxidant activity—which were determined in this study—and
biogenic amines, which had been determined in an earlier work (NiedZwiedz et al., 2022).
Statistical analysis was conducted using STATISTICA 8.0 software (New York, NY, USA).

In addition, all data obtained were expressed as mean =+ standard deviation (n > 3).
Differences between mean data values were tested for statistical significance at p < 0.05
using analysis of variance and Tuckey’s test.

4. Conclusions

The physicochemical and biological properties of wine play a key role in the con-
sumer’s assessment of its quality. In the present study, we investigated the effect of the
use of cold plasma as a preservation method on the physicochemical and biological prop-
erties of red wine and compared it with the effects of using a conventional preservation
method (addition of 30 or 100 mg/L of potassium metabisulfite) and a combined method
(cold plasma with 30 mg/L of potassium metabisulfite). In addition, the effect of storage
time after the application of each of the analyzed methods was assessed to determine the
potential of the respective techniques to extend the shelf life of the product.

More specifically, we analyzed the effects of the different preservation methods on
the pH; color; total content of phenolic compounds and anthocyanins; and antioxidant
activity, as well as the biological safety of wine. Color is a parameter that plays a decisive
role in the evaluation of wine quality. We examined changes in wine color under the
influence of preservative factors after three-month storage using the CIELab space. The
least prominent color changes were observed in samples treated with the combined method
(helium/nitrogen; 5 min), AE*—1.01, and cold plasma (helium/nitrogen; 5 min), AE*—1.12.
By contrast, the most perceptible changes were noted in samples preserved with the tradi-
tional method: AE*—11.81. In addition, a reduction in the content of phenolic compounds,
and thus a decrease in antioxidant activity, was observed in stored samples. This effect was
the mildest for preservation methods involving the addition of potassium metabisulfite
and those that used a mixture of helium and nitrogen as the working gas. These results
correspond with the data we obtained in a previous publication. When analyzing the effect
of the selected preservation methods on the biological purity of the wine, we observed
a lower number of microorganisms in the methods where cold plasma was used. After
3 months of storage, the total content of microorganisms in the samples was lower by
4.21 and 3.17 log(N), for the sample treated for 10 min with the combined method using
He/O; and He/Nj,, respectively, compared to the sample stored unpreserved. The above
results suggest that the action of cold plasma using a mixture of helium and nitrogen
as the working gas has a smaller impact on the final quality of the wine. However, the
impact of the process duration on individual parameters is ambiguous and requires further
detailed studies.

Obtained data allow us to assume that, in the future, cold plasma may contribute to
the reduction or elimination of the use of SO, in the wine industry. However, since still
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relatively little is known about the influence of cold plasma on wine, it is necessary to
conduct further research in order to be able to fully exploit the potential of this technology
on an industrial scale in the future.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules27207048 /s1, Table S1: Members of clusters obtained
by K-means clustering of 18 variables; Table S2: Members of each identified cluster by K-means
clustering; and Table S3: Factor loadings.
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