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Streszczenie

Wplyw elektroporacji blony komorkowej na akumulacje¢ jonow zelaza w komorkach

Saccharomyces cerevisiae

Celem pracy byla ocena wplywu pulsacyjnego pola elektrycznego (PEF) na
akumulacje jonow zelaza w komodrkach Saccharomyces cerevisiae oraz dobdr warunkow
PEF optymalnych dla najwigkszego poboru tego pierwiastka. Jony zelaza akumulowaty sie
najefektywniej, gdy ich zrodlem byl azotan (V) zelaza (IIl) oraz przy nast¢pujacych
parametrach PEF: napigcie 1500 V, szerokos¢ impulsu 10 ps, czas dziatania PEF 20 min
i liczba impulséw 1200, po 20 h hodowli. Drozdze wzbogacone w jony zelaza wykorzystano
do produkcji podptomykoéw, natomiast drozdze wzbogacone w jony zelaza oraz dodatkowo
w witamine B> wykorzystano do produkcji ptatkéw drozdzowych. W otrzymanych
produktach oznaczano potencjalng biodostgpno$¢ zelaza i1 witaminy Bi2, zawarto$¢
podstawowych sktadnikow odzywczych oraz indeks glikemiczny. Przeprowadzono rowniez
ich oceng¢ sensoryczng. Potencjalna biodostepnos¢ zelaza z podplomykow zawierajacych
385,844,12 mg zelaza w 100 g suchej masy wynosita 10,83+0,94%. Ocena sensoryczna nie
wykazala metalicznego posmaku w produkcie. W przypadku drozdzy, z ktérych otrzymano
ptatki drozdzowe, zastosowanie PEF skutkowalo wyzsza akumulacjg zelaza 1 witaminy B2
odpowiednio o 140% 1 100% w poréwnaniu z probka, ktérag wzbogacono w wymienione
sktadniki lecz bez PEF. Potencjalna biodostepnos¢ Zelaza z ptatkow drozdZzowych wyniosta
10,13%, a witaminy Bi2 4,31%, a jako$¢ tego produktu zostala oceniona przez panel

sensoryczny jako dobra.

Stowa kluczowe: pulsacyjne pole elektryczne, drozdze, zelazo, witamina B2, biodostgpnos¢



Abstract

Effect of cell membrane electroporation on the accumulation of iron ions in

Saccharomyces cerevisiae cells

The aim of the study was to evaluate the impact of pulsed electric field (PEF) on the
accumulation of iron ions in Saccharomyces cerevisiae cells and to select optimal PEF
conditions for the highest uptake of this element. Iron ions accumulated most effectively
when their source was ferric nitrate and with the following PEF parameters: voltage 1500 V,
pulse width 10 ps, PEF operation time 20 min and number of pulses 1200, after 20 h of
culture. Yeast enriched in iron ions was used for the production of flatbreads, while yeast
enriched in iron ions and additionally in vitamin Bi> was used for the production of yeast
flakes. In products containing yeast enriched with iron ions and vitamin B2, the potential
bioavailability of iron and vitamin B2, basic nutrients content and glycemic index were
determined. A sensory evaluation of the tested products was also carried out. The potential
bioavailability of iron from flatbreads containing 385.8+4.12 mg of iron per 100 g of dry
weight was 10.83+0.94%. The sensory evaluation did not show metallic aftertaste in the
product. In the case of yeast used for yeast flakes production, the use of PEF resulted in
a higher accumulation of iron and vitamin B2 by 140% and 100%, respectively, compared
to the sample enriched with these ingredients but without PEF. Potential bioavailability of
iron from yeast flakes was 10.13%, and vitamin B> 4.31%, and the sensory quality of this

product was assessed as good.

Key words: pulsed electric field, yeast, iron, vitamin B2, bioavailability
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2. Uzasadnienie wyboru tematu pracy doktorskiej

Niedobor sktadnikow mineralnych oraz witamin stanowi jedng z przyczyn powiktan
zdrowotnych. Witaminy i mineraly odgrywaja wiele waznych rél w organizmie cztowieka
np. biorg udzial w procesach wzrostu organizmu, a takze poprawiajg jego funkcjonowanie.
Z tego wzgledu konieczne jest utrzymywanie ich odpowiedniego poziomu w organizmie
(Godswill i in., 2020).

Diety ro$linne sg popularne na calym $wiecie. Stosowanie diety wegetarianskiej lub
weganskiej wigze si¢ z wieloma korzysciami zdrowotnymi. Diety te dostarczaja duzych
ilo$ci btonnika, kwasu foliowego, witamin C i E, potasu, magnezu oraz wielu fitozwigzkow.
Jednak wyeliminowanie z diety produktéw pochodzenia zwierzgcego zwigksza ryzyko
wystapienia niedoboréw zywieniowych, szczegdlnie zelaza oraz witaminy Bi2. W zwigzku
z tym w przypadku niedoborow tych skladnikow nalezaloby  wiaczy¢
suplementacje 1 wdrozy¢ odpowiednie nawyki zywieniowe (Weikert 1 in., 2020).

Zelazo jest niezbednym skladnikiem bioragcym udziat w wielu procesach
biochemicznych np. w oddychaniu, wytwarzaniu energii, syntezie DNA (Camaschella,
2015), a takze w regulacji wzrostu i roznicowania komorek (Melenovsky 1 in., 2017).
Niedobor tego pierwiastka jest zwigzany z wystapieniem przewleklej choroby nerek
1 niewydolnosci serca, nowotworow 1 nieswoistego zapalenia jelit (Cappellini 1 in., 2020).
Dodatkowo dlugotrwate narazenie organizmu na niedobor zelaza przyczynia si¢ do
wystapienia anemii, ktora dotyka okoto jednej trzeciej Swiatowej populacji. Jest to globalny
problem zdrowia publicznego, na ktéry szczegodlnie narazone sg dzieci w wieku 0-5 lat,
kobiety w wieku rozrodczym i kobiety w ciazy (Lopez i in., 2016).

Jednym ze sposobow leczenia niedoboru zelaza jest suplementacja doustna. Jednak
stosowanie suplementow diety wigze si¢ wystgpieniem dziatan niepozadanych ze strony
uktadu pokarmowego np. przy podawaniu zelaza na czczo mogg wystapi¢ nudnosci 1 bol
w nadbrzuszu. Dodatkowo suplementy diety charakteryzuja si¢ niskg przyswajalno$cia tego
pierwiastka (Nowosad 1 Sujka, 2021). W celu profilaktyki i leczenia niedoboréow zZelaza
stosuje si¢ takze fortyfikowanie zywnos$ci. Wzbogacenie zywnos$ci zelazem jest trudniejsze
niz innymi skfadnikami odzywczymi np. soli kuchennej jodem czy oleju witaming A,
poniewaz zelazo wptywa na cechy sensoryczne produktu, zmieniajac jego smak i barwe.
Moze réwniez powodowac¢ utlenianie tluszczu (Hurrell, 2002). Aby zapobiec tym
niekorzystnym zmianom, mozna zastosowaé proces mikrokapsutkowania (Bishop 1 in.,

1998). Jedna z metod mikrokapsulkowania jest akumulacja mineralow 1 witamin
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w komorkach drozdzy Saccharomyces cerevisiae (Pankiewicz i Jamroz, 2010; Pankiewicz
1in., 2017; Nowosad i Sujka, 2021; Nowosad i in., 2022).

Btona komoérkowa drozdzy stanowi barier¢ migdzy komorka, a $rodowiskiem
zewnetrznym. Jednak w szczegdlnych okoliczno$ciach bariera btonowa i selektywnos$¢
transportu mogg zosta¢ czesciowo utracone, a czasteczki moga dostac si¢ do cytoplazmy
komorki. Zjawisko to wystepuje, gdy komorki sg poddane dziataniu pulsacyjnego pola
elektrycznego (PEF) (Aronsson i in., 2001).

PEF to metoda wykorzystujaca fale elektryczne o duzej amplitudzie napigcia.
Do produktu umieszczonego migdzy elektrodami w komorze dostarczane sg krotkie
impulsy elektryczne (od mikrosekund do milisekund) o wysokim napigciu (zwykle 10 - 80
kV/cm) (Deeth 1 in.,, 2007). W zalezno$ci od wlasciwosci przetwarzanego produktu
spozywczego 1 efektow, ktore maja by¢ uzyskane, warunki procesu tj. natezenie pola
elektrycznego (kV/cm), czestotliwo§¢ impulsu, szeroko$¢ impulsu, ksztatt impulsu i czas
ekspozycji, mozna odpowiednio modyfikowa¢. Na przyktad zakres natezenia pola
elektrycznego 0,1 - 1 kV/cm powoduje odwracalng permeabilizacj¢ komorek roslinnych, 0,5
- 3 kV/em - nieodwracalng permeabilizacj¢ tkanki ro§linnej 1 zwierzecej, za$ 15 - 40 kV/em
- nieodwracalng permeabilizacj¢ komorek drobnoustrojow (Tsong, 1996).

Dziatanie PEF na komorki roslinne, zwierzgce lub drobnoustrojowe zaburza
przejsciowo lub trwale integralnos¢ blony komorkowej zwigkszajac jej przepuszczalnose,
jednak mechanizm dziatania PEF nie zostal jeszcze w pelni poznany. Zaproponowano kilka
modeli teoretycznych, ale nadal nie ma doktadnych informacji o dziataniu PEF na poziomie
komoérkowym (Soliva-Fortuny 1 in., 2009). Wyniki eksperymentéw sugeruja, ze w btonie
powstaja hydrofilowe pory w wyniku przegrupowan sktadnikéw btony, takich jak woda
1 lipidy, wywotanych dziataniem dlugich i intensywnych impulsoéw elektrycznych (Weaver,
2003). Zgodnie z modelem zaproponowanym przez Zimmermanna (1986) tadunki
o przeciwnych znakach sg indukowane przez pole elektryczne na zewnetrznej 1 wewnetrznej
powierzchni blony komorkowej. Gdy potencjal transblonowy osiggnie wartos¢ krytyczna,
dwustronne przycigganie tadunkéw prowadzi do powstania duzej liczby porow.
Przepuszczalno$¢ blony komoérkowej moze wzrosnag¢ do poziomu umozliwiajacego
przedostanie si¢ do wnetrza komorki np. czasteczek DNA czy jonow metali. Gdy dziatanie
pola elektrycznego ustaje, btona ulega uszczelnieniu, a komoérki zatrzymujg wprowadzone
czasteczki lub jony. Ponowne zamknigcie porow w blonie komorkowej moze trwaé od kilku
sekund do kilku godzin, w zaleznosci od temperatury otoczenia. Na przyktad w 37°C pory

btony zamykaja si¢ w kilka sekund, w 4°C w kilka minut, a gdy komorki sg przetrzymywane
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w lodzie - potrzeba na to kilku godzin. Gdy nat¢zenie pola przekroczy warto$¢ krytyczna,
proces jest nieodwracalny i moze prowadzi¢ do zniszczenia komorek (Golzio i in., 2002).
Typowa jednostka PEF skfada si¢ z kilku podstawowych elementow: generatora
impulsow wysokiego napiecia, komory obrobki, uktadu transportu cieczy, urzadzen
kontrolno-monitorujagcych (Rys. 1). Pierwszy element dostarcza impulsy wysokiego
napigcia o wymaganym ksztalcie, czasie trwania i1 natezeniu, ktore nastgpnie sg
przekazywane do produktu umieszczonego migdzy elektrodami w komorze obrébki.
W zaleznosci od rodzaju obrabianego produktu (staty, ptynny, poétptynny) komory obrobki
mozna podzieli¢ na komory obrobki okresowej i komory obrébki ciggtej. Procesem steruje
komputer centralny, ktory stuzy do ustawiania parametréw, sterowania pracg pompy oraz
zbierania danych z sond umieszczonych wewnatrz komory (Barbosa-Canovas i in., 2004).

Komora
zabiegowa

Kontrola

Kontrola Jednostka

temperatury temperatury

B —

Przeptywomierz

chtodzaca

11—

|:1‘> Generator impulséw
wysokiego napiecia
A 4
L -

Prébka niepoddana Prébka poddana
dziataniu PEF dziataniu PEF

Rysunek 1. Typowa jednostka PEF stosowana w przetworstwie spozywczym (Nowosad i in., 2021)

Pulsacyjne pole elektryczne mozna wykorzysta¢ do zwigkszenia akumulacji
sktadnikéw mineralnych i witamin w komoérkach drozdzy (Pankiewicz i in., 2017; Nowosad
11in., 2021; Nowosad i in., 2022). W ten sposob tworza si¢ kompleksy metali z biatkami
zwane metaloproteinami (lub biopleksami), ktore sa wysoko przyswajalne przez organizm
cztowieka (Liu 1 in., 2002). Biomasa drozdzy wzbogacona w zelazo oraz witaming Bi, za
pomoca pulsacyjnego pola elektrycznego moze potencjalnie stanowi¢ dodatkowe zrodio

tych sktadnikéw w diecie, zwtaszcza dla wegan i wegetarian.
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W literaturze naukowej wcigz niewiele jest opublikowanych badan dotyczacych
akumulacji jonéw metali oraz witamin w komorkach mikroorganizméw w warunkach
dziatania PEF, a takze wykorzystania drozdzy wzbogaconych w jony zelaza oraz witaming

Bi12 za pomocg PEF do produkcji zywnosci potencjalnie funkcjonalne;.
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3. Cel i zakres pracy doktorskiej oraz hipotezy badawcze

Postawionym do rozwigzania problemem naukowym bylo zastosowanie
pulsacyjnego pola elektrycznego do wzbogacania komorek drozdzy w jony zelaza w celu
wykorzystania ich do produkcji zywnosci funkcjonalnej. Celem niniejszej pracy byta ocena
wpltywu parametrow pulsacyjnego pola elektrycznego na akumulacje jonow zelaza

w komorkach Saccharomyces cerevisiae.

Hipotezy badawcze sformulowane w niniejszej pracy sg nast¢pujace:

1. Zastosowanie pulsacyjnego pola elektrycznego powoduje wzrost akumulacji jonow
zelaza w komorkach drozdzy.

2. Optymalizacja poszczegélnych parametrow PEF przyczynia si¢ do zwigkszenia
akumulacji jonow zelaza w komodrkach drozdzy.

3. Zastosowane parametry PEF nie wplywajg istotnie na zywotno$¢ i przyrost biomasy
drozdzy.

4. Wzbogacenie komoérek drozdzy w jony zelaza z zastosowaniem PEF nie wplywa na
ich aktywnos¢ fermentacyjna.

5. Komorki drozdzy wzbogacone w jony zelaza mozna wykorzysta¢ do produkcji
zywnoS$ci przeznaczonej dla osdb zagrozonych niedoborem tego pierwiastka

w diecie.

12



4. Material i metody badawcze

Material badawczy stanowit szczep Saccharomyces cerevisiae 11 B1 pochodzacy

z kolekcji Katedry Biotechnologii, Mikrobiologii i Zywienia Czlowieka Uniwersytetu

Przyrodniczego w Lublinie.

Zadania badawcze obejmowaty:

wybor soli zelaza o najwyzszej akumulacji jonow zelaza w Saccharomyces
cerevisiae przy wyjSciowych parametrach PEF: napigcie 1500 V; szeroko$¢ pulsu 20
us, czas elektroporacji 10 minut, czas hodowli, po ktérym komorki drozdzy poddano
dziataniu PEF - 20 h;

uzyskanie maksymalnej akumulacji jonow zelaza w Saccharomyces cerevisiae
w warunkach traktowania hodowli pulsacyjnym polem elektrycznym:

v' elektroporacja blon komorek drozdzy przy wzrastajacym stezeniu jonow
zelaza,

v optymalizacja parametrow PEF (napiecie, szeroko$¢ pulsu, czas
elektroporacji oraz czas hodowli, po ktorym komorki drozdzy zostang
poddane elektroporacji),

v’ okreSlenie zmian zywotnosci komorek, wydajnosci biomasy oraz
wlasciwosci fermentacyjnych po traktowaniu hodowli PEF oraz przy
wzrastajagcym stezeniu jondw metali,

analize rozmieszczenia jonoOw zelaza w komorce (mikroskopia fluorescencyjna oraz
ATR- FTIR);

otrzymywanie produktow z drozdzy wzbogaconych w zelazo oraz w zelazo
1 witamin¢ Bi2 przy optymalnych parametrach PEF oraz zbadanie potencjalnej
biodostepnosci zelaza oraz witaminy Bi2 metodg in vitro;

analize sensoryczng produktow otrzymanych z dodatkiem drozdzy wzbogaconych w
zelazo oraz w zelazo 1 witamin¢ B, analiza podstawowego sktadu odzywczego

produktéw, ich indeksu glikemicznego oraz wtasciwosci przeciwutleniajacych.

Do realizacji powyzszych zadan wykorzystano nastepujace metody badawcze:

1.

Hodowle drozdzy i1 poddanie ich dziataniu pulsacyjnego pola elektrycznego

wykonano wg schematu przedstawionego na rysunku 2.
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Elektroporacja
(Elektroporator ECM
Hodowla drozdzy 830, BTX, Harvard
Apparatus, USA)

" Skiad pozywki (Blackwell i in., | [ Natezenie pola: |
1997):
n , | 300, 350, 400, 450,
pepton (10 g/dm );' ekstrakt 500, 1000, 1500,
drozdzowy (5 g/dm?); glukoza 2000, 2500, 3000 V
\ (10 g/dm?) g h /
Wybér soli zelaza: Szerokos¢ pulsu:
| FeCl,*4H,0, FeS0,*7H,0, ] -109::20, 58, 75,100,
FeCl;#6H,0, Fe(NO;);#9H,0, 125, 150 ps
CsH:0,Fe*5H,0
Wybér optymalnego stezenia - Czas elektroporae]l:
jonow zelaza: 5,10, 15, 20 min.
50, 100, 200, 300, 400, 500 \ )
pg/cm? pozywki
"' s F -
"_Prébv kontrolne niepoddane | CZ?S hodowli, po
dziataniu PEF: ktérym hodowle
! ~1 traktowano PEF:

C 1 - bez dodatku jonow zelaza
8,12, 16, 20, 24 godz.

% r

C 2 - z dodatkiem jonow zelaza |

Rysunek 2. Schemat hodowli biomasy drozdzy oraz schemat elektroporacji.

Parametry procesu optymalizowano utrzymujac wszystkie czynniki na stalym
poziomie
z wyjatkiem badanego (metoda OFAT, ang. one factor at a time). Doboru warto$ci
parametréw dokonano na podstawie wczesniejszych badan Pankiewicz i Jamroz (2010).
Zoptymalizowano nastepujace parametry: stezenie jonow zelaza, napiecie PEF, szeroko$¢
pulsu, czas elektroporacji oraz czas hodowli, po ktérym stosowano PEF. Sol zelaza wybrano
w osobnym eksperymencie.

Hodowle §. cerevisiae prowadzono w kolbach o poj. 500 ml z cigglym mieszaniem
przez 20 godzin, a nastgpnie traktowano PEF przy uzyciu jednobiegunowego generatora fali
prostokatnej ECM 830 (BTX Harvard Apparatus, Holliston, MA, USA). Hodowle
o objetosci 100 ml umieszczono w komorze do obrébki PEF sktadajacej sie ze zlewki (300
ml) i czterech rownolegtych elektrod ze stali nierdzewnej o powierzchni rownej 4 cm?,

ustawionych naprzeciw siebie w odlegtosci 5,1 mm (rys. 3) zamontowane na zdejmowane;j
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pokrywie. Przewodno$¢ pozywki hodowlanej wynosita 2,6 mS/cm (konduktometr CC-505,
Elmetron, Zabrze, Polska), a czgstotliwo$¢ dostarczania impulsow wynosita 1 Hz. Podczas
dostarczania impulséw roztwdér mieszano za pomocg obracajacego si¢ magnesu (100
obrotow na minute), aby unikna¢ sedymentacji komorek. Elektrody zanurzono w roztworze

na okoto 7,4 mm. Temperatur¢ monitorowano podczas dzialania PEF.

107 m
a8 s.01 ° 0.0

Rysunek 3. Schematyczne przedstawienie pojedynczej elektrody (A) i zestawu elektrod

zanurzonych w pozywce hodowlanej (B).

2. Sterylizacj¢ pozywki przeprowadzono w autoklawie przy nastgpujacych

parametrach: temperatura 121°C, cisnienie 0,05 MPa, czas 20 minut.

15



. Zawartos¢ jonow zelaza w komorkach drozdzy oraz produktach oznaczano metoda
atomowej spektrometrii absorpcyjnej (FAAS). Proby uprzednio poddawano
mineralizacji w piecu mikrofalowym MARS (CEM Corporation). Zawarto$¢
witaminy Bi» w komoérkach drozdzy oraz produktach oznaczono metoda
wysokosprawnej chromatografii cieczowej (HPLC).

. Biomase drozdzy oznaczono spektrofotometrycznie w aparacie Spekol 11 (Carl
Zeiss, Jena, Germany). Absorbancj¢ pozorng wyznaczono przy dtugosci fali a=600
nm i drodze optycznej réwnej 2 mm.

. Oznaczono liczb¢ martwych komoérek drozdzy zabarwionych 0,01% roztworem
btekitu metylenowego w komorze Thoma. Procent komoérek martwych wyrazono

jako $rednig z 16 pol obliczonych wedtug wzoru:

% komorek martwych = (liczba komoérek martwych)/(suma komorek

martwych i zywych)x100 %

. Aktywno$¢ fermentacyjng drozdzy oznaczono przez pomiar zmian objetosci ciasta
rosngcego w czasie 0-120 min.

. Probki obserwowano pod mikroskopem fluorescencyjnym (Eclipse 90i, Nikon,
Tokio, Japonia). Dtugo$¢ fali wzbudzenia 1 emisji wynosita odpowiednio 550 nm
1 580 nm.

. Widma absorpcyjne w $redniej podczerwieni uzyskano za pomocg spektroskopii
ostabionego catkowitego odbicia w podczerwieni (ATR-FTIR) IRSpirit (Shimadzu,
Kioto, Japonia) wyposazonej w detektor DLATGS. Pomiary przeprowadzono przy
uzyciu akcesorium ATR QATR™-S Single-Reflection z diamentowym krysztatem
(Shimadzu).

. Podptomyki wyprodukowano wedlug schematu na rysunku 4. Poza drozdzami uzyto
do ich przygotowania 450 g maki pszennej (biala maka pszenna do ciast, typ 450),

sol, oliwe z oliwek 1 30 ml cieptej wody.
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{ Podptomyki C1 } { Podptomyki C2 } { Podptomyki P }

4 N 4 ) 4 %
dodatek drozdzy C1 dodatek drozdzy dodatek droidiy P
niewzbogaconych C2 wzbogaconych wzbogaconych
jonami zelaza oraz jonami zelaza oraz jonami zelaza oraz
niepoddanych niepoddanych poddanych
dziataniu PEF (7 g); | dziataniu PEF (7 g); | dziataniu PEF (7 g);
polaczenie z polaczenie z potaczenie z
pozostalymi pozostalymi pozostatymi
skfadnikami sktadnikami sktadnikami
% J % J 8 J

Rysunek 4. Schemat produkcji podptomykow zawierajacych drozdze wzbogacone w jony Zelaza za

pomocg PEF

10. Platki drozdzowe (probki C1, C2, P) przygotowano z dodatkiem drozdzy

11

12.

13.

niewzbogaconych jonami Zelaza 1 witaminy B2 (Sigma-Aldrich, St. Louis, MO,
USA) (Y1), drozdzy wzbogaconych jonami Zelaza oraz witaming B> tylko poprzez
uzupehienie pozywki (Y3) oraz drozdzy wzbogaconych jonami zelaza i witaming
B12 poprzez uzupehienie pozywki 1 zastosowanie PEF (Y5).

. Oznaczono podstawowe sktadniki odzywcze:

e thuiszcz w produktach wykorzystujac metode ekstrakcji w aparacie Soxhleta
(Tecator Soxtec System HT 1043 extractie unit, Apeldoorn);

e zawartos$¢ biatka w produktach metoda Kiejdahla (AOAC, 2010);

e popiodt zgodnie z normg PN-EN ISO 2171:2010;

o zawartos¢ weglowodanow obliczono jako réznice migdzy 100% a suma
procentowe] zawartosci wszystkich pozostatych sktadnikow (wody, biatka,
thuszczu, popiotu).

e suchg mase¢ oznaczono metodg suszarkowg (130+1°C przez 3 godziny).

Analize barwy wykonano stosujac kolorymetr EnviSense NH310 (EnviSense,

Lublin, Polska) w skali CIE — L*a*b*. Wyznaczone $rednie parametrow barwy (3

powtorzenia) postuzyty do wyznaczenia catkowitej r6znicy barwy (AE).

Potencjat antyoksydacyjny oznaczono spektrofotometrycznie poprzez oceng

zdolnosci do neutralizowania wolnych rodnikow generowanych z ABTS i DPPH.
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14. Indeks glikemiczny (IG) podptomykéw i ptatkow drozdzowych okreslono metoda
Reisa i Abu-Ghannama (2014) z niewielkimi modyfikacjami opisanymi w PIII
i PIV.

15. Trawienie in vitro (rys. 5) przeprowadzono wedtug Szalast-Pietrzak i in. (2018)

z niewielkimi modyfikacjami opisanymi w PIII i PIV.

(1) Trawienie zolagdkowe (2) Trawienie jelitowe

worek dializacyjny
MCWO 14000 Da

\.
et = X e roztwor dializowany
i / (hydrolizat)
Y pH2.0 dializat pH65
pepsyna pankreatyna + zolé bydleca
75 minut 2 godziny
3?0(: 3?0(‘

Rysunek 5. Schemat trawienia in vitro: (1) trawienie w zoladku: enzym: pepsyna, pH: 2,0, czas
trawienia: 75 minut w temperaturze 37°C; (2) trawienie jelitowe: enzymy: pankreatyna i z6t¢, pH:

6,5, czas trawienia: 2 godziny w temperaturze 37°C.

16. Oceng sensoryczng podptomykdw 1 platkow drozdzowych przeprowadzono metoda
5-punktowa.

17. Analizy regresji 1 testy istotno$ci przeprowadzono przy uzyciu oprogramowania
Statistica w wersji 13.3 (StatSoft, Inc., Tulsa, OK, USA). Do okreslenia réznic
miedzy $rednimi zastosowano test post-hoc Tukeya. Wyniki p<0,05 uznano za

istotne statystycznie. Wszystkie oznaczenia wykonano w 3 powtdrzeniach.

Metodyke szczegotowo opisano w poszczegdlnych publikacjach wchodzacych w sktad

rozprawy doktorskiej (zgodnie z wykazem w rozdziale 1).
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5. Prezentacja wybranych wynikow badan

5.1.Wybor soli zelaza oraz optymalnego stezenia jonow zelaza

Pierwsza opublikowana praca (PI) wchodzaca w sktad dysertacji jest przegladem
pisSmiennictwa opisujacym mechanizm dziatania pulsacyjnego pola elektrycznego na
komorki drozdzy oraz bakterii oraz podsumowujacym zastosowanie PEF w technologii
zywnosci 1 w produkcji zywnosci potencjalnie funkcjonalne;.

Celem publikacji PII byto zbadanie wptywu pulsacyjnego pola elektrycznego na
akumulacje jonow zelaza w komodrkach S. cerevisiae. W pierwszym etapie doswiadczenia
wyselekcjonowano so6l zelaza, dla ktérej zanotowano najwigksza akumulacje tego
pierwiastka w drozdzach. Komorki pochodzace z hodowli bez dodatku soli Zzelaza i bez PEF
zawieraty jedynie 0,13 mg Fe/g suchej masy i1 stanowity kontrole C1 (rys. 6). Badania
wykazaty, ze pobieranie jonow zelaza z pozywki zachodzito najefektywniej gdy ich zrodiem
byty chlorek zelaza (I1I) oraz azotan (V) zelaza (III). Moze to by¢ zwigzane z faktem, ze sa
to sole mocnego kwasu i prawdopodobnie wystepuja w postaci zdysocjowanej, dostarczajac
tym samym wolne zelazo do wigzania si¢ z komoérkami (Philpott i Protchenko, 2008).
Zastosowanie PEF o wyjsciowych parametrach zwigkszyto akumulacj¢ jonow zelaza z tych
soli, ale wzrost ten byt statystycznie istotny tylko dla azotanu (V) zelaza (III). W przypadku
tej soli stezenie jonow zelaza w komorkach drozdzy bylo prawie 97 razy wyzsze w probce
traktowanej PEF niz w prébce kontrolnej bez dodatku soli Zzelaza 1 niepoddanej PEF (C1).
Drozdze akumulowaty najmniejszg ilo$¢ jonodw zelaza z cytrynianu zelaza (III), co moze by¢
spowodowane niepetng dysocjacja tego zwigzku w pozywce o pH 4,4 (Nielsen i Arneborg,
2007). Dodatkowo niektorzy autorzy zaobserwowali toksyczne dziatanie cytrynianu zelaza

(IIT) na komorki drozdzy (Pas i in., 2007; Chen i in., 2002).
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Rysunek 6. Wptyw soli zelaza na akumulacje zelaza w komorkach drozdzy: C1 — hodowla
kontrolna bez dodanych do pozywki jonow zelaza i PEF; 1 — FeClox4H»0; 2 — FeSO4x6H,0; 3 —
FeCl;x6H,0; 4 — C¢HsFeOs; 5 — Fe(NO3)3x9H,0. Czerwone stupki - hodowle nietraktowane PEF,
niebieskie stupki - hodowle traktowane PEF (100 pg Fe/ml pozywki, napigcie 1500 V, szerokos¢
impulsu 10 ps, czas dzialania PEF 10 min, liczba impulséw 600, po 20 h hodowli). Kazda warto$¢
jest $rednig + odchylenie standardowe (n = 3). Stupki z ta sama literg (a—e) nie r6znig si¢ istotnie
(»<0,05).

W kolejnych etapach badan optymalizowano stezenie jonéw zZelaza w pozywece.
Wykazano, ze w zakresie stezenia 50-100 pg Fe**/ml pozywki dziatanie PEF nie mialo
wptywu na akumulacje zelaza w drozdzach. Statystycznie istotne zmiany odnotowano przy
200 pg Fe**/ml pozywki, a réznica w akumulacji miedzy komérkami suplementowanymi
solg zelaza bez traktowania PEF (C2), a komorkami traktowanymi PEF (P) byta najwigksza.
Zaobserwowano, ze pobieranie jonéw zelaza zmniejszato si¢, gdy stezenie bylo wyzsze niz
200 pug Fe**/ml pozywki (rys. 7), wiec przyjeto stezenie 200 pg Fe**/ml pozywki jako

optymalne dla efektywnej akumulacji tego pierwiastka w dalszych dos§wiadczeniach.

20



30
M préby kontrolne C2 (z Fe bez PEF)
25 @ Fe + PEF
20
E: 15
w
Lo
b
E
10
5
a
0 | ——
C1
Fe [ug/ ml pozywkl]

Rysunek 7. Wplyw stgzenia zelaza na jego akumulacje w komoérkach drozdzy. C1 - hodowla
kontrolna bez jonéw zelaza dodanych do pozywki i obrobki PEF; czerwone stupki - hodowle
niepoddane dziataniu PEF, niebieskie stupki - hodowle poddane dziataniu PEF (azotan (V) zelaza
(IID), napiecie 1500 V, szerokos¢ impulsu 10 ps, czas dziatania PEF 10 min, liczba impulséw 600,
po 20 h hodowli). Kazda warto$¢ jest srednig + odchylenie standardowe (n = 3). Shupki z tg sama
litera (a—g) nie r6znig si¢ istotnie (p<0,05).

Zelazo jest niezbedne do wzrostu drozdzy, ale jego wysoka zawarto$é¢ w pozywce
moze by¢ réwniez toksyczna. Z tego powodu pobieranie i wykorzystanie zelaza w
komorkach drozdzy jest $cisle regulowane (Martinez-Pastor i in., 2017). Badania Philpota
i Protchenko (2008) wskazuja, ze gdy ilo$¢ zelaza jest ograniczona, komorki nie tylko
zwigkszaja pobieranie tego pierwiastka, ale takze dostosowuja swoOj metabolizm, aby

wydajniej wykorzystywac dostgpne Zelazo.

5.2. Optymalizacja parametrow PEF i jej wplyw na akumulacje jonow

zelaza w komorkach drozdzy

Rysunki 8, 9 1 10 przedstawiajg wptyw parametrow PEF na akumulacj¢ zZelaza
w komorkach Saccharomyces cerevisiae.

Zastosowanie niskich warto$ci napigcia PEF (300-500 V) spowodowato dwukrotny
wzrost zawartosci zelaza w komorkach drozdzy w poréwnaniu z probka kontrolng C2 (rys.

8). Najwiekszg akumulacje jonéw zelaza (ponad 2,6 razy wyzszg niz w C2) osiggnieto przy
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napieciu wynoszacym 1500 V. Wyzsze warto$ci napigcia powodowaty istotne obnizenie

zawartosci jonow zelaza w komorkach drozdzy.
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Rysunek 8. Wptyw napigcia PEF na akumulacj¢ Zzelaza w komodrkach drozdzy. C1 — hodowla
kontrolna bez jondéw zelaza dodanych do pozywki i PEF, C2 — hodowla kontrolna z jonami zelaza
dodanymi do pozywki (200 pg Fe*/ml pozywki) i bez PEF, niebieskie stupki — hodowle poddane
dziataniu PEF (azotan (V) zelaza (III), 200 ug Fe*"ml pozywki, szeroko$¢ impulsu 10 us, czas
dziatania PEF 10 min, liczba impulséw 600, po 20 h hodowli). Kazda warto$¢ jest $rednig +

odchylenie standardowe (n = 3). Stupki z tg sama litera (a—f) nie r6znig si¢ istotnie (p<0,05).

Najwyzsze stezenie jonéw zelaza w komoérkach tj. 47 mg Fe**/g s.m, odnotowano
przy szerokosci pulsu 10 ps (rys. 9). Stezenie jonow zelaza w komorkach poddanych

dziataniu PEF przy 20, 50 1 75 ps, a takze przy 100, 125 1 150 ps nie rdznilo si¢ istotnie.
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Rysunek 9. Wplyw szerokosci pulsu na akumulacj¢ zelaza w komoérkach drozdzy. C1 - hodowla
kontrolna bez jonéw zelaza dodanych do pozywki i PEF, C2 - hodowla kontrolna z jonami zelaza
dodanymi do pozywki (200 ug Fe**/ml pozywki) i bez PEF, niebieskie stupki - kultury poddane
dziataniu PEF (azotan zelaza, 200 pg Fe**/ml pozywki, napiecie 1500 V, czas dziatania PEF 10 min,
ilo$¢ impulsow 600, po 20 h hodowli). Kazda warto$¢ jest srednig + odchylenie standardowe (n = 3).

Stupki z tg sama literg (a—d) nie ro6znig si¢ istotnie (p<0,05).

Badania nad czasem dzialania PEF prowadzono w zakresie 5-20 min (rys. 10).
Stezenie jondw zelaza w komorkach S. cerevisiae wzrastalo wraz z czasem, osiggajac

maksimum (48,01 mg Fe*/g suchej masy) po 20 minutach.
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Rysunek 10. Wplyw czasu dziatania PEF na akumulacj¢ jonéw zelaza w komorkach drozdzy. C1 -

hodowla kontrolna bez jonéw zelaza dodanych do pozywki i PEF, C2 - hodowla kontrolna z jonami
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zelaza dodanymi do pozywki (200 pg Fe**/ml pozywki) i bez PEF, niebieskie stupki - hodowle
poddane dziataniu PEF (azotan (V) zelaza (I11), 200 ug Fe**/ml pozywki, napigcie 1500 V, szeroko$¢
impulsu 10 ps, po 20 h hodowli). Kazda warto$¢ jest srednig + odchylenie standardowe (n = 3).

Shupki z ta sama literg (a—d) nie r6znig si¢ istotnie (p<0,05).

Temperatura jest jednym z krytycznych parametrow wplywajacych na skutecznosé
pulsacyjnego pola elektrycznego (Raso i in., 2016). W prowadzonych eksperymentach
temperatura byla stale monitorowana i wynosita od 24 do 26°C. Nie bylo drastycznych
zmian, ktore moglyby wptyna¢ na przewodnictwo pozywki lub wzrost komorek.

Pankiewicz 1 Jamroz (2011) réwniez zaobserwowali najwyzsza akumulacj¢ cynku
w komorkach S. cerevisiae przy szerokosci pulsu 10 ps (15 mg/g suchej masy). W
przypadku tych badan optymalny czas dziatania PEF wynosit 15 minut. R6znica w czasie
trwania procesu mi¢dzy badaniami przedstawionymi w rozprawie doktorskiej a badaniami
Pankiewicz i Jamroza (2011) moze by¢ spowodowana wbudowaniem innego pierwiastka do
komorek S. cerevisiae.

W badaniach Pankiewicz i in. (2014, 2015) optymalny czas hodowli, po ktéorym
komorki drozdzy zostaly poddane PEF w celu wzbogacenia w magnez i cynk oraz selen
réwniez wynosit 20 godzin. W dostgpnych w literaturze badaniach nad akumulacja jonow
zelaza z pozywki przez drozdze wystepuja jednak znaczne rozbiezno$ci w optymalnym
czasie hodowli, co moze wynika¢ z réznych warunkow jej prowadzenia. Na przyktad
Stehlik-Thomas 1 in. (2003) stwierdzili, ze najwyzsze stezenie zelaza w komodrkach (10 mg/g
suchej biomasy drozdzy) uzyskano po 12 h hodowli w warunkach beztlenowych. Natomiast
w warunkach poéttlenowych najwyzszg akumulacje osiagni¢to po 16 h hodowli, ale byta ona
czterokrotnie nizsza (2,5 mg/g suchej biomasy drozdzy) niz ww. Wang 1 in. (2011) z kolei
najwyzszg zawartos¢ Fe (7,854 mg/g suchej masy) uzyskali w drozdzach hodowanych przez

60 h w temperaturze 30°C.

5.3. Ocena zmian biomasy i przezywalnosci drozdzy po dzialaniu PEF

Przedstawione w publikacji PII wyniki oznaczania biomasy oraz przezywalnosci
drozdzy byly wysokie. Rysunki 11, 12 oraz 13 przedstawiaja wptyw parametrow PEF na
produkcje biomasy i zywotno$¢ komorek. Zaobserwowano jedynie niewielkie wahania
liczby martwych komoérek w catym zakresie badanych wartosci napigcia. Najwicksza frakcje
martwych komorek w hodowli (10%) zanotowano przy 3000 V (rys. 11). Istotny spadek
produkcji biomasy (z 0,87 do 0,78 g s.m./100 ml hodowli) odnotowano tylko przy napigciach
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wyzszych niz 2000 V. W przypadku optymalizacji szerokosci pulsu, istotny spadek biomasy
nastgpit w zakresie od 75 ps do 150 ps przy 1500 V (rys. 12). Szerokos$¢ pulsu wptyneta
rowniez na zywotno$¢ komorek drozdzy. Przy 10 ps byl taka sama jak w kontroli
niepoddanej dziataniu PEF (C2), jednak dla wartosci wyzszych niz 50 ps zywotnos$¢
komorek ulegta niewielkiemu obnizeniu. Mimo to nadal notowano wysokie warto$ci dla obu
parametréw — zywotno$¢ przekraczata 90%, a produkcja biomasy wynosita ok. 0,95 g
s.m./100 ml hodowli.
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Rysunek 11. Wptyw napiecia PEF na zywotno$¢ komorek i biomasy. C1 - hodowla kontrolna bez
jondw zelaza dodanych do pozywki i PEF, C2 - hodowla kontrolna z jonami zelaza dodanymi do
pozywki (200 ug Fe**/ml pozywki) i bez PEF, niebieskie stupki - hodowle poddane dziataniu PEF
(azotan (V) zelaza (III), 200 pg Fe**/ml pozywki, szeroko$¢ impulsu 10 ps, czas dziatania PEF 10
min, liczba impulsow 600, po 20 h hodowli). Kazda wartos$¢ jest Srednig + odchylenie standardowe

(n=3). Shupki z tg sama litera (a—c) nie r6znig si¢ istotnie (p<0,05).
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Rysunek 12. Wplyw szerokos$ci pulsu na zywotno$¢ komorek i biomasy. C1 - hodowla kontrolna
bez jonow zelaza dodanych do pozywki i PEF, C2 - hodowla kontrolna z jonami Zelaza dodanymi
do pozywki (200 pg Fe**/ml pozywki) i bez PEF, niebieskie stupki - hodowle poddane dziataniu PEF
(azotan (V) zelaza (1II), 200 pg Fe**/ml pozywki, napiecie 1500 V, czas dziatania PEF 10 min, ilo§¢
impulsow 600, po 20 h hodowli). Szeroko$¢ impulsu zmieniano od 10 ps do 150 ps przy amplitudzie
napigcia 1500 V. Kazda warto$¢ jest $rednig = odchylenie standardowe (n=3). Stupki oznaczone

samg literg (a—c) nie r6znig si¢ istotnie (p<0,05).

Czas dzialania PEF miat niewielki wplyw na biomase¢ i zywotno$¢ komorek (rys. 13).
Chociaz produkcja biomasy obnizyta si¢ juz po 5 minutach elektroporacji, w poréwnaniu
z hodowlami kontrolnymi, spadek ten nie byl znaczacy. Po 20 minutach dziatania PEF
produkcja biomasy byta o 15% nizsza niz w hodowli kontrolnej C2, ale calkowita liczba
martwych komorek byta niska (tylko 8%). Dhuzsze dziatanie PEF skutkowato wigkszym

spadkiem produkcji biomasy 1 zywotnosci komorek.
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Rysunek 13. Wplyw dziatania PEF na zywotno$¢ komorek i biomasy. C1 - hodowla kontrolna bez
jonow zelaza dodanych do pozywki i PEF, C2 - hodowla kontrolna z jonami zelaza dodanymi do
pozywki (200 ug Fe**/ml pozywki) i bez PEF, niebieskie stupki - hodowle poddane dziataniu PEF
(azotan (V) zelaza (IIT), 200 pg Fe**/ml pozywki, napiecie 1500 V, szeroko$¢ impulsu 10 us, po 20
h hodowli). Kazda warto$¢ jest srednig = odchylenie standardowe (n=3). Shupki z tg sama literg (a—
b) nie ro6znig sig¢ istotnie (p<0,05).

5.4. Ocena wplywu PEF na akumulacj¢ jonow zelaza w strukturach

komorkowych drozdzy metoda mikroskopii fluorescencyjnej oraz

ATR-FTIR

Rysunek 14 przedstawia komorki drozdzy wybarwione rodaming B i obserwowane
pod mikroskopem fluorescencyjnym. Barwnik ten przenika przez btony komorkowe i jest
wychwytywany przez mitochondria bez wywolywania lizy komorek. Prawie wszystkie
komorki z probki kontrolnej niepoddanej PEF i bez suplementacji solg Zelaza nie
wykazywaty fluorescencji (rys. 14A), podczas gdy te z probki wzbogaconej jonami zelaza
bez PEF czegsciowo wykazywaty zielong fluorescencje (rys. 14B). Dziatanie PEF zwigkszylo
akumulacje jonow zelaza w komorkach drozdzy, wigc prawie cata populacja komorek

wykazata silng zielong fluorescencje (rys. 14C).
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Rysunek 14. Obrazy mikroskopii fluorescencyjnej drozdzy barwionych rodaming B: (A) CI1 -
hodowla kontrolna bez jonow zelaza dodanych do pozywki i traktowania PEF, (B) C2 - hodowla
kontrolna z jonami zelaza dodanymi do pozywki (200 ug Fe**/ml pozywki) i bez PEF, (C) hodowla
z dodanym zZelazem do pozywki (200 ug Fe3"/ml pozywki) i traktowane PEF (azotan (V) zelaza (I1I),
napigcie 1500 V, szeroko§¢ impulsu 10 ps, czas dziatania PEF 20 min, 1200 impulséw, po 20 h
hodowli). Stupki skali odpowiadajg 10 pm.

Pankiewicz 1 in. (2015) prowadzili badania nad akumulacja jonéw wapnia 1 cynku
przez drozdze w tym samym systemie obrobki PEF, ktory zastosowano w przypadku badan
przedstawionych w rozprawie doktorskiej. Ich badania wykazaty, ze fluorescencja komorek
z probek kontrolnych (bez jonow dodanych do podtoza 1 bez obrébki PEF) byla nizsza niz
obserwowana dla komorek z probki wzbogaconej w jony wapnia i cynku przy uzyciu PEF.
Na podstawie przekrojow optycznych wykonano rowniez rekonstrukcje 3D rozmieszczenia
obszar6w bogatych w jony w komorce. Potwierdzono, ze w komoérkach drozdzy poddanych
elektoporacji akumulacja jonéw wapnia 1 cynku byta wyzsza niz w tych nie poddanych
dziataniu PEF, a jony metali byly rozmieszczone wewnatrz komorki.

Widma ATR-FTIR liofilizowanych komoérek drozdzy z probki kontrolnej (Cl1),
probek wzbogaconych w jony zelaza zaréwno bez obrobki PEF (C2), jak i1 z uzyciem PEF

w optymalnych warunkach (Fe + PEF) zarejestrowano w obszarze miedzy 4000 i 750 cm™'.
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W widmach zaprezentowanych na rys. 15 zaobserwowa¢ mozna zmiany w obrebie regionu
lipidowego (3000-2800 cm™'), ktére s3 zwigzane ze znacznym wzrostem intensywnosci
pasm CH, przy 2925 cm™! w przypadku probek poddanych PEF (rys. 15B). Ponadto
wystepuje rowniez niewielki wzrost intensywnosci absorpcji CHs przy ~2960 i ~2873 ¢cm’!
dla obu probek z dodatkiem jonow zelaza. Ta zmienno$¢ udzialu CH> i CH3 moze by¢
zwigzana z indukowaniem zmiany ptynnosci btony drozdzy przez jony zZelaza. Ponadto
zaobserwowano przesuniecie o 1-4 cm! w kierunku wyzszych liczb falowych pasm
rozciggajacych asymetrycznych 1 symetrycznych dla grupy CH,, zwtlaszcza u drozdzy
poddanych PEF (rys. 15B). Stan lipidowych blon komorkowych jest powigzany
z przesuni¢ciem pasm widmowym CH» w kierunku nizszych lub wyzszych czestotliwosci
1 odpowiada odpowiednio ich sztywnosci lub ptynnosci (Los i Murata, 2004). Ganeva 1 in.
(2014) oraz Stirke i in. (2014) stwierdzili, ze dziatanie na drozdze pulsacyjnym polem
elektrycznym moze skutkowac nie tylko zwigkszeniem jej przepuszczalno$ci, ale takze
powodowaé zmiany w strukturze $ciany komorkowej, prowadzac do zwickszenia jej
porowato$ci. Kiedy poréwnuje si¢ komorki drozdzy z hodowli kontrolnej i hodowli
wzbogaconych w jony Zelaza, profile drugiej pochodnej amidu I i II sa do$¢ podobne, z
wyjatkiem potozenia pasm (rys. 15D). Pozycja piku przy 1653 cm™! (przypisana do helisy o)
i 1635 cm’! (przypisana do B-kartki i najprawdopodobniej wody wewnatrzkomorkowej) dla
probek C2 oraz Fe+PEF ulegla zmianie w pordwnaniu z probka C1. To przesunigcie pasma
amidowego I do 1655 cm™ bylo zwigzane z zaangazowaniem atoméw O i N lancucha
polipeptydowego w wigzanie jonow zelaza (rys. 15D). Zmiany ksztattu szerokiego piku
w zakresie 1180-950 cm™! dla drozdzy wzbogaconych w jony Zelaza w pordéwnaniu z
probka kontrolng C1 moga wskazywa¢ na interakcje jondow zelaza z polisacharydami
obecnymi w $cianie komorkowej. Wigkszo$¢ polisacharydow komorki drozdzy znajduje si¢
w jej $cianie (Nguyen i in., 1998). Dokladniej, wewnetrzna warstwa $ciany sktada sig
gltoéwnie z B-1,3-glukanu, ale zewnetrzna jej warstwa jest utworzona przez wysoce
glikozylowane mannoproteiny z licznymi grupami fosforanowymi w ich weglowodanowych
fancuchach bocznych, co skutkuje ujemnym tadunkiem powierzchniowym. W drugiej
pochodnej widma drozdzy po dziataniu PEF, pasmo przypisywane B-1,3-glukanowi
(1150 cm™) jest znacznie mniej intensywne, poszerzone i przesuniete w kierunku wyzszej
czestotliwosci. Biorge pod uwage inne pasma zwigzane z weglowodanami, zaobserwowano
réwniez spadek intensywnos$ci pasm przypisanych do struktury glukanu, a mianowicie przy
1080 cm™, 1043 cm™! (mannany), 1030 i 991 cm™ (B-1,6 glukanéw) i ich przesuniecie

w porownaniu widmem dla kontroli C1 (rys. 15F). Wreszcie, silna redukcja pasma przy
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okoto 1080 cm™ obserwowana w probce drozdzy po dziataniu PEF moze sugerowaé

interakcj¢ grupy PO>— z fosfolipidow blonowych z dodatnimi jonami zelaza (Zinicovscaia i

in., 2020). Dzi¢ki temu jony zelaza mogly przejs¢ przez $cian¢ komorkowa i przestrzen

peryplazmatyczng i dotrze¢ na powierzchni¢ blony plazmatycznej, w duzym stopniu

w wyniku dziatania PEF.
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Rysunek 15. Widma ATR FTIR drozdzy i ich drugie pochodne w wybranych zakresach. (A,B):

obszar modoéw wibracyjnych spowodowanych glownie drganiami rozciggajacymi asymetrycznymi i

symetrycznymi grup metylenowych CH, i CH; (C,D): obszar pasm amidu I i amidu II; (E, F): region

modéw weglowodanoéw. Widma drugiej pochodnej zostaly znormalizowane do pasma CH; przy

~2924 cm’! (B), do amidu I (D), podczas gdy w panelu widma F zostaly znormalizowane do obszaru

w zakresie 1180-900 cm™'. Hodowla kontrolna C1 bez dodatku zelaza do pozywki i traktowania PEF

(czarna linia), hodowla kontrolna C2 z jonami zelaza dodanymi do pozywki (200 pg Fe*/ml

pozywki) 1 bez traktowania PEF (linia czerwona) oraz hodowla Fe + PEF z jonami zelaza dodanymi

do pozywki (200 pg Fe**/ml pozywki) i traktowana PEF (azotan (V) zelaza (III), napiecie 1500 V,
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szeroko$¢ impulsu 10 ps, czas dziatania PEF 20 min, 1200 impulséw, po 20 h hodowli) (niebieska

linia).

5.5. Analiza wlasciwosci fermentacyjnych drozdzy wzbogaconych w
jony zelaza

Rysunek 16 przedstawia wyniki analizy wiasciwosci fermentacyjnych drozdzy
uzyskane dla kontroli C1 i C2 oraz dla probki drozdzy wzbogaconej w jony zelaza
w warunkach PEF (Fe + PEF). Kontrola C1 wykazata najwyzszg aktywno$¢ fermentacyjng.
Juz w 30 minucie testu zaobserwowano wzrost ciasta, natomiast ciasto z dodatkiem drozdzy
z C2 i Fe + PEF zaczgto rosna¢ dopiero po 60 min. Po 120 min objetos¢ ciasta zawierajacego
drozdze z kontroli C1 byta 1,7-krotnie wigksza niz ciasta z drozdzami z kontroli C2 i 1,85-

krotnie wigksza niz w przypadku ciasta z drozdzami poddanymi dziataniu PEF.
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Rysunek 16. Wptyw PEF i wzbogacania w zZelazo na wlasciwosci fermentacyjne drozdzy: C1 -
hodowla kontrolna bez dodatku zelaza do pozywki i PEF, C2 - hodowla kontrolna z dodanymi jonami
zelaza do pozywki (200 pg Fe**/ml pozywki) i bez PEF, Fe + PEF - hodowla z jonami zelaza
dodanymi do pozywki (200 pug Fe3*/ml pozywki) i traktowana PEF (azotan (V) zelaza (II), napiecie
1500 V, szerokos¢ impulsu 10 ps, czas dziatania PEF 20 min, 1200 impulséw, po 20 h hodowli).

Kazda warto$¢ jest $rednig + odchylenie standardowe (n=3).

Nizsza wydajno$¢ fermentacyjna drozdzy z probki C2 i tych poddanych dziataniu
PEF moze by¢ rowniez zwigzana z obecnosciag wysokiego stezenia jonow zelaza
w komorkach. Zelazo, obok potasu, magnezu, wapnia, manganu, miedzi i cynku, jest

jednym z najwazniejszych metali wptywajacych na procesy fermentacji drozdzy (Walker,
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2004). Nadmiar zelaza moze by¢ szkodliwy dla komorek, poniewaz pewne formy moga by¢
zaangazowane w reakcje redoks Fentona, ktdre przyspieszaja tworzenie reaktywnych form
tlenu (ROS), takich jak rodniki hydroksylowe, ktore uszkadzaja komorki na poziomie bton,
biatek 1 kwasow nukleinowych (Martinez-Garay i in., 2016).

Obnizenie aktywno$ci fermentacyjnej probki kontrolnej C2 i probki poddanej
dziataniu PEF (Fe + PEF) w porownaniu z C1 mozna takze czg¢$ciowo ttumaczy¢ nizsza
zawartos$cig biatka (Tabela 1). Kolejnym czynnikiem wptywajacym na fermentacje drozdzy
jest dostepnos¢ przyswajalnego azotu. Drozdze S. cerevisiae nie sag w stanie wykorzystac
azotanu jako jedynego zrddla azotu (Barnett i in., 1990), poniewaz pozbawione enzymow

zaleznych od molibdenu nie moga go przyswoi¢ (Zhang i in., 2011).

Tabela 1. Zawartos$¢ biatka w drozdzach: C1 —bez dodatku jonéw zelaza i bez PEF; C2 - z dodatkiem
jonow zelaza (200 ug Fe**/ml pozywki) i bez PEF, Fe + PEF - z dodatkiem jonow zelaza (200 pg
Fe**/ml pozywki) i poddanych dziataniu PEF (azotan (V) zelaza (III), napigcie 1500 V, szeroko$¢
impulsu 10 ps, czas dziatania PEF 20 min, 1200 impulséw, po 20 h hodowli). Kazda wartos¢ jest
$rednig + odchylenie standardowe (n=3). Srednie z ta sama litera (a—c) nie réznig si¢ istotnie

(p<0,05).

Probka Zawartos¢ biatka (%)  Zawarto$¢ zelaza (mg/g s.m.)
Cl 59,13 +£0,18? 0,13+0,01?
C2 58,24 £0,35° 18,68 £ 0,86"
Fe + PEF 54,07 +0,11°¢ 48,01+ 0,88°

5.6. Wybrane wlasciwosci podplomykow z dodatkiem drozdzy

wzbogaconych jonami zelaza za pomocg PEF

W tabeli 2 (publikacja PIII) przedstawiono warto$¢ odzywczg 1 indeks glikemiczny
podptomykéw z dodatkiem drozdzy niewzbogaconych 1 wzbogaconych jonami zelaza w
warunkach dziatania PEF.

Warto$¢ odzywcza podptomykow zalezala gtownie od sktadu chemicznego maki
1 innych skfadnikéw uzytych do jego przygotowania (Mir i in., 2014). Weglowodany
stanowity 58—62% sktadu odzywczego. Podptomyki C1, C2 i P nie r6znily si¢ istotnie pod
wzgledem zawarto$ci biatka i thuszczu, lecz zanotowano migdzy nimi istotng réznice
w zawartosci popiotu, co mozna ttumaczy¢ zwigkszong zawartoscig zelaza w probkach

wzbogaconych w jony tego pierwiastka. Ilo§¢ weglowodanéw, thuszczéw 1 biatek wplywa
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na kaloryczno$¢ produktow. Stwierdzono statystycznie istotne roznice w warto$ci
kalorycznej podptomykow - najwieksza wartos$¢ kaloryczng miaty podptomyki z dodatkiem
drozdzy kontrolnych C1, a najnizsza - podptomyki z dodatkiem drozdzy wzbogaconych

jonami zelaza przy uzyciu PEF.

Tabela 2. Sktad odzywczy, kalorycznos$¢ i1 indeks glikemiczny (GI) podptomykéw (zawartosé
podawana na suchg mas¢) otrzymanych z uzyciem drozdzy niewzbogaconych i wzbogaconych

jonami zelaza

. Bialko Tluszcz Weglowodany Popiol Wartos¢ Wartosc .Inde.ks
Podplomyki (%) (%) (%) (%) kaloryczna Kkaloryczna glikemiczny
¢ 0 0 * (kcal/100g)  (kJ/100g) (IG)

11,85+ 4,50+ . 21,56+ 336,23 + 1406,79 + a

Cl 042¢ 033 62,09 + 0,48 0.19° 238 9.97¢ 56,24+ 0,12
11,44+ 4,81 % by 24,33+ 326,70 + 1366,91 + .

C2 0.14° 0,18 59,42+ 0,18 0.33" 2.18b 9.11b 56,51 + 0,25
12,39+ 4,11+ . 2537+ 319,07+ 133497 + a

P 0450 0,190 OS14E0AT Toas T o6 90450 623134

C1 - drozdze bez dodatku jondéw zelaza i bez PEF; C2 - drozdze z dodatkiem jonow zelaza i bez PEF;
P - drozdze z dodatkiem jonow zelaza i PEF. Kazda wartos¢ jest sredniag + odchylenie standardowe

(n=3). Wyniki z ta samg litera w kolumnie nie r6znig si¢ istotnie (p<0,05).

W tabeli 3 przedstawiono zawarto$¢ zelaza 1 potencjalng biodostgpnos¢ tego metalu
z podptomykoéw. Biodostepnos¢ definiuje si¢ jako zdolnos¢ sktadnika odzywczego do
uwolnienia si¢ z matrycy zywnosci 1 rozpuszczenia. Decyduje o ilosci substancji czynnej,
ktora z podanej dawki przedostaje si¢ do kragzenia ogolnoustrojowego, a takze o szybkosci
wchlaniania tej substancji (Moreda-Pifieiro 1 in., 2017).

Podptomyki otrzymane z dodatkiem drozdzy niewzbogaconych w Zelazo zawieraty
tylko okoto 3 mg Fe**/100 g suchej masy, natomiast podplomyki z dodatkiem drozdzy
wzbogaconych jonami zelaza bez uzycia PEF zawieraly okoto 266 mg Fe**/100 g suche;
masy. Zastosowanie drozdzy wzbogaconych w zelazo w warunkach PEF do przygotowania
podptomykéw zwiekszyto zawartos¢ zelaza w tym produkcie do 386 mg Fe**/100 g suchej
masy. Miedzy probkami wystgpita znaczaca roznica w potencjalnej biodostepnosci zelaza.
Najwigksza potencjalng biodostepnoscia zelaza odznaczaty si¢ podptomyki z drozdzami P
(10,8%), co skorelowane bylo z najwyzsza zawarto$cig tego pierwiastka w produkcie.

Inhibitorami wchtaniania Zelaza s3 na przyklad fityniany, czyli sole kwasu
fitynowego wystepujace w roslinach; polifenole obecne w warzywach, owocach, niektorych

zbozach 1 roslinach straczkowych, herbacie, kawie 1 winie. Wykazano roéwniez, ze wapn
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wptywa negatywnie na wchtanianie zelaza nichemowego i hemowego, odr6zniajac go od
innych inhibitoréw, ktére wptywaja tylko na wchtanianie zelaza niechemowego (Hurrell
1 Egli, 2010). Jednym ze skladnikow poprawiajacych wchianianie zelaza jest kwas
askorbinowy. Efekt ten wynika w duzej mierze z jego zdolnosci do redukcji zelaza (I1I) do
zelaza (II) oraz jego zdolnos$ci do chelatowania zelaza (Pizarro i in., 2006).

W badaniach do produkcji podptomykoéw uzyto oczyszczonej maki pszennej.
W pracy nie analizowano zawartosci fitynianu w mace i jego wptywu na biodostepnosé
zelaza. Jednak dane literaturowe pokazuja, ze maki podobne maki uzytej w badaniach
charakteryzuja si¢ zawarto$cig fitynianu ~100 mg/100g maki (Hallberg, 1987).

W literaturze naukowej dostepnych jest wiele badan oceniajacych biodostepnosé
zelaza z produktow zbozowych wzbogaconych w ten pierwiastek (Diego Quintaes i in.,
2017). Jednak porownanie wynikéw jest utrudnione ze wzgledu na réznice w metodologii
badan. Na przyktad Pizarro i in. (2006) przygotowali chleb wzbogacony siarczanem zelaza,
ktory zawierat 47 mg tego pierwiastka w 1 kg. Autorzy podali, ze $rednia absorpcja zelaza
z tego produktu oceniona metoda in vivo wyniosta 10,5%, co jest porownywalne z wynikami

przedstawionymi w PIIL.

Tabela 3. Zawarto$¢ zelaza i potencjalna biodostepnos¢ zelaza z podptomykow

Zawartos¢ zelaza (mg) w 100 Potencjalna biodostepnos¢ zelaza

Podplomyki
P suchejg masy (%)
Cl 2,96 + 0,54 5,86+ 0,122
C2 266,3 +2,62° 7,97 + 0,64°
P 385,8 +4,12° 10,83 + 0,94¢

C1 - drozdze bez dodatku jonow Zzelaza i bez PEF; C2 — drozdze z dodatkiem jonow zelaza i bez
PEF; P - drozdze z dodatkiem jondéw zelaza i PEF. Kazda wartos$¢ jest $redniag £+ odchylenie

standardowe (n=3). Wyniki z tg samg literg w kolumnie nie rdznig si¢ istotnie (p<0,05).

Akceptacja przez konsumentéw produktow spozywczych zalezy gldwnie od ich cech
sensorycznych 1 wlasciwosci prozdrowotnych. W zwigzku z rosngca $wiadomoscig
zdrowego stylu zycia ro$nie rowniez znaczenie produktow zbozowych zawierajacych petne
ziarno lub inne sktadniki funkcjonalne (Mir 1 in., 2014).

Wyniki oceny jakosci podptomykow za pomocag S5S-punktowej skali ocen
przedstawiono w tabeli 4. Jako$¢ wszystkich podptomykow oceniono jako dobra,

a podptomyki wyprodukowane z drozdzy P uzyskaly najwyzsza $rednig oceng.
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Zwiazki zelaza charakteryzujace si¢ stabg rozpuszczalnoscia w prawidlowych
stezeniach kwasu zotadkowego nie zaburzaja wlasciwosci sensorycznych pozywienia
(Hurrell, 1997). Z drugiej strony, bardziej rozpuszczalne zwigzki mogg powodowac
utlenianie tluszczu (tj. zjelczenie) oraz zmian¢ koloru produktu w ciggu 6 miesigcy
przechowywania. W przypadku oceny sensorycznej podptomykoéw nie zanotowano
metalicznego posmaku, ktéry jest powaznym problemem dla produktow wzbogaconych

solami zelaza.

Tabela 4. Wyniki oceny podptomykoéw w S-stopniowe;j skali ocen.

carn e e
Kolor 0,3 1,32+0,10> 1,22 +0,04* 1,32+ 0,03"
Zapach 0,15 0,39+0,01° 0,37+0,02° 0,33 +0,01?
Struktura i konsystencja 0,15 0,50 £0,08* 0,56=+0,06° 0,60+0,022
Smak 0,4 1,55+0,04*° 1,49 +0,08 1,68 +0,08°
Ocena ogolna 3,76 +£0,12° 364+0,11* 393 +0,03°

C1 - drozdze bez dodatku jonow zelaza i bez PEF; C2 — drozdze z dodatkiem jondéw zelaza i bez
PEF; P - drozdze z dodatkiem jondéw zelaza i PEF. Kazda warto$¢ jest $rednia = odchylenie

standardowe (n=3). Wyniki z tg samg litera w kolumnie nie r6znig si¢ istotnie (p<0,05).

Zgodnie ze $rednimi wynikami dla zapachu podptomykdéw najwyzsza note 0,39
otrzymaly podptomyki z drozdzami C1 (niewzbogaconymi Zelazem), ale r6znice migdzy
punktacjami dla wszystkich podplomykow byly bardzo male. Z tabeli 4 mozna
wywnioskowaé, ze barwa podptomykéw z dodatkiem drozdzy C1 i P zostala oceniona
najwyzej. Podptomyki z dodatkiem drozdzy P barwg przypominaty produkty petnoziarniste,
ktore ze wzgledu na rosnaca swiadomos$¢ konsumentéw na temat zdrowego trybu zycia sg
bardziej akceptowalne i pozadane. Podptomyki z dodatkiem drozdzy P uzyskaty najwyzsze

noty za strukturg i konsystencjg.

5.7. Wybrane wlasciwosci platkow drozdzowych z dodatkiem drozdzy

wzbogaconych jonami zelaza i witaming B12 za pomoca PEF

Publikacja PIV dotyczy otrzymywania kolejnego produktu z drozdzy wzbogaconych
w jony zelaza z uzyciem PEF. Dodatkowo do drozdzy wprowadzono réwniez witaming Bi».

Przeprowadzono réwniez analize wartosci odzywcze] oraz potencjalnej biodostgpnosci
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zelaza i witaminy B z ptatkow drozdzowych wykonanych z drozdzy wzbogaconych jonami
zelaza 1 witaming B1> dwoma metodami: tylko poprzez dodanie soli zelaza i witaminy B2
do pozywki oraz poprzez dodatkowe zwickszenie akumulacji poprzez dziatanie PEF.

W pierwszym etapie badan PEF o parametrach optymalnych dla akumulacji jonow
zelaza zostat wykorzystany do zwigkszenia akumulacji witaminy B2 w komodrkach drozdzy.
Wykazano, ze przy niskim stezeniu witaminy Bi2 0,25 mg/ml pozywki zastosowane
parametry PEF nie miaty wplywu na jej akumulacje w komorkach Saccharomyces cerevisiae
(rys. 17). Istotny wptyw PEF zaobserwowano dla st¢zenia witaminy Bi> 1 mg/ml pozywki.
Zawarto$¢ witaminy B2 w probce Y5 (drozdze wzbogacone w 1 mg witaminy Bi2/ml
pozywki i 200 ug Fe**/ml pozywki z uzyciem PEF) byla o 50% wyzsza niz w probce Y3
(drozdze wzbogacone o to samo st¢zenie obu substancji, ale bez PEF). Z tego wzgledu do
kolejnych etapow eksperymentu postanowiono wykorzysta¢ stezenie 1 mg/ml pozywki.
Dodatkowo zaobserwowano, ze drozdze Y31 Y5 (odpowiednio 2,6 pg/g s.m. oraz 5,24 ug/g
s.m.) akumulowaty wiecej witaminy Bi2 niz drozdze Y2 i Y4 (odpowiednio 1,8 pg/g s.m.
oraz 4,34 pg/g s.m.). Mozliwym wyjasnieniem jest to, ze obecno$¢ jonow zelaza ma
stabilizujacy wptyw na t¢ witaming (Heep i Taterra, 2015). Dla porownania Jach i in. (2020)
uzyskali biomase drozdzy Yarrowia lipolytica A-101 wzbogaconych witaming Bi> (bez

uzycia PEF) w ilosci 9 pg witaminy B> na 100 g suchej biomasy.
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Rysunek 17. Wplyw stezenia witaminy B> w pozywce na jej akumulacje w komoérkach drozdzy.
Czarne stupki (Y1) - hodowla kontrolna bez jonow zelaza, witaminy B, i PEF; czerwone stupki
(Y2) - hodowle z witaming B, i bez PEF, zielone stupki (Y3) - hodowle z dodatkiem witaminy B
i jonow zelaza (200 ug Fe**/ml pozywki) i bez PEF, niebieskie stupki (Y4) - hodowle z B> i z PEF
(napigcie 1500 V, szerokos$¢ impulsu 10 ps, czas dziatania PEF 10 min, liczba impulséw 600, po 22
h hodowli), zotte stupki (Y5) — hodowle z witaming B i jonami zelaza (200 pg Fe**/ml pozywki) i
z PEF (napigcie 1500 V, szeroko$¢ impulsu 10 ps, czas dziatania PEF 10 min, liczba impulsow 600,
po 22 h hodowli). Kazda wartos¢ jest srednig + odchylenie standardowe (n=3). Stupki z ta sama litera

(a - 1) nie r6znig si¢ istotnie (p<0,05)

W literaturze do niedawna brakowato doniesien o zastosowaniu PEF do wzbogacania
drozdzy w witaminy. Ostatnio Nowosad 1 in. (2022) zastosowali t¢ metode do zwigkszenia
akumulacji witaminy C w drozdzach S. cerevisiae za pomoca PEF. Najwyzsza akumulacje
witaminy C w komorkach (ok. 1,3 mg/g suchej masy) uzyskano, gdy 20-godzinng hodowle
drozdzy potraktowano PEF przy optymalnych parametrach: napiecie 1000 V, szeroko$¢
impulsu 10 ps, czas dziatania PEF 20 min oraz liczba impulséw 1200.

Drozdze mozna stosowa¢ w profilaktyce 1 leczeniu ro6znych dolegliwosci
1 niedobordéw, gdyz sa bogatym zrodtem aminokwasow, biatek, mineralow takich jak
chrom, selen, cynk, miedz, zelazo, mangan, magnez oraz witaminy z grupy B (Jach 1 in.,
2018). W tabeli 5 przedstawiono warto$¢ odzywczg 1 indeks glikemiczny platkow
wytworzonych z drozdzy z kultur niesuplementowanych oraz wzbogaconych w jony Zelaza
1 witaming Bi> dwoma réznymi metodami. Zawarto$¢ weglowodanéw w platkach wahata

si¢ od 32-34%. Probki C1 1 C2 mialy wyzszg zawartos¢ biatka niz P. Najwyzsza zawarto$¢
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thuszczu stwierdzono w probce Cl. Probki ptatkéw drozdzowych roznity si¢ istotnie
zawarto$cig popiolu, co bylo spowodowane wyzszg zawartoscig zelaza w probkach
wzbogaconych o ten pierwiastek. Ilos¢ weglowodandéw, thuszczéw 1 bialek wplywata na
kaloryczno$¢ produktow. Stwierdzono statystycznie istotne réznice w wartosci kalorycznej
ptatkow drozdzowych z najwyzszym wynikiem dla probki Cl1. IG ptatkéw drozdzowych
wynosit okolo 42, dzicki czemu moga stanowi¢ uzupelnienie diety 0s6b

z insulinoopornos$cia i cukrzyca.

Tabela 5. Sktad odzywczy, kaloryczno$¢ i indeks glikemiczny (IG) ptatkéw drozdzowych
(zawartos¢ podawana w przeliczeniu na sucha masg) wyprodukowanych z drozdzy

niewzbogaconych i wzbogaconych jonami zelaza i witaming B1»

Platki Biatko (%) Weglowodany Thuszez Popiél Warto$¢ Glycemic
drozdzowe (%) (%) (%) kaloryczna  index (GI)
(keal/100 g)
C1 53,02+0,17° 33,79+0,28° 2,70+0,14°  6,38+0,04* 387,97+0,89° 42,12+0,11?
C2 52,66+0,33% 31,94+0,122 2,50+0,00° 8,81+0,24>  377,23+0,96° 42,09+0,09°
P 49,25+0,10° 31,99+0,372 2,35+0,07* 12,58+0,19° 361,43+0,39* 41,97+1,09

C1 — ptatki drozdzowe bez dodatku jonéw zelaza i witaminy B, oraz bez PEF; C2 — platki drozdzowe z

3+/.

dodatkiem jonow zelaza (200 pg Fe’”ml pozywki) i witaminy B, (1 mg witaminy Bi»/ml pozywki) i bez PEF;

3+/.

P — ptatki drozdzowe z dodatkiem jonéw zelaza (200 pg Fe’”ml pozywki) oraz witaminy B, (1 mg witaminy

Bi»/ml pozywki) i PEF. Kazda wartos¢ jest srednig + odchylenie standardowe (n=3). Wyniki z tg samg litera

w kolumnie nie r6znig si¢ istotnie (p<0,05).

Produkty pochodzenia zwierzecego sa zrédlem witaminy B2 w diecie. Srednia
biodostepnos¢ tej witaminy u zdrowych ludzi z migsa drobiowego waha si¢ od 61 do 66%
(Watanabe 1 in., 2007). Bioaktywne formy witaminy Bi2 nie wystepuja w produktach
roslinnych. Niektore pokarmy roslinne, takie jak wodorosty 1 grzyby, zawieraja analogi
witaminy B12 (Watanabe i Bito, 2018).

Tabela 6 przedstawia zawarto$¢ zelaza i1 witaminy B> oraz potencjalng
biodostepnos¢ tych zwigzkow z platkéw drozdzowych. Potencjalna biodostepnos¢ witaminy
B12 z ptatkow drozdZzowych wynosita okoto 3,5% w probee C2, natomiast w probcee P - okoto
4,3%. Wyzsza biodostepnos¢ witaminy B> w probce P moze by¢ spowodowana wyzsza
zawartos$cig witaminy B> w tej probce niz w C2. W naszym badaniu ptatki drozdzowe
zawieraly o 82,5% mniej witaminy B12 niz drozdze swieze (5,25 pg/g suchej masy drozdzy
10,92 ng/g suchej masy ptatkow drozdzowych). Roznica w zawartosci witaminy B12 miedzy

tymi produktami jest prawdopodobnie spowodowana wysoka temperaturg procesu
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przygotowania platkéw drozdzowych (Bajaj 1 Singhal, 2021). Ptatki drozdzowe CI1 i C2
zawieraly odpowiednio okolo 12 mg i ok. 1420 mg zelaza w 100 g suchej masy.
Zastosowanie drozdzy wzbogaconych w zelazo w warunkach PEF do przygotowania
ptatkow drozdzowych zwigkszylo zawartos¢ jondw zelaza w ptatkach do prawie 3600 mg
/100 g suchej masy. Potencjalna biodostepnos$¢ zelaza z ptatkow drozdzowych wynosi okoto

6,8% dla probki C2 i okoto 10% dla probki P.

Tabela 6. Zawartos¢ zelaza i witaminy B> w 100 g suchej masy oraz potencjalna biodostgpnosé¢

zelaza z ptatkéw drozdzowych

Platki Zawarto$¢ zelaza Potencjalna Zawarto$¢ Potencjalna
drozdzowe (mg/100 g) biodostepnosé witaminy B2 biodostepnosé
zelaza (%) (ng/100 g) witaminy B12 (%)
C1 11,98+1,012 5,16+0,60? 1,03£0,29? 0,00*
C2 1424,42+0,78° 6,77+0,36° 64,90+3,18° 3,53+0,76°
P 3593,10+4,33¢ 10,13+0,08° 92,42+ 391° 4,3140,44¢

C1 — ptatki drozdzowe bez dodatku jonoéw zelaza i witaminy Bi, oraz bez PEF; C2 — ptatki drozdzowe z
dodatkiem jonow zelaza (200 ug Fe**/ml pozywki) i witaminy By, (1 mg witaminy B12/ml pozywki) i bez PEF;
P — ptatki drozdzowe z dodatkiem jonow zelaza (200 ug Fe3*/ml pozywki) oraz witaminy B, (1 mg witaminy
Bi2/ml pozywki) i PEF. Kazda warto$¢ jest $rednig + odchylenie standardowe (n=3). Wyniki z tg samg literg

w kolumnie nie r6znig si¢ istotnie (p<0,05).

Platki drozdzowe oceniono sensorycznie. Wyniki oceny ogolnej dla platkow
drozdzowych P 1 C2 byly najwyzsze i nie rdznily si¢ istotnie (Rys. 16). Najnizej oceniono
ptatki drozdzowe CI1. Barwa zostatla oceniona wyzej dla produktu P niz C1 i C2 (nie
stwierdzono statystycznie istotnych réznic migdzy tymi dwiema probkami, p < 0,05).
Statystycznie istotne réznice stwierdzono migdzy probkami P, C2 1 C1. Roznice te wynikaly
z ciemnoczerwonej barwy ptatkow C2 i P spowodowanej obecno$cig witaminy B2, ktéra
ma posta¢ czerwonych krysztatkow. Nie stwierdzono istotnych réznic pomigdzy ptatkami
drozdzowymi w takich cechach jak: struktura, konsystencja i smak. Jako$¢ ptlatkow
drozdzowych C1 oceniono jako zadowalajaca, natomiast ptatkow drozdzowych C2 i P jako

dobra. Obecno$¢ zelaza nie zmienita wlasciwos$ci sensorycznych produktu.
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Kolor

Zapach

Smak Struktura 1
konsystencja
Rysunek 18. Wyniki oceny ptatkow drozdzowych metoda 5-punktowa. C1 — ptatki drozdzowe bez
dodatku jonow zelaza i witaminy B, bez PEF; C2 — platki drozdzowe z dodatkiem jonow zelaza
(200 pg Fe**/ml pozywki) i witaminy By, (1 mg witaminy Bio/ml pozywki) bez PEF; P — platki
drozdzowe z dodatkiem jonow zelaza (200 pg Fe**/ml pozywki) i witaminy B> (1 mg witaminy

Bi2/ml pozywki) oraz PEF. Kazda wartos$¢ to $rednia + odchylenie standardowe (n=3)
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6. Podsumowanie i wnioski

Postawione na wstepie hipotezy badawcze zweryfikowano przeprowadzajac szereg
eksperymentéw na drozdzach wzbogaconych w jony zelaza za pomocg pulsacyjnego pola
elektrycznego. Znaczace roznice w akumulacji jondéw zelaza miedzy prébkami kontrolnymi
(C1, C2) a prébkami poddanymi dziataniu PEF (P) wskazuja na mozliwo$¢ wykorzystania
pulsacyjnego pola elektrycznego jako sposobu na suplementacje drozdzy w wybrane
sktadniki mineralne. W rozprawie doktorskiej wykazano, ze drozdze Saccharomyces
cerevisiae moga stanowi¢ surowiec do produkcji zywnosci potencjalnie funkcjonalnej o
pozadanych cechach fizykochemicznych. Przeprowadzone badania rozszerzyly wiedze

z zakresu wykorzystania drozdzy jako no$nikéw sktadnikéw mineralnych i witamin.
Przeprowadzone badania pozwolity na sformutowanie nastgpujacych wnioskow:

1. Zastosowanie pulsacyjnego pola elektrycznego prowadzi do zwigkszenia
akumulacji jonow zelaza komoérkach drozdzy.

2. Zastosowanie optymalnych warunkéw pulsacyjnego pola elektrycznego powoduje
wzrost akumulacji jonow zelaza w komorkach Saccharomyces cerevisiae o 157%
w poroOwnaniu z probka wzbogacong zelazem bez PEF. Po zastosowaniu
nastepujacych warunkéw obrobki PEF: napiecie 1500 V, szeroko$¢ impulsu 10 ps,
czas dzialania PEF 20 min i liczba impulséw 1200, akumulacja jondéw zelaza
w komorkach drozdzy z 20 h hodowli osigga wartos¢ maksymalng 48,01 mg
Fe’*/g suchej masy.

3. Zastosowanie pulsacyjnego pola elektrycznego do zwigkszenia akumulacji jonow
zelaza nie powoduje istotnego zmniejszenia produkcji biomasy oraz zywotnosci
komorek drozdzy Saccharomyces cerevisiae.

4. Aktywno$¢ fermentacyjna drozdzy wzbogaconych w jony zelaza bez udziatu PEF,
jak 1z zastosowaniem PEF jest nizsza niz drozdzy niewzbogaconych.

5. Drozdze wzbogacone w jony zelaza (oraz dodatkowo w witamine Bi2) mogg zostac¢
wykorzystane do produkcji podptomykow 1 ptatkéw  drozdzowych
charakteryzujacych si¢ ok. 10% potencjalng biodostgpnoscia tego pierwiastka.
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Abstract During the last decades, many novel techniques
of food processing have been developed in response to
growing demand for safe and high quality food products.
Nowadays, consumers have high expectations regarding
the sensory quality, functionality and nutritional value of
products. They also attach great importance to the use of
environmentally-friendly technologies of food production.
The aim of this review is to summarize the applications of
PEF in food technology and, potentially, in production of
functional food. The examples of process parameters and
obtained effects for each application have been presented.

Keywords Pulsed electric field - Food processing -
Functional food

Introduction

Development of innovative food processing methods can
increase the competitiveness of the food industry by
improving product quality, introducing new products to the
market and reducing production costs (Tiwari et al. 2009).
Incorporation of pulsed electric field (PEF) technology into
food production was supported by the growing con-
sumer interest in food of high nutritional value, the demand
for fresh-like products as well as food produced with the
use of environmentally friendly methods (Evans and Cox
2006; Soliva-Fortuny et al. 2009). The studies showed that

<l Monika Sujka
monika.sujka@up.lublin.pl

Department of Analysis and Evaluation of Food Quality,
University of Life Sciences in Lublin, Skromna 8§,
20-704 Lublin, Poland

despite the fact that consumers have rather conservative
approach and it is not always easy for them to see the
benefits of novel processing technologies, they appreciate
the naturalness, improved taste and high nutritional value
of the products subjected to PEF (Nielsen et al. 2009;
Sonne et al. 2012). As suggested by the results of studies
conducted in different countries, providing detailed and
reliable information about new technologies may be of key
importance for increasing consumer acceptance of products
obtained using novel food processing technologies (Lee
et al. 2015; Galati et al. 2019; Maherani et al. 2016).
Despite many scientific studies on the principles and
applications of PEF technology published so far and the
fact that PEF was introduced into the food industry many
years ago, this technology is still considered emerging. In
the European Union there is no special legislation on food
processed with PEF. In general the use of this technique is
regulated by the Novel Food Regulation (EU) 2015/2283,
but implementation of PEF into production does not
automatically mean the food becomes “novel”. According
to Article 4 of Regulation (EC) No. 258/97, a food product
can be considered as novel if the production process
applied causes significant changes in its composition or
structure influencing nutritional value, metabolism or level
of undesirable substances. The studies showed that, for
instance, in case of liquid products such as oils, juices and
beverages containing juices no significant decreases in
content of health-beneficial compounds have been
observed as a result of PEF treatment (Guderjan et al.
2005; Zulueta et al. 2007; Salvia-Trujillo et al. 2011;
Morales-De La Pefia et al. 2012; Vallverdi-Queralt et al.
2012). The party who wants to market the food is
responsible for clarifying its regulatory status with the
national food authority body. Decision on food novelty is
based on the procedures described in the Commission
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Implementing Regulation (EU) 2018/456 and safety
assessment must be carried out as a part of the authorisa-
tion process. The use of novel processing technologies has
the potential to reduce the environmental impact of food
production and increase food safety, so their use is regu-
latory encouraged in the EU (Regulation (EU) 2015/2283).
Regulations concerning novel foods exist also in Canada,
New Zealand/Australia, China, and Brazil but the defini-
tion of “a novel food” may differ (Magnuson et al. 2013).
In the United States, prior to 2002, the Food and Drug
Administration considered pasteurization as a thermal
treatment but in September 2004, the USDA National
Advisory Committee on Microbiological Criteria for Foods
(NACMCEF) redefined the term “pasteurization” as “any
process, treatment, or combination thereof, that is applied
to food to reduce the most microorganism(s) of public
health significance to a level that is not likely to present a
public health risk under normal conditions of distribution
and storage” allowing methods such as PEF to be used
(NACMCEF 2004). PEF has been used for the commercial
pasteurization of juices in compliance with the mandates of
FDA’s juice HACCP regulations (21 C.F.R. 120). The
juice processors also have to implement sanitation and
Good Manufacturing Practices during production of juice
and juice products. According to FDA the processes of
production should meet a performance standard of 5 log
reduction of the most resistant pathogen (FDA 2000).

Pasteurization of liquid foods still remains the main
purpose of using PEF technology. The lethal effect of PEF
on various vegetative bacteria, mold, and yeast can be
strengthen by combining with other physical methods, such
as UV radiation (Gachovska et al. 2008), high intensity
light pulses (HILP) (Caminiti et al. 2011), ultrasound
(Aadil et al. 2018), high pressure carbon dioxide (Pataro
et al. 2010) and manothermosonication (Palgan et al.
2012).

General overview: advantages and disadvantages
of PEF

PEF is a method that uses electric waves with high voltage
amplitude. Short electrical impulses (from microseconds to
milliseconds each) of high voltage (typically 10-80 kV/
cm) are supplied to the product placed between the elec-
trodes in the chamber (Deeth et al. 2008). Depending on
the properties of the processed food product and the effects
to be obtained, the process conditions such as electric field
strength (kV/cm), pulse frequency, pulse width, shape of
the pulse wave and exposure time (related to the flow rate
and volume of fluid in the electrode chamber) can be
modified suitably. For instance, the range of electric field
strength 0.1-1 kV/cm causes reversible permeabilization
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of plant cells, 0.5-3 kV/cm—irreversible permeabilization
of plant and animal tissue, 15-40 kV/cm—irreversible
permeabilization of microbial cells (Tsong 1996).

In the last decade, one of the main fields of research in
the scope of alternative energy-saving processes has been
the application of PEF as a non-thermal method in food
processing (Soliva-Fortuny et al. 2009). Nevertheless, it
should be mentioned that the energy of the electric pulses
generates heat due to Joule heating so cooling is necessary
to maintain a low temperature of the processed product
during PEF treatment. On the other hand, this phenomenon
can be applied for a gentle preservation process. The
combination of high temperature and PEF membrane
electroporation improves also the inactivation efficiency
(Jaeger et al. 2010b).

Most of the research on the use of PEF relates to inac-
tivation of enzymes and microorganisms. High voltage
impulses break the cell membrane making it permeable to
small molecules, which causes the cells to begin to swell
and break (Zimmerman 1986). PEF can be used for liquid
and semi-solid products e.g. soups, liquid eggs or fruit
juices (Qin et al. 1995). Fruit juices processed with this
technology were introduced to the US market in 2005
(Ravishankar et al. 2008). In the case of solid products,
PEF technology has found application mainly in potato
processing industry. Potatoes can be subjected to PEF
immediately after peeling and before the cutting step
(Faridnia et al. 2015a) or in a form of slices. The effect of
PEF is a change in the structural integrity of tissues, which
results in more controlled release of intracellular com-
pounds such as reducing sugars or amino acids involved in
Maillard reactions, and therefore reduces acrylamide con-
tent in cooked or fried potato products (Jaeger et al.
2010a, b; Janositz et al. 2011; Genovese et al. 2019).
Potatoes treated with PEF also have a more uniform color
and absorb less oil during frying (Ignat et al. 2015; Liu
et al. 2018a, b). Another effect of PEF is a softer texture
that facilitates potato processing, e.g. cutting (Lebovka
et al. 2004) and a significant decrease in drying time of
potato discs (Fauster et al. 2018).

Although this technology has been investigated exten-
sively and there are several dozen commercial PEF systems
working around the world, the majority of the obtained
results refer to the experiments carried out at laboratory
scale. The pulsed electric field technology itself is gener-
ally considered to be safe for humans, because no dan-
gerous chemical reactions have been detected (Frewer et al.
2011). However, the results of some studies indicate that
electrode material constituents (e.g. Fe, Cr, Ni, Mn) are
released to the liquid food samples due to corrosion
(Roodenburg et al. 2005; Pataro et al. 2014). This problem
may be overcome by application of carbon electrodes
(Toepfl et al. 2004). According to Pataro et al. (2014),
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some electrical parameters such as pulse frequency and the
composition of the processed product (e.g. presence of
halides) affect the amount of metal released from the
electrodes. Undoubtedly, further research is needed to
determine the optimal conditions for PEF treatment on an
industrial scale, as well as electrode material and geometry,
so that undesirable electrode reactions will be eliminated or
at least minimized.

A typical PEF unit is composed of a few basic compo-
nents: high-voltage pulse generator, treatment chamber,
fluid-handling system, control and monitoring devices
(Fig. 1). The first component supplies the high voltage
pulses with required shape, duration and intensity. The
generated pulses are applied to a pair of electrodes present
in the treatment chamber and the treated product is placed
between them. Depending on the type of the treated pro-
duct (solid, semisolid, liquid, semiliquid), the treatment
chambers can be divided into batch treatment chambers
and continuous treatment chambers. The latter type is very
convenient for industrial processes because allows liquid
and semi-liquid products to be pumped through the
chamber. The process is controlled by a central computer
which is used for setting the parameters, controlling the
operation of pump and gathering data from the probes
placed inside the chamber (Barbosa-Canovas et al. 2004).
In liquid products processed with PEF the serious problem
is non-uniformity of electric field distribution inside the
treatment chamber caused by its configuration, presence of
bubbles/impurities and thermophysical properties of the
product itself (Zhang et al. 1995). As a result some parts of
the liquid volume can be undertreated (often in central or
dead spaces) or overtreated (often in boundary regions).
Achieving of electric field uniformity is particularly
important in the case of cold pasteurization, because during
this process all microorganisms present in the liquid should
be exposed to the same electric field strength and the same

PEF chamber

Temp.
Pump control

Sto -

— PEF pulse
L4 generator
[ S— )
Untreated
sample

Fig. 1 A typical PEF unit used in food processing
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number of pulses. To overcome this problem, treatment
chambers with parallel plate electrode configurations or
multiple PEF treatment chambers placed in series can be
used (Buckow et al. 2013).

Mechanism of pulsed electric field

The application of PEF on plant, animal or microbial cells
disturbs transiently or permanently the integrity of cell
membrane increasing its permeability, however the mech-
anism of PEF activity has not been fully understood. Until
now, several theoretical models have been suggested, but
there is still no evidence of PEF’s action regimen at the
cellular level (Soliva-Fortuny et al. 2009). Experimental
evidence suggests that aqueous hydrophilic pores are
formed as a consequence of rearrangements of the mem-
brane components such as water and lipids, induced by
long and intense electrical pulses (Weaver 2003). It is not
possible to observe directly pores of sizes in nanometers
with conventional methods e.g. electron microscopy.
However, nowadays computational methods (molecular
dynamics simulations) can be used to model the effect of
electric field in cell membrane (Leach 2001) The simula-
tions conducted by Tieleman (2004) have evidenced that
the electroporation process takes place in two stages: (1)
water molecules organized in single wire penetrate the
hydrophobic core of the bilayer; (2) the water wires grow
in length and expand into water-filled pores, which are later
stabilized by reorganization of lipid molecules.

When a biological cell is considered as an electrolyte
surrounded by an electrically insulted shell (the cytoplasm
surrounded by the plasma membrane) and it is exposed to
an external electric field, this results in occurrence of
induced transmembrane voltage (Kotnik et al. 2010).
Under physiological conditions there is a ionic gradient
across the membrane resulting from the work of sodium—
potassium pumps and potassium leak channels. Its value
depends on cell type and typically ranges from — 80 to
— 40 mV (Kotnik and Miklavc¢i¢ 2006). Permeabilization
of cell membrane is a local process and takes place when
the transmembrane potential difference induced by electric
field reaches 250 mV. This part of cell surface becomes
highly permeable for small charged molecules such as
DNA or metal ions (Teissié and Tsong 1981). Diffusion is
observed mainly after the pulse and lasts for seconds and
minutes (Gabriel and Teissie 1997). Permeabilization is
dependent on field strength, pulse parameters (amplitude,
duration, pulse number and repetition rate), membrane
composition, surrounding media, temperature, cell size and
shape and its orientation to the electric field lines (Vali¢
et al. 2003). This phenomenon can be detected e.g. with the
use of fluorescent indicators such as propidium iodide (PI)
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(Sadik et al. 2013) or by means of electrical measurements
(bio-impedance or micro-electrodes techniques) (Silve
et al. 2011, 2017). The uptake of the indicator by the cells
is the evidence of membrane permeabilization. When the
operation of the electric field stops, the membrane defects
become sealed, and the cells retain the introduced mole-
cules or ions. It depends on the time of exposure and the
intensity of the electric field. Resealing can last from a few
second to several hours, depending on temperature. For
example, at 37 °C the membrane defects close in a few
seconds, at 4 °C in a few minutes and when cells are
maintained on ice—several hours are needed. When the
field strength exceeds the critical value significantly, the
process is irreversible and can lead to cell destruction
(Golzio et al. 2002).

Applications of PEF in food processing

The PEF technique was of interest already in the twentieth
century. At the beginning of the 1990s, a milk pasteur-
ization method was developed in which a low-frequency
alternating electric field was used. In 1960 a German
engineer Doevenspeck patented a method that used high-
voltage electric waves to break down the structure of the
cells of food materials (Toepfl et al. 2006). Processing
factors such as electric field strength, pulse shape, pulse
width, treatment time, pulse frequency and polarity, tem-
perature, treatment in batch or continuous flow system are
critical factors determining the efficiency of PEF technol-
ogy in food processing. Optimization of PEF parameters is
required for each specific application of pulsed electric
field. Some examples are presented in Table 1.

Drying

Pre-treatment of the sample with PEF in order to destroy
the cell structure reduces its resistance to diffusion and the
mass and heat transfer rates between the cells and their
surroundings increases (Barba et al. 2015). Research on the
impact of initial PEF treatment on drying kinetics as well
as changes in color and texture in sliced parsnip and carrot
was carried out by Alam et al. (2018). The drying time was
reduced to 28% at 70 °C and to 21% at 60 °C compared to
the untreated samples. Wiktor et al. (2016) observed that
drying time of the PEF-treated carrot samples was reduced
up to 8.2%, the effective water diffusion coefficient
increased up to 16.7%, and samples after drying exhibited
higher lightness and redness in comparison to the intact
tissue. Effect of a PEF pre-treatment on drying of onions
was investigated by Ostermeier et al. (2018). The study
revealed that a rising electric field strength up to 1.07 kV/
cm caused an increase of the cell disintegration which
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facilitated the moisture release to the surface of the prod-
uct. The higher diffusion led to a 30% reduction in drying
time for PEF pre-treated onion samples dried at 45 °C.
Telfser and Gomez Galindo (2019) studied the effect of
reversible permeabilization as pre-treatment before air
drying at 40 °C, vacuum drying and freeze drying of basil
(Ocimum basilicum L.) leaves. The application of PEF
shortened the drying time by 57% for air drying, 33% for
vacuum drying and 25% for freeze drying. Samples which
were PEF-treated and vacuum dried were found to be the
closest to fresh leaves regarding colour and smell deter-
mined by sensory panel. Application of PEF accelerates
also the drying of carrots, potatoes, apples, coconuts or
paprika (Ade-Omowaye et al. 2001).

Freezing

Freezing food has one major disadvantage—the formation
of ice crystals can destroy the tissue so that after thawing
the products (for example soft fruits, leafy vegetables) lose
their shape and become sodden. In this form they are not
accepted by the consumers. It has been demonstrated that
pulsed electric fields can be used to improve freezing tol-
erance of baby spinach leaves. PEF was applied with
vacuum impregnation in the presence of cryoprotectants
such as trehalose, sucrose, glucose, and fructose. The
combination of these methods caused that leaf cells
remained viable and the leaves retained turgor after the
freezing and thawing cycle (Demir et al. 2018). Carrot
discs treated with PEF after soaking in different cryopro-
tectant and texturizing agents had higher firmness after
thawing than control sample (Shayanfar et al. 2014).
Similar studies were carried out for potato strips. The
results showed that PEF treatment by itself (without tex-
turizing and antifreeze agents) was not a suitable pre-
treatment method but when it was applied with CaCl, and
trehalose potato strips maintained structural integrity,
firmness and colour after thawing (Shayanfar et al. 2013).
Interestingly, there was no improvement in texture of
strawberries frozen and thawed after the application of PEF
coupled with vacuum infusion and cryoprotectants. How-
ever, such treatment enhanced the color retention of
thawed fruits (Velickova et al. 2018).

Application of PEF technology together with freezing or
freeze-drying affects freezing time and rate. For example,
the study of Jalté et al. (2009) showed that PEF pre-treat-
ment can reduce the freezing time, increase the rate of
freeze-drying and improve quality of the freeze-dried
potato. Similarly, Wiktor et al. (2015), who studied influ-
ence of PEF on freezing and thawing of apple tissue,
observed that the total freezing time and the total thawing
time were reduced by, respectively, 3.5-17.2% and 71.5%.
Similar results were reported by Ben Ammar et al. (2011)
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Table 1 Examples of process conditions and effects of using PEF in food processing

Material PEF parameters Effect of PEF References
Drying

Basil (Ocimum
basilicum L.)
leaves

Parsnip and carrot
Carrot

Potato tissue

Extraction

Citrus fruits and
peel (orange,
pomelo and
lemon)

Fruit juice with
the addition of
stevia

Blueberry fruits
(Vaccinium
myrtillus L.)

Freezing
Baby spinach
leaves

Apple tissue

Beef muscle

Preservation

Fresh berries

Peptides isolated
from pine nuts

65 pulses of 650 V/cm, 150 ps pulse width, 760 ps
between pulses

20 ps, 50 Hz, 0.9 kV/cm, after 1000 pulses

Pulse number 10, 50 and 100; 1,85 and 5 kV/cm;
5,63, 8 and 80 kJ/kg

300-400 V/cm

3 kV/cm—fruits
10 kV/ecm—peel

30 kV/cm for 230 ps

40 kV/cm for 230 ps

21 kV/em 300 ps with 2.5% stevia

1,3 and 5 kV/cm, 10 kJ/kg

Two trains of bipolar, rectangular pulses with
amplitude of 350 V, with 10 s interval between
trains. Each train consisted of 500 pulses of 200 ps
pulse width and 1600 ps of space between the
pulses (frequency 500 Hz)

800 V/cm, pulse duration 1000 ps, time interval
100 ms, 10 pulses

1,4 kV/cm, 20 ps, 50 Hz, 250 kJ/kg (combined with
freezing and thawing)

2 kV/cm, pulse width 1 ps and 100 pulses per second
for 2, 4 and 6 min + disinfectant solution (60 ppm
peracetic acid [PAA])

1800 Hz, 15 kV/cm

Drying times reduced 57% for air drying, 33% for
vacuum drying and 25% for freeze drying

Drying time reduced to 28% at 70 °C and to 21% at
60 °C, compared to the untreated samples

Drying time reduced up to 8.2%. Decrease of
sample lightness up to 25.3%

Decreasing the drying temperature approximately
on 20°

Increased yield of juice by 25% for oranges, 37%
for pomelos and 59% for lemon, improved
extraction of polyphenols to 50%

The retention of ascorbic acid increased by over
74%. The enhancement of anthocyanins and
carotenoids extraction

The highest content of hydroxymethylfurfural

The highest content of bioactive compounds and
sweetening properties obtained with minimal
color changes

Increasing the juice yield (+ 28%) compared to the
untreated sample. The juice obtained had a
significantly higher total phenolic content
(+ 43%), total anthocyanin content (+ 60%) and
antioxidant activity (+ 31%)

Improved freezing tolerance by applying vacuum
impregnation and PEF in the presence of
cryoprotectants

Acceleration of cooling processes; good
preservation of the macro-shape, inhibition of
shrinking, development of large pores in the
electroporated tissue

Microstructural changes in meat tissue, improved
tenderness and purge loss

The reduction of E. coli and Listeria innocua
without changing the color and appearance of
blueberries

The softening of the berry structure

Conc. of anthocyanins and phenolic compounds
increased by 10 and 25%, respectively

No changes of the amino acid sequence

Telfser and
Gomez
Galindo
(2019)

Alam et al.
(2018)

Wiktor et al.
(2016)

Lebovka
et al.
(2007)

El Kantar
et al.
(2018)

Carbonell-
Capella
et al.
(2017)

Carbonell-
Capella
et al.
(2017)

Carbonell-
Capella
et al.
(2017)

Bobinaité
et al.
(2015)

Demir et al.
(2018)

Parniakov
et al.
(2016a)

Faridnia
et al.
(2015b)

Jin et al.
(2017)

Lin et al.
(2017)
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Table 1 continued

Material PEF parameters

Effect of PEF References

Milk 25.7 kV/cm for 34 ps after heating to 55 °C and
maintained for 24 s and heat treatment at 63 °C for

30 min or at 73 °C for 15 min

Sharma et al.
(2017)

Inactivation of alkaline phosphatase. Reduced
xanthine (30%) and plasmin oxidase (7%) activity

and Al-Sayed et al. (2018). The authors concluded that
electroporation of multicellular tissues led to better con-
nections between intra- and extracellular content allowing
increased probability of ice nucleation and faster ice
propagation after freezing and correspondingly shortening
the freezing time.

Food preservation

Food deterioration may be caused by several factors such
as microorganisms development and activity of endoge-
nous enzymes. The PEF technology, compared to the tra-
ditional pasteurization method, not only inactivates
pathogenic microorganisms but also enzymes in some
extent, minimizes the loss of the original taste, color, tex-
ture, nutrients and other thermolabile compounds found in
food (Syed et al. 2017). For this reason, it is a promising
supplement or substitute for traditional thermal pasteur-
ization. PEF can be successfully used for liquid products
with low viscosity and electrical conductivity, e.g. milk
and juices.

Microbial inactivation

Milk and dairy products are processed using various ther-
mal methods to make them safe for human consumption.
Incorrect pasteurization of milk causes spoilage of the
product and formation of pathogenic bacteria such as
Escherichia coli, Listeria spp. and Pseudomonas. The
treatment in which high temperatures are used causes
nutrient losses (Ercolini et al. 2009). Pulsed electric field
not only inactivates bacteria at low temperatures, but also
affects minimally the nutritional and sensory properties of
the food product. PEF causes inactivation of Gram-nega-
tive and Gram-positive bacteria in a whole milk already at
50 °C (Sharma et al. 2014). Milk that has been thermally
preserved can be microbiologically stable for 21 days
when stored at 4 °C. However, heat causes unfavorable
effects such as: damage to the creaming properties, non-
enzymatic browning, degradation of lactose, denaturation
of whey proteins (Fox et al. 2015). PEF technology can be
used synergistically with heat, antimicrobial agents,
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membrane filtration and ultraviolet radiation in order to
increase the effectiveness of bacterial inactivation and
prolonging the period of consumption. In one of the studies
of Sharma et al. (2017), milk samples were subjected to
PEF with the following parameters: 25.7 kV/cm for 34 ps
after heating to 55 °C and maintained for 24 s and heat
treatment at 63 °C for 30 min or at 73 °C for 15 min.
Inactivation of alkaline phosphatase was comparable in all
samples. The PEF-treated sample initially exhibited
reduced xanthine (30%) and plasmin oxidase (7%) activity,
however, after 21 days of refrigeration storage, these
parameters were similar to the milk sample not processed
at all. During storage in all milk samples, lipolytic activity
increased and the pH level dropped. Hemar et al. (2011)
reported that PEF has no impact on whey proteins and milk
pH, but it can affect the viscosity and particle size when
milk is treated with high field strengths.

Jin et al. (2017) studied how PEF affects the native
microflora and the population of E. coli Listeria innocua,
which have been artificially grafted on blueberries. The
combination of PEF and PAA (60 ppm peracetic acid)
resulted in the reduction of E. coli and Listeria innocua, but
it did not change the color and appearance of blueberries.
The only disadvantage of the process was the softening of
the berry structure. Anthocyanins and phenolic compounds
increased by 10 and 25%, respectively. Palgan et al. (2012)
combined PEF and manothermosonication (MTS) to
reduce Listeria innocua in a milk based smoothie. The
study showed that the application of MTS followed by PEF
was the most effective in inactivating L. innocua causing a
mean reduction of 5.6 log cfu/ml.

Spore inactivation

PEF processing seems to have no effect on endospores
although some publications describe a certain level of
spore inactivation achieved if the necessary harsh condi-
tions are applied. Spores present a higher resistance to PEF
than vegetative cells due to their small sizes, low perme-
ability, dehydration and mineralization (Setlow 1995).
Therefore, at present, PEF treatment alone can be applied
for pasteurization but not for sterilization purposes.



J Food Sci Technol (February 2021) 58(2):397-411

403

However, combined application of PEF with other methods
e.g. thermal treatment can lead to successful inactivation of
endospores. For instance, Siemer et al. (2014) reported a 3
log cycles inactivation of B. subtilis spores under the fol-
lowing process conditions: electric field strength of 9 kV/
cm, inlet temperature of 80 °C, the addition of 10% sugar
to medium. Similarly, Reineke et al.(2015) achieved a 4.67
log( inactivation of B. subtilis spores in saline water when
they applied the process conditions: 70 °C with a flow rate
of 51/h, a frequency of 150 Hz, an energy input of
226.5 kl/kg.

Enzyme inactivation

Enzymes are less sensitive to the action of PEF than
microbes so more intense PEF treatments are required for
their inactivation (Ho et al. 1997), but the mechanism of
this phenomenon is still not well understood. Probably both
electrochemical and thermal effects, which are associated
with PEF, cause the changes in the structure and confor-
mation of enzymes leading to their inactivation (Terefe
et al. 2013). In the case of grape juice, which is susceptible
to the action of many enzymes, PEF did not significantly
affect its physicochemical and sensory characteristics but it
reduced the activity of polyphenyl oxidase and peroxidase.
The duration of PEF action, its intensity and frequency had
a significant effect on the relative activity of selected
enzymes, which was abolished along with the increase of
the above-mentioned parameters (Marselle’s-Fontanet and
Martin-Belloso 2007).

Extraction of bioactive compounds

Extraction is one of the most commonly used processes in
the industry to obtain valuable compounds and usually it
involves chemical and/or thermal treatment of a sample.
Numerous studies report that application of pulsed electric
field for extraction can enhance its efficiency, reduce the
extraction time and minimize any damage to the extracted
nutrients. PEF has been used to improve the extraction of
intracellular compounds from fruits and vegetables.
Luengo et al. (2013) reported that amount of polyphenols
extracted from tomatoes and grapes increased after treat-
ment with PEF. The use of this technique enhanced also
extraction of polyphenols from borage (Borago officinalis
L.) leaves and increases their antioxidant activity. In
addition, it also reduced the extraction time, and the
increase in pulse intensity was proportional to the amount
of polyphenols extracted, as well as to their antioxidant
properties (Segovia et al. 2014). Soliva-Fortuny et al.
(2017) studied the effect of PEF on the content of phenols,
flavonoids and flavan-3-ol as well as on the antioxidant
capacity of apples stored at different temperatures (4 and

22 °C) for 48 h. The maximum increase in the total phenol
content (13%) and flavone-3-ol (92%) was observed in
apple treated with the mildest electric field parameters. The
antioxidant activity was also higher in apples subjected to
PEF (by 43%) in relation to the untreated samples. Liu
et al. (2018a, b) investigated the effect of PEF on the
extraction of water-soluble phenolic compounds from
onion as well as the antioxidant activity of the extracts.
Results indicated that the yield of water-soluble phenolic
and flavonoid compounds extracted from onion signifi-
cantly increased after PEF treatment following water
extraction, by 2.2 and 2.7 times, respectively, in compar-
ison to control. The authors noted that the antioxidant
activity of extracts increased with the increase in electric
field intensity and treatment time. El Kantar et al. (2018)
investigated the effect of PEF on citrus fruits (orange,
pomelo and lemon). Fruits and peel were treated with a
pulsed electric field at a field voltage of 3 kV/cm and
10 kV/cm, respectively. PEF processing increased the yield
of juice by 25% for oranges, 37% for pomelos and 59% for
lemon, and improved the extraction of polyphenols to 50%.
PEF is an ideal method used to enhance the extraction
process of various intracellular compounds, e.g. sugar from
sugar beet (Lopez et al. 2009), phytosterols from maize
germs (Guderjan et al. 2005). One of the benefits of using
PEF is also obtaining high purity of fruit juices (Lebovka
et al. 2003). However, the use of too high intensity can lead
to destruction of the cell membrane, cell turgor and may
have an adverse effect on the viscosity and elasticity of
plant tissue (Lebovka et al. 2004). The ability of PEF to
inactivate microorganisms and induce the permeabilization
of eukaryotic cells without a significant increase in the
temperature of the product can be used in the process of
wine production to improve its quality. The low energy
consumption and short processing time required to per-
meabilize grape skin cells are the key advantages of using
PEF in obtaining wines with a high content of phenolic
compounds. The high concentration of polyphenols helps
in stabilizing the color and improves the quality of the wine
during the aging process (Boulton 2001). Phenolic com-
pounds also have pro-health activities (e.g. antioxidant and
pro-inflammatory properties). PEF does not affect the
change in the taste, color or nutritional value of grape must
and wine. It also facilitates the growth of active dry wine
yeast that is added to the grape must to provide a faster
fermentation process. PEF also reduces the amount of SO,
which spoils the quality of wine (Puertolas et al. 2010).
The fruit juice with the addition of stevia was processed
by means of PEF to study the effect of this technology on
bioactive compounds and steviol glycosides. PEF treatment
resulted in the retention of ascorbic acid by over 74%, the
enhancement of anthocyanins and carotenoids extraction.
The best results were obtained at 30 kV/cm for 230 ps. At
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the highest voltage of 40 kV, the highest hydroxymethyl-
furfural content was found. With PEF carried out at 21 kV/
cm during 300 ps with 2.5% stevia, the highest content of
bioactive compounds and sweetening properties was
obtained with minimal color changes (Carbonell-Capella
et al. 2017).

Lin et al. (2017) investigated the mechanism of
improving the antioxidant properties of peptides isolated
from pine nuts using PEF. Radical inhibition of DPPH and
cellular antioxidant activity (CAA) were used to assess the
antioxidant activity of peptides. The structure of electro-
porated peptides was analyzed by medium-infrared spec-
trophotometry (MIR) and circular dichroism (CD). The
capture of DPPH radicals increased significantly
(89.10% =+ 0.20% to 93.22% =+ 0.09%) under PEF treat-
ment conditions. The pulse frequency was 1800 Hz and the
electric field voltage was 15 kV/cm. PEF did not change
the amino acid sequence of GIn-Cys-His-Lys-Pro, Gln-
Cys-His-GIn-Pro, Lys-Cys-His-GIn-Pro.

Starch modification

Pulsed electric field can be used for modification of potato,
corn, wheat, waxy rice, and cassava starches (Han et al.
2009; Hong et al. 2018; Li et al. 2019; Zeng et al. 2016).
The researchers observed re-arrangement and destruction
of starch molecules as well as a decrease in gelatinization
properties, viscosity and crystallinity along with the
increase in field strength (1.25-5 kV/cm and 30-50 kV/
cm). Application of PEF affected starch digestibility
increasing level of rapidly digestible starch in potato,
wheat and pea starches (PEF intensity of 2.86, 4.29, 5.71,
7.14, and 8.57 kV/cm, 600 Hz of pulse frequency, 6 ps of
pulse width) (Li et al. 2019) and in waxy rice starch (30, 40
and 50 kV/cm) (Zeng et al. 2016). Hong et al. (2018)
reported that such starch modification methods like acety-
lation can be significantly enhanced by PEF treatment (PEF
parameters: pulse frequency of 1000 Hz; field intensity of
1.25, 2.50, 3.75, and 5.00 kV/cm; pulse duration time of
40 ps). The use of PEF to support the starch modification
methods can enhance the process’s efficiency, reduce
reaction time and save reagents.

Waste valorisation in the food industry

Food industry generates huge quantities of by-products and
wastes, which are problematic because their disposal is
associated with environmental and health related issues. On
the other hand, they still can be rich sources of natural
bioactive compounds, especially in the fruit and veg-
etable industry. Recently, much attention has been paid to
the use of emerging technologies, including PEF, for the
recovery of these compounds. For instance, Ghosh et al.
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(2019) proposed combining PEF with mechanical pressing
for extraction of functional molecules from the waste
chicken breast muscle. Andreou et al. (2020) applied PEF
in tomato processing to enhance valorization of tomato
waste. They noticed the increase in extraction yield of
carotenoid up to 56.4%. Lycopene extraction also
increased (from 9.84 mg lycopene/100 g to 14.31 mg/100 g
tomato residue) for a PEF treatment at 1.0 kV/cm for
7.5 ms. The concentration of extracted total phenolic
compounds doubled when tomato waste was treated with a
2 kV/cm and 700 pulses. Other exemplary studies concern
the application of PEF for enhancing the extraction of
polyphenols from lemon peel residues (Peird et al. 2019),
potato peels (Frontuto et al. 2019), mango and papaya by-
products (Parniakov et al. 2016b).

Impact of PEF on nutrients and bioactive
compounds

Studies published recently have been performed mainly in
plant-based products, especially juices. They have shown
that PEF treatment can be regarded as safe for such
bioactive compounds as vitamins, carothenoids and
polyphenols. No significant changes in content of vitamin
C were reported for apple juice (200, 300, and 400 pulses,
electric field strength 30 kV/cm) (Dziadek et al. 2019),
pineapple juice (20, 30 and 40 kV and frequency 10, 20, 30
and 40 kHz) (Indriani et al. 2019) or blueburry juice
(350 V) (Zhu et al. 2019). It seems that PEF has no impact
on the bioaccessibility of this vitamin (Rodriguez-Roque
et al. 2015). Salvia-Trujillo et al. (2011), who studied the
effect of PEF processing on content of B vitamins in a
beverage containing fruit juices (orange, kiwi, mango, and
pineapple) and whole and skim milk, found that niacin and
thiamin contents in the fruit beverages were not affected by
PEF treatment (electric field strength of 35 kV/cm for
1800 ps, a pulse frequency of 200 Hz, and 4 ps bipolar
pulses). The use of PEF for pasteurization has the advan-
tage over heat treatment to preserve bioactive compounds.
For example, higher concentrations of phenolic acids and
flavonoids were observed in PEF-treated tomato juice and
orange juice as compared to the conventional thermally
treated samples (Odriozola-Serrano et al. 2008; Agcam
et al. 2014). PEF pasteurisation of milk maintains its
nutritional value. Studies showed that there was no sig-
nificant effect of pasteurization in a continuous PEF bench
scale system (35 kV/cm field strength with 64 pulses of
bipolar square wave for 188 s) on proteins and total solids
in milk (Michalac et al. 2003). Similarly, no changes were
detected in the retention of thiamine, riboflavin, retinol,
cholecalciferol and a-tocopherol in skim milk and fresh
bovine whole milk subjected to PEF treatment at
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18.3-27.1 kV/cm, 400 ms, at 50-90 °C (Bendicho et al.
2002) or 15-35 kV/cm, 12.5-75 ms at 30 °C (Riener et al.,
2009). However, whole milk treated with PEF (20-35 kV/
cm, 24-60 ms, 2040 °C) demonstrated a small reduction
of the fat content (Bermudez-Aguirre et al. 2011). More
studies are needed to find out how PEF affects milk protein,
as the results published so far are inconsistent. No negative
effects on the quality and functionality of oils have been
shown in the studies concerning the use of PEF (1.8 kV/
cm, 1.6 kJ/kg) for enhancing oil extraction form olives
(Andreou et al. 2017). In the case of meat and fish products
the number of studies is still too small to draw far-reaching
conclusions on the impact of PEF on their nutritional value.

The potential use of PEF in production of food
with increased nutritional value

Pulsed electric fields has been be applied for enrichment of
microorganisms in ions essential for proper functioning of
human organism (Table 2). Cell biomass prepared in this
way may potentially be used for production of functional
food. Yeasts are known for their ability to accumulate
metal ions from aqueous solutions, e.g. by adsorption and
absorption or metabolism (Cha and Cho 2009). Bioaccu-
mulation of metal ions by Saccharomyces cerevisiae
strains takes place in two stages. In the first stage,
biosorption or “passive capture” takes place. It is inde-
pendent of yeast metabolism and associated with the
accumulation of cations on the outer surface of the cell
wall. The metal ions are then adsorbed to the anionic sites.
The second stage called bioaccumulation or “active cap-
ture” is already dependent on the cell metabolism and
involves the penetration of metal ions into the cell by
means of specific membrane transporters. Metal ions
accumulate in vacuoles (MacDiarmid et al. 2002). This
mechanism of cation binding may lead to the formation of
organic linkages called “bioplexes”. It has been shown that
protein and mineral complexes (metaloproteins or bio-
plexes) are very well assimilated by human organism (De
Nicola et al. 2007). The use of yeast or bacteria as a carrier
of bioplexes can help to enrich diets with deficient ele-
ments such as magnesium, zinc, calcium or selenium. The
studies of Pankiewicz and Jamroz (2013), Pankiewicz et al.
(2014) showed that yeast cells treated with PEF can
accumulate magnesium, zinc and calcium more efficiently
due to the phenomenon of electroporation. The authors
reported that bioaccumulation of magnesium was 1.5 times
higher, zinc—two times higher and calcium even 6 times
higher when compared to the culture not treated with PEF.
Observations of the PEF-treated yeast cells using laser
confocal microscopy revealed that zinc ions are dispersed

mainly in cell organelles, and magnesium ions—in the cell
wall (Pankiewicz et al. 2015).

Application of PEF can also enhance bioaccumulation
of magnesium ions in Lactobacillus rhamnosus B 442,
Lactobacillus rhamnosus 1937 and Lactococcus lactis JBB
500 cells, which can then be used for production of ice
cream. The addition of bacteria enriched with Mg " did not
affect the physicochemical characteristics (freezing,
fusibility, hardness) of the ice cream and did not change the
color of the samples. The higher total number of
microorganisms was noted in the ice cream than in the
starter cultures, however, the viability of these bacteria was
lower than in the control samples (Goéral et al. 2018). Goéral
et al. (2019a, b) used PEF for enhancing bioaccumulation
of calcium and zinc in the cells of Lactobacillus rhamnosus
B 442. The highest bioaccumulation of zinc was observed
when the following PEF parameters were applied: field
strength 3 kV/cm, pulse width 20 ps and electroporation
time of 20 min. The optimal PEF parameters for calcium
accumulation were as follows: field strength 3.0 kV/cm,
exposure time 10 min, and pulse width 75 ps. Bioaccu-
mulation of Zn*" and Ca®" was higher than in the control
sample (with the addition of zinc and without PEF treat-
ment) by, respectively, 164% and 300%. Lactobacillus
rhamnosus B 442 cells enriched with zinc ions were used
for the production of two types of ice cream: unfermented
and fermented (Pankiewicz et al. 2019). Also in the case of
Se**, the application of pulsed electric fields improves
accumulation of this element in yeast cells up to 68%
(Pankiewicz et al. 2017).

Results of some studies indicate that the use of PEF
during juice production may result in higher content of
vitamins and polyphenolic compounds compared to those
obtained by traditional technology. Odriozola-Serrano
et al. (2008) used PEF (electric field strength of 35 kV/cm,
field frequency in the range of 50-250 Hz and pulse width
from 1 to 7 pus) to obtain strawberry juice with a higher
nutritional value in terms of vitamin C, anthocyanins and
antioxidants contents. They observed 98% retention of
vitamin C, from 83 to 102% retention of anthocyanins,
whereas retention of the antioxidants ranged from 75 to
100%. Maximum retention was obtained when bipolar
impulses were applied at field strength of 35 kV/cm, pulse
width of 1 ps and frequency of 250 Hz. Cortés et al. (2006)
noticed that content of vitamin A in orange juice treated
with PEF was higher by 8.1% than in the pasteurized juice.
Salvia-Trujillo et al. (2011) showed that beverages con-
taining milk and fruit juice (kiwi, mangoes, oranges and
pineapples) treated with high intensity PEF had higher
vitamin B2 content than those which were treated ther-
mally. Agcam et al. (2014) in comparative studies of
orange juice treated with PEF and thermal pasteurization
found that flavonoids and phenolic acids in PEF-treated
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Table 2 An overview of studies on the application of PEF for increasing biosorption of the selected elements by microorganisms

Microorganism Nutrient Conditions of PEF treatment Effects References
Saccharomyces Magnesium ions 15-min exposure of the 20-h grown  Accumulation of magnesium in the Pankiewicz
cerevisiae culture to PEF of the 2000 V and yeast biomass reached maximum and.Jamroz
pulse width 20 ps; magnesium 3.98 mg/g dm (2010)
concentration of 100 pg/mL
Saccharomyces Zinc ions 15 min exposure of the 20 h grown  Accumulation of zinc in the yeast Pankiewicz
cerevisiae culture to PEFs of 1500 V and biomass reached a maximum of and Jamroz
10 ps pulse width; 100 pg Zn/mL 15.57 mg/g d.m (63% higher thanin  (2011)
medium the control)
Saccharomyces Calcium ions 20 min exposure of the 20 h grown  Bioaccumulation of calcium in the Pankiewicz
cerevisiae culture to PEF of the 5.0 kV/cm and  yeast biomass reached maximum and Jamroz
20 ps pulse width; calcium 2.98 mg/g d.m. It constituted 30% (2013)
concentration 100 pg/mL medium of the total calcium in the medium
Saccharomyces Magnesium and 15 min exposure time, culture grown Bioccumulation of magnesium and Pankiewicz
cerevisiae zinc ions for 20 h field strength of 5.0 kV/cm, zinc reached maximum levels of et al. (2014)
pulse width of 20 ps; concentration ~ 2.85 and 11.41 mg/g d.m.,
of 100 pug Mg**/mL and 150 pg respectively. Optimization of ion
Zn**/mL medium pair concentration and PEF
parameters caused a 1.5 or twofold
increase of Mg and Zn
accumulation, respectively
Saccharomyces Selenium and zinc  Electric field strength of 3 kV/cm and Increase of ions accumulation by 65% Pankiewicz
cerevisiae ions pulse width of 10 ps, treatment of for selenium (43.07 mg/g d.m.) and et al. (2017)

Lactobacillus rhamnosus
B 442

Lactobacillus rhamnosus
B 442, Lactobacillus
rhamnosus 1937, and
Lactococcus lactis JBB
500

Lactobacillus rhamnosus
B 442

(simultaneously)

Magnesium ions

Magnesium ions

Zinc ions

20-h culture for 10 min; ion con.
— 100 pg Se/mL and 150 pg Zn/
mL medium

5 min exposure of the 20 h grown
culture to PEF of the 2.0 kV/cm and
20 ps pulse width at conc.

400 pug Mg?*"/mL medium

5 min at pulse width 20 ps, electric
field strength 2.0 kV/cm, at the field
frequency of 1 Hz; ion conc. of
400 pg Mg®>*/mL medium

Field strength of 3.0 kV/cm, pulse
width of 20 ps, electroporation time
of 15 min after 20 h of culturing
and at zinc conc. of 500 pg/mL
medium

100% for zinc (14.48 mg/g d.m.)

PEF caused an increase of magnesium  Goral,
concentration in the cells by 220% Pankiewicz
in comparison to the control not (2017)

treated with PEF, accumulation of
magnesium in the biomass reached
maximum 4.28 mg/g d.m.

The highest concentration—
4.28 mg Mg**/g d.m., was obtained
for L. rhamnosus B 442. The strains
L. rhamnosus 1937 and L. lactis
JBB 500 accumulated, respectively,
1.97 mg Mg**/g d.m. and
1.86 mg Mg*™/g d.m.

Bioaccumulation of zinc increased by
164% compared to the control (no
PEF). The maximum content of zinc
ions from cells was 2.85 mg Zn*"/g
d.m. PEF did not reduce bacterial
viability or biomass

Goral et al.
(2018)

Goral et al.
(20194, b)

one were more stable than in juice treated with the thermal
pasteurization. PEF also allows the preservation of the
initial content of fatty acids and amino acids in the product.
Zulueta et al. (2007) did not notice a decrease in the con-
tent of saturated, monounsaturated or polyunsaturated fatty
acids in orange juice-milk beverage fortified with n — 3
fatty acids and oleic acid processed by high-pulsed electric
field. Morales-De La Pefia et al. (2012) noted that the
content of free amino acids in a fruit juice-soy milk bev-
erage treated with high intensity pulsed electric field and
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stored at 4 °C was higher than in the beverages thermally
treated. On the other hand, the content of histidine, tyr-
osine, methionine and leucine was lower in the beverages
subjected to thermal pasteurization.

PEF can also be used to support the formation of an
iron-glycine complex which is stable and has good
bioavailability. Zhang et al. (2017) obtained the highest
yield of the Fe-glycine complex (81.2%) and the highest
iron chelation capacity (107.13 mg/L), using PEF with an
electric field strength of 4 kV/cm, frequency of 1 kHz and
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pulse width of 40 ps for 15 min. The yield value obtained
was higher than in the case of the complex formed by
thermal treatment (30 min, 60 °C). Based on the results
obtained, the authors concluded that PEF can be used in
industry to form metal ion complexes with protein amino
acids.

Pharmacological effects (e.g. anti-inflammatory, anti-
cancer, antioxidant) of C-phycocyanin (C-PC) derived
from Spirulina platensis, caused this compound to have
potential applications in the production of functional foods
(Liu et al. 2016). Phycocyanin is a pigment-protein com-
plex with a blue color, which is widely used as a natural
food color in the food industry (Taufiqurrahmi et al. 2017).
Martinez et al. (2017) used PEF to enhance extraction of
C-phycocyanin from A. platensis. The purity of the extract
obtained from PEF-treated cells was much higher than in
the case of other techniques that consisted of complete
destruction of the cell.

The development of technology allows the introduction
of “novel food” to trade. An example of such food are
proteins obtained from microalgae Ulva sp. Protein
extraction from these microorganisms is possible due to the
use of chemical substances, however this method has
serious consequences, therefore PEF combined with
osmotic shock and mechanical press was used as an
alternative extraction method. Subsequently, the extracted
proteins were identified and a specific allergen was
assigned to them. Extracts that were obtained with PEF
contained only one food allergen—superoxide dismutase
(SOD), however, more research is needed on the aller-
genicity of proteins extracted from macroalgae to assess
the risk for human consumption (Polokovsky et al. 2019).

Conclusion

The present review discussed the selected current and
potential applications of PEF in food industry. Develop-
ment of new technologies in food processing is forced,
among others, by the growing interest of consumers in
fresh-like products of high nutritional value, and the
demand for food produced with the use of environmentally
friendly methods. PEF is a method that uses electric waves
with high voltage amplitude. Short electrical impulses
(from microseconds to milliseconds each) of high voltage
(typically 10-80 kV/cm) are supplied to the product placed
between the electrodes in the chamber. This technology
can be used alone or in combination with other methods to
obtain products in more energy efficient (e.g. by lowering
temperature and time of extraction) and environmentally
friendly way. PEF can be applied for pasteurization,
enhancement of such processes as drying, freezing, or
extraction, but can also support development of functional

food containing e.g. easily absorbed ions of elements
essential for proper functioning of the human body.

Research of pulsed electric fields technology is carried
out around the world. Although this technology has been
investigated extensively and there already are commercial
PEF systems working in different countries, the majority of
the obtained results still refer to the experiments carried out
at laboratory scale.
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org/licenses/by/4.0/.
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Abstract: The aim of the study was to investigate the influence of a pulsed electric field (PEF) on the
level of iron ion accumulation in Saccharomyces cerevisiae cells and to select PEF conditions optimal
for the highest uptake of this element. Iron ions were accumulated most efficiently when their source
was iron (III) nitrate. When the following conditions of PEF treatment were used: voltage 1500 V,
pulse width 10 us, treatment time 20 min, and a number of pulses 1200, accumulation of iron ions
in the cells from a 20 h-culture reached a maximum value of 48.01 mg/g dry mass. Application of
the optimal PEF conditions thus increased iron accumulation in cells by 157% as compared to the
sample enriched with iron without PEF. The second derivative of the FTIR spectra of iron-loaded
and -unloaded yeast cells allowed us to determine the functional groups which may be involved in
metal ion binding. The exposure of cells to PEF treatment only slightly influenced the biomass and
cell viability. However, iron-enriched yeast (both with or without PEF) showed lower fermentative
activity than a control sample. Thus obtained yeast biomass containing a high amount of incorporated
iron may serve as an alternative to pharmacological supplementation in the state of iron deficiency.

Keywords: iron accumulation; yeast; iron deficiency; PEF

1. Introduction

Anemia affects about one-third of the world’s population; half of these cases are
caused by iron deficiency. This is a serious and global public health problem that affects
maternal and child mortality and their overall physical function. Children 0-5 years old,
women of childbearing age and pregnancy are particularly at risk [1].

Iron is essential for numerous biological functions, including respiration, energy
production, DNA synthesis and cell proliferation [2,3]. A sufficient supply of iron is
necessary for the correct functioning of many biochemical processes, including electron
transfer reactions, gene regulation, oxygen binding and transport, and regulation of cell
growth and differentiation [4]. Iron deficiency is associated with chronic kidney disease,
chronic heart failure, cancer and inflammatory bowel disease [5].

In addition to seeking and treating the cause of iron deficiency, treatment strate-
gies include prevention, through iron supplementation and food enrichment [6]. Iron
supplementation is necessary for high-risk groups (e.g., pregnant women). For oral sup-
plementation, iron salts (ferrous sulfate and ferrous gluconate) are preferred because of
their low cost and high bioavailability. Although iron absorption is increased when given
on an empty stomach, nausea and epigastric pain may occur. Administration of iron
during a meal reduces its absorption by approximately two-thirds [7]. Side effects of
iron supplementation can be reduced by introducing iron-enriched foods into the diet [8].
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Food products such as wheat flour, milk and infant formulas have been long used for iron
fortification. Many countries have implemented programs of enrichment staple foods in
iron, but they have disadvantages as some members of the population may not consume
these products or have no regular access to these foods. Enriching food with iron is more
difficult than with other nutrients such as iodine in salt and vitamin A in frying oil, because
iron affects the sensory characteristics, changing the taste and color of the product. It can
also cause fat oxidation [9]. To prevent these adverse changes, the microencapsulation
process is used [10]. One of the encapsulation methods is the accumulation of minerals in
the yeast cells of S. cerevisiae [11-14]. In the study of Kyyaly et al. [15] it was demonstrated
that feeding anemic rats with iron-enriched yeast is more efficient than inorganic treatment
in recovery from iron deficiency. In this case iron bioavailability from enriched yeast was
higher than from ferrous sulfate heptahydrate.

Yeast is a single-cell organism that is used in brewing (beer and wine production),
ethanol production, baking, and the production of recombinant proteins and biophar-
maceuticals. Although there are many yeast species, Saccharomyces is by far the most
commercially available [16]. Easily-grown and readily available yeasts such as baker’s
or brewer’s strains of S. cerevisiae are excellent natural sources of essential metals such as
K, Mg, Ca, Fe, Mn, and Zn and this yeast can be further enriched with other inorganic
micronutrients (e.g., selenium) [17]. Metal accumulation in yeast involves a combination of
extracellular accumulation and transport mechanisms. The first stage called biosorption is
a reversible stage of accumulation. The second stage, usually referred to as active transport,
is slower intracellular bioaccumulation, which is often irreversible and is associated with
cellular metabolic activity [18]. The cell membrane is a barrier between the cell and its
external environment. However, under special circumstances, the membrane barrier and
transport selectivity can be partially lost, and molecules that do not pass through the intact
cell membrane can get into the cell’s cytoplasm. This phenomenon occurs when cells are
exposed to a pulsed electric field (PEF) [19].

The pulsed electric field (PEF) technique can be used as a non-thermal food preser-
vation method that involves the use of short electrical pulses to reduce the microbial
population while having minimal detrimental effects on food quality [20]. This process
is also used to assist drying and can also cause stress reactions in plant systems or cell
cultures [21]. Previous research has shown that this technique can be used for enriching
S. cerevisiae yeast with metal ions [11,22,23]. Iron enriched yeast biomass can potentially be
an additional source of this element in diet, especially for vegans and vegetarians.

The aim of the study was to investigate the influence of a pulsed electric field on
the level of iron accumulation in S. cerevisiae cells. The ATR FTIR analysis was applied to
determine the functional groups in yeast cells that could be involved in iron ions” binding
and demonstrate the effectiveness of PEF in enhancing the uptake of iron.

2. Results and Discussion
2.1. Selection of Iron Salt

In the first stage of the experiment we selected the iron salt for which the highest
accumulation of this element in yeast was observed. Cells derived from the culture not
supplemented with iron and not exposed to PEF contained only 0.13 mg Fe/g dry mass
and were used as control (C1). This level of iron accumulation is in agreement with that
reported by Zachariadis et al. [24] for active dry yeast. In our experiments each iron salt
was added to two cultures and one of them was additionally treated with PEF. Studies have
shown that the greatest effect of PEF on iron accumulation in S. cerevisiae cells occurred
when iron (III) nitrate was used as the source of iron ions (Figure 1). This may be related to
the fact that iron (III) nitrate is derived from a strong acid and is likely to be in a dissociated
form, thus providing free iron for binding to cells [25]. In the case of this salt, the iron
concentration in yeast cells was almost 97 times higher in the PEF-treated sample than
in the control sample with no iron salt added and not subjected to PEF (C2). For the
remaining salts, no significant effect of PEF on iron accumulation was observed. Generally,
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yeast accumulated the least amount of iron from iron citrate, which may be due to the
change in pH of the medium from 5.0 to about 4.4. Lower pH may cause incomplete
dissociation of iron citrate, which explains the lower intracellular iron content compared to
other salts [26]. Additionally, some authors have observed a toxic effect of iron (III) citrate
on yeast cells [27,28]. According to Pas et al. [28] this effect can be caused not only by iron,
but also by the anionic part of this iron compound.

H Fe (no PEF)
M Fe+ PEF S

FeCl,-4H,0 Fe,S0,-6H,0 FeCl;-6H,0 C.H,FeO, Fn:e(NO3 }3-9 H,0

Iron salt

Figure 1. Effect of iron salt on iron accumulation in yeast cells: C1—control culture without iron ions added to the medium
and PEF treatment; red bars—cultures not treated with PEF, blue bars—cultures treated with PEF (100 pug Fe/mL medium,
voltage of 1500 V, pulse width of 10 us, treatment time 10 min, number of pulses 600, after 20 h of cultivation). Each value is
the mean + standard deviation (n = 3). Bars with the same letter (a—e) are not significantly different (p < 0.05).

Our experiments showed that at low concentrations of iron ions in the culture medium
(in the range of 50-100 ug/mL) PEF treatment had no effect on iron accumulation in yeast.
Statistically significant changes were noted at 200 pg Fe>* /mL, and then the difference
in accumulation between cells supplemented with iron without PEF treatment and PEF-
treated cells was the largest and amounted to 8.23 mg/g dry mass. We observed that iron
uptake was reduced when concentration was higher than 200 pg Fe>* /mL (Figure 2), so
we adopted the concentration of 200 ng Fe** /mL as optimal for effective accumulation
of this element in further experiments. High iron ions concentration in the medium may
cause precipitation reactions, which may be due to the formation of iron hydroxides, their
polymerization or the formation of poorly soluble phosphate iron [28]. Iron is an essential
ingredient for yeast, but its high content in the culture medium can also be toxic. For this
reason the uptake and utilization of iron in yeast cells is tightly regulated [29]. S. cerevisiae
can grow in environments with both too little and too much iron [30]. A study by Philpot
and Protchenko [25] indicates that when iron is restricted, cells will not only increase iron
uptake, but also adjust their metabolism to use the available iron more efficiently.
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Figure 2. Effect of iron concentration on its accumulation in yeast cells. C1—control culture without iron ions added to the
medium and PEF treatment; red bars—cultures not treated with PEF, blue bars—cultures treated with PEF (ferric nitrate,
voltage of 1500 V, pulse width of 10 us, treatment time 10 min, number of pulses 600, after 20 h of cultivation). Each value is
the mean =+ standard deviation (1 = 3). Bars with the same letter (a—g) are not significantly different (p < 0.05).

2.2. Conditions of PEF Treatment

Figures 3-5 present the effect of PEF parameters on biomass production and cell
viability, as well as on iron accumulation in cells. Only slight fluctuations in the number of
inactivated cells in the entire range of tested values of voltage were observed. The highest
fraction of dead cells in a culture (10%) was observed at 3000 V (Figure 3A). A significant
drop in biomass production (from 0.87 to 0.78 g dry mass/100 mL) was noted only at
voltages higher than 2000 V. In the case of pulse width, we observed a significant decrease
in biomass in the range from 75 us to 150 ps at 1500 V. The pulse width also influenced the
viability of yeast cells (Figure 4A). At 10 ps it was the same as in the control not exposed
to PEF (C2), however, for values higher than 50 us, cell viability began to decline. But
still we noted high values for both parameters—the share of dead cells did not exceed
10% and biomass was over 0.7 g dry mass/100 mL. Similarly, Stirke et al. [31] did not
observe a significant impact of pulse durations of less than 100 ps on yeast cells’ viability.
Treatment time had little effect on biomass and cell viability (Figure 5A). Although the
biomass production dropped significantly already after 5 min treatment, compared to
the control cultures, this decrease was not sharp. After 20 min of treatment the biomass
production was 15% lower than in the control sample not exposed to PEF, but the total
number of inactivated cells was rather low (only 8%). Longer treatment resulted in a higher
decrease in biomass and cells viability.

Temperature is also a critical parameter that influences the efficacy of PEF treat-
ment [32]. In our experiments the temperature was continuously monitored and was
between 24 and 26 °C. There were no drastic changes that could influence the conductivity
of the medium or cell growth.
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Figure 3. Effect of voltage on viability of cells and biomass (A) and on iron accumulation in yeast
cells (B). Cl—control culture without iron ions added to the medium and PEF treatment, C2—control
culture with iron ions added to the medium (200 pg/mL) and without PEF treatment, blue bars—
cultures treated with PEF (ferric nitrate, 200 ug Fe3*/mL, pulse width of 10 ps, treatment time 10 min,
number of pulses 600, after 20 h of cultivation). Each value is the mean =+ standard deviation (1 = 3).
Bars with the same letter (a—f) are not significantly different (p < 0.05).

Application of low values of voltage (300-500 V) resulted in a twofold increase in iron
content in cells compared to the control sample not exposed to PEF and with iron added to
the medium (Figure 3B). The highest iron accumulation (over 2.6 times higher than in the
abovementioned control sample) was achieved at 1500 V. Higher values of voltage caused
a significant decrease in iron content in yeast cells, which can be related to a small decrease
in biomass and yeast viability. The highest concentration of iron in cells was recorded at
the pulse width of 10 ps (Figure 4B), similarly to Pankiewicz and Jamroz [23], who also
observed the highest accumulation of zinc in S. cerevisiae cells (15 mg/g dry mass) after
PEF treatment with a pulse width of 10 ps. The concentration of iron in the cells exposed to
PEF at 20, 50 and 75 ps, as well as at 100, 125 and 150 ps did not differ significantly.
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Figure 4. Effect of pulse width on viability of cells and biomass (A) and on iron accumulation in
yeast cells (B). C1—control culture without iron ions added to the medium and PEF treatment,
C2—control culture with iron ions added to the medium (200 pg/mL) and without PEF treatment,
blue bars—cultures treated with PEF (ferric nitrate, 200 pg Fe3* /mL, voltage 1500 V, treatment time
10 min, number of pulses 600, after 20 h of cultivation). The pulse width was varied from 10 ps to
150 ps at 1500 V voltage amplitude. Each value is the mean + standard deviation (n = 3). Bars with
the same letter (a—d) are not significantly different (p < 0.05).

Studies on the treatment time were carried out in the range of 5-20 min. Iron concentra-
tion in S. cerevisiae cells increased with increasing time, reaching the maximum (48.01 mg/g
dry mass) at 20 min (Figure 5B). Pankiewicz and Jamroz [23] reported that the accumulation
of zinc in S. cerevisiae cells was the highest after 15 min of PEF treatment. The difference in
treatment time between our study and the studies by Pankiewicz and Jamroz [23] may be
caused by the incorporation of different element into the cells of S. cerevisiae.

In recent years many articles on electroporation have been published using, among
others, the yeast S. cerevisiae as a model organism. Stirke et al. [31,33] investigated the ab-
sorption of the tetraphenylphosphonium (TPP+) ion by the yeast S. cerevisine. They applied
electric field pulses with a duration from 5 to 150 pus and amplitude up to 10 kV/cm. The
obtained results confirmed that for pulses with a duration less than 100 us, the permeabi-
lization is increased and no significant decrease of cell viability is observed, which is in
agreement with our findings.
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Figure 5. Effect of treatment time on viability of cells and biomass (A) and on iron accumulation
in yeast cells (B). C1—control culture without iron ions added to the medium and PEF treatment,
C2—control culture with iron ions added to the medium (200 pg/mL) and without PEF treatment,
blue bars—cultures treated with PEF (ferric nitrate, 200 ug Fe** /mL, voltage 1500 V, pulse width of
10 us, after 20 h of cultivation). Each value is the mean =+ standard deviation (n = 3). Bars with the
same letter (a—d) are not significantly different (p < 0.05).

Also the assumption that the influence of the PEF on the yeast cell wall increases
its permeability to TPP+ was confirmed. This process can be controlled by appropriately
setting the amplitude and duration of the PEF. The authors also concluded that the similar
characteristic lifetimes of the non-equilibrium pores in the cell wall and membrane after PEF
treatment indicate a strong coupling between these parts of the cell. Experiments carried
out on Chinese hamster lung fibroblast cells (DC-3F) and human adipose mesenchymal
stem cells (haMSC) in the medium containing Ca®* using microsecond pulsed electric fields
confirmed the influx of extracellular calcium induced by the electric pulse as a result of the
electropermeabilization of the cell membrane [34]. The final step in our experiment was
setting the cultivation time after which yeast cells were exposed to PEF. We considered the
optimal time after which the highest biomass production was achieved. In our case it was
20h (0.92 g dry mass/100 mL) (Figure 6), similarly to Pankiewicz et al. [12] and Pankiewicz
and Jamroz [14], who treated S. cerevisiae cultures with PEF to improve, respectively, the
simultaneous accumulation of magnesium and zinc, and accumulation of selenium in
biomass. However, there are considerable discrepancies in the optimal time of cultivation
set in studies on the accumulation of iron from the medium by yeasts, which may result
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from different culture conditions. For instance, Stehlik-Thomas et al. [35] reported that the
highest concentration of iron in cells (10 mg/g dry yeast biomass) was obtained after 12 h
of cultivation in anaerobic conditions. On the other hand, under semiaerobic conditions,
the highest accumulation was achieved after 16 h of cultivation, but it was four times lower
(2.5 mg/g dry yeast biomass) than the above-mentioned one. Wang et al. [36], in turn,
obtained the highest Fe content (7.854 mg/g dry mass) in yeast cultivated for 60 h at 30 °C.
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Figure 6. Effect of cultivation time after which PEF was applied on viability of cells and biomass.
Cl—control culture without iron ions added to the medium and PEF treatment, C2—control culture
with iron ions added to the medium (200 ug/mL) and without PEF treatment, blue bars—cultures
treated with PEF (ferric nitrate, 200 pg Fe* /mL, voltage 1500 V, pulse width 10 us, treatment time
20 min, 1200 pulses). Each value is the mean + standard deviation (n = 3). Bars with the same letter
(a—d) are not significantly different (p < 0.05).

2.3. Fluorescence Imaging of Yeast Cells

Figure 7 presents the images of yeast cells stained with Rhodamine B and observed
under a fluorescence microscope. This dye crosses cell membranes and is captured by
mitochondria without inducing cell lysis. Rhodamine-based dyes can be used to bioimage
iron pools in living cells [37]. Almost all cells from the control sample not subjected to
PEF and without iron supplementation were dark (Figure 7A), whereas those from the
sample enriched with iron without PEF partly showed green fluorescence (Figure 7B). PEF
treatment enhanced the accumulation of iron in yeast cells, so almost the entire population
of cells showed strong green fluorescence (Figure 7C). The detected fluorescence emission is
caused by the iron complexation-induced opening of the spirocyclic ring of the rhodamine-
based probes [37] and its relative intensity is proportional to the iron concentration [38]. In
our previous studies [39] we have observed yeast cells enriched with calcium and zinc by
PEF treatment and stained with, respectively, calcium orange and morin under a confocal
laser microscope. The experiments were carried out with the same PEF treatment system
as this used here. We have done semi-quantitative analysis of ions within the limits of the
cells. The study revealed that that fluorescence inside cells from control samples (without
ions added to the medium and PEF treatment) was lower than that observed for cells from
the sample enriched with calcium and zinc using PEF. On the basis of the optical sections,
we also have made the 3D reconstructions of ion-rich areas distribution in the cell. It has
been confirmed that in PEF-treated yeast cells absorption of calcium and zinc ions was
higher and that metal ions were distributed inside the cell.
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Figure 7. Fluorescent microscopy images of yeasts stained with Rhodamine B: (A) C1—control culture without iron ions
added to the medium and PEF treatment, (B) C2—control culture with iron ions added to the medium (200 ug/mL) and
without PEF treatment, (C) culture with iron added to the medium (200 pg/mL) and PEF treatment (ferric nitrate, voltage

1500 V, pulse width 10 ps, treatment time 20 min, 1200 pulses, after 20 h of cultivation). The scale bars correspond to 10 um.

2.4. Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy

FTIR spectroscopy is a non-destructive and an excellent tool for rapid studying of a
fingerprint of the biological samples under investigation, giving information on its most im-
portant biochemical components such as proteins, lipids, nucleic acids, and carbohydrates,
cell wall and membranes. The ATR-FTIR spectra of lyophilized yeast cells stained from the
control sample (C1), the iron-enriched samples both without PEF treatment (C2) and with
the use of PEF at optimal conditions (Fe + PEF) were recorded in the region between 4000
and 750 cm 1. The location of the characteristic bands corresponds to the data reported in
the literature [40-44], (Figure S1, Table S1).

The broad peak at about 3290 cm ! indicated the presence of both amine (N-H) and
bonded hydroxyl (O-H) groups (Figure S1). The lipid region between 2800 and 3000 cm !
is dominated by the C-H symmetric and asymmetric stretching vibrations of the CH; and
CHj3 groups assigned to fatty acid chains in phospholipid membranes and the cell wall
(Figure 8A). The spectra between 1700 and 1500 cm ! are dominated by the amide I and
amide II bands, respectively due to the C=0 stretching and the N-H bending of the peptide
bond (Figure 8C). The amide I band particularly provides information on the protein
secondary structure due to the decomposition in several subbands characteristic of the
different protein conformations: o-helix (~1656 cm™1), and B-sheet (1627-1635 cm™1) [45].
The bands within the region of 1200-900 cm ™! are associated with the mixed vibrations of
polysaccharides (C—-O-H and C-O-C of the mannan and glucan vibrations), nucleic acids
(P=0), and lipids (C-H bending modes) [41,46] (Figure 8E). To better estimate possible
spectral changes due to iron accumulation in yeast cells, the second order derivative
spectra have been generated to resolve the overlapping bands into individual ones, thus
increasing the accuracy [47]. The predominant bands acquired in second derivative spectra
of examined samples and their attribution to specific chemical groups are summarized in
Table 1. The second derivative spectra of yeast cells from the C1, C2 and Fe + PEF samples
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were determined in the three significant ranges, which are dominated by bands associated
with the absorption modes of lipids, proteins and carbohydrates (Figure 8B,D,F).
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Figure 8. The ATR FTIR spectra of yeasts stained and their second derivatives in the selected ranges. (A,B): the region of the
vibrational modes mainly due to the asymmetric and symmetric stretching vibrations of CH, and CH3 methylene groups
(C,D): the region of amide I and amide II bands; (E,F): the region of carbohydrates modes. The second derivative spectra
have been normalized to the CH, band at ~2924 cm~! (B), to the amide I (D) while in panel F spectra have been normalized
at the area under range 1180-900 cm L. Cl-control culture without iron added to the medium and PEF treatment (black line),
C2-control culture with iron ions added to the medium (200 pg/mL) and without PEF treatment (red line), and Fe + PEF
culture with iron ions added to the medium (200 pg/mL) and treated with PEF (ferric nitrate, voltage 1500 V, pulse width
10 ps, treatment time 20 min, 1200 pulses, after 20 h of cultivation) (blue line).

As can be noted, the changes in the spectral features of the lipid region (3000—
2800 cm 1) are related to a substantial increase in intensity of the CH, bands at 2925 cm !
in case of the samples subjected to PEF (Figure 8B). Moreover, a weaker increase in the
intensity of the CHj absorption at ~2960 and ~2873 cm ! has been also detected for both the
culture iron-supplemented samples. The variation of the CH; and CHj3 contribution could
be related to the inducing change in yeast membrane fluidity by the means of iron ions
modifications. In addition, a 1-4 cm~! upward shift of the CH, asymmetric and symmetric
stretching bands was observed especially in yeast subjected to PEF (Figure 8B). Indeed, the
state of lipid cell membranes are related to the spectral shift of the CH; bands into lower or
higher frequencies and correspond, respectively, to their rigidity or fluidity [47] Ganeva
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et al. [48] and Strike et al. [31] have postulated that yeast treatment with PEF could induce
not only the membrane permeabilization, but also cause the changes in the structure of cell
wall, leading to enhance the yeast cell wall porosity.

Table 1. The most important second derivative bands obtained in the spectra of all yeast samples, and the type of vibrations

with assigned cellular components.

Wavenumber (cm—1)

Assignment of the Type of Vibrations

C1 C2 Fe + PEF
2962 2958 2960 vas(CH3) of lipids
2925 2925 2926 vas(CHy) of lipids
2851 2856 * 2856 * vs(CHy) of lipids
1222 iggé igg; 80% v(C=0), 20% v(C-N) of amide I, T(HOH) of water
1540 1543 * 1543 * 60% t(N-H), 30% v(C-N), 10% v(C-C) of amide II
1152 1152 1150 v(C-0O) of carbohydrates (mannans and (3-1,3 glucans)
1080 1078 1078 Vas(POy ™) of membrane lipids, carbohydrates
1043 1047 * 1047 * vs(PO, ™), mannans
1030 1025 * 1025 * 3-1,4 glucans

991 993 * 995 * 3-1,6 glucans

The symbols concerning the vibrations assignment are related to the stretching vibrational mode (v), deformational (5); bending (t), and
symmetrical (s) and asymmetrical (as) modes. An assignment of spectral features was collected according to the literature [41,42]. Asterisks
(*) indicate the most significant spectral shifts (>2 cm~!) between the control sample (C1) and the iron-enriched samples both without PEF
treatment (C2) and with the use of PEF (Fe + PEF).

When the yeast cells from the control culture and its metal modified species are
compared, the second derivative profiles of amide I and II are quite similar except for
the position of the bands (Figure 8D). Indeed, the peak position at 1653 cm~! (assigned
to a-helix) and 1635 cm ™! (assigned to 3-sheets and most likely intracellular water) are
affected both in the case of C2 and Fe + PEF which was seen in marginal frequency shifts,
and variations in absorbance intensities, compared with yeast from the control culture C1.
This shifting of the amide I band to 1655 cm ™! was related to the involvement of the O and
N atoms of the polypeptide chain in iron ions’ binding (Figure 8D).

The changes of a broad peak shape in the region 1180-950 cm ! for metal-modified
yeast in comparison to the control yeast sample may indicate the interactions of iron ions
with polysaccharides present in the yeast cell wall. Indeed, the majority of polysaccharides
of the yeast cell is found in its wall [49]. More specifically, the inner wall layer consists of
mainly (3-1,3-glucan but the outer one is formed by highly glycosylated mannoproteins with
numerous phosphate groups in their carbohydrate side chains, resulting in a net negative
surface charge. In fact, in the second derivative spectra of yeast after PEF treatment, a band
attributed to 3-1,3-glucan (1150 cm~1) is much less intense, broadened and shifted to a
higher frequency suggesting its participation in iron ions’ binding. Taking into account
other carbohydrate-related bands, a decrease in intensity of the bands assigned to the
glucan structure, namely, at 1080 cm™1, 1043 cm™! (mannans), 1030 and 991 cm™! (B-
1,6 glucans), and accompanied with their spectral shift compared to control C1 was also
observed (Figure 8F). Finally, a strong reduction of the band at about 1080 cm ! observed in
the yeast sample after PEF treatment may suggest the interaction of the PO, ™ of membrane
phospholipids with the positive iron ions. The reduction of the abovementioned band
intensities can be explained by iron ions binding to yeast cells as a result of presence of
bond stretching to a lesser degree [50], so the iron ions could pass through the cell wall
and periplasmic space and reach the surface of the plasma membrane to a large extend by
PEF treatment.

2.5. Fermentative Properties and Protein Content in Yeast Cells

In this study we also investigated the effect of PEF on the fermentation properties of
yeast. Figure 9 shows the results obtained for the controls C1 and C2, and for the sample
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obtained at the optimal PEF conditions (Fe + PEF). The control C1 showed the highest
fermentative activity. Already in the 30th minute of the test, dough growth was observed,
while the dough with the addition of yeast with C2 and Fe + PEF started to rise only after
60 min. After 120 min the volume of dough containing yeast from the control C1 was
1.7-fold higher than that with yeast from the control C2 and 1.85-fold higher than in the case
of dough with yeast exposed to PEF. The decrease in fermentative activity of the control C2
and the PEF-exposed sample (Fe + PEF) compared to C1 can be partly explained by their
lower content of protein (Table 2). Another factor influencing yeast fermentation is the
availability of assimilable nitrogen. Generally, S. cerevisiae yeasts are unable to use nitrate
as sole nitrogen source [51] because, being deprived of molybdenum-dependent enzymes,
they cannot assimilate it [52].

160
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Figure 9. Effect of PEF and iron enrichment on fermentative properties of yeast: C1—control culture
without iron added to the medium and PEF treatment, C2—control culture with iron ions added
to the medium (200 pg/mL) and without PEF treatment, Fe + PEF—culture with iron ions added
to the medium (200 pg/mL) and treated with PEF (ferric nitrate, voltage 1500 V, pulse width 10 ps,
treatment time 20 min, 1200 pulses, after 20 h of cultivation). Each value is the mean + standard
deviation (n = 3).

Table 2. Protein content in yeast: C1—without the addition of iron ions and not subjected to PEF;
C2—with the addition of iron ions (200 pg/mL) and not subjected to PEF, Fe + PEF—with the
addition of iron ions (200 pg/mL) and subjected to PEF (ferric nitrate, voltage 1500 V, pulse width
10 ps, treatment time 20 min, 1200 pulses, after 20 h of cultivation). Each value is the mean =+ standard
deviation (n = 3). Means with the same letter (a—c) are not significantly different (p < 0.05).

Sample Protein Content (%) Iron Content (mg/g Dry Mass)
C1 59.13 £0.18 2 0.13£0.012
c2 58.24 £ 0.35P 18.68 £ 0.86 °

Fe + PEF 54.07 £0.11°¢ 48.01 £0.88 ¢

The study of Swiecito [53] also demonstrated that S. cerevisiae show low sensitivity
to sodium nitrate (V) which was explained by the fact that nitrates (V) are removed from
cells efficiently. The author observed a 50% death rate of the yeast population when
the concentration of this salt was as high as about 1 mol/L. The lower fermentation
performance of yeasts from the sample C2 and that treated with PEF may also be related to
the presence of high concentration of iron in cells. Iron, along with potassium, magnesium,
calcium, manganese, copper and zing, is one of the most important metals that influence
yeast fermentation processes [17]. Excess iron can be detrimental to cells as certain forms
can be involved in Fenton redox reactions that accelerate the formation of reactive oxygen
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species (ROS), such as hydroxyl radicals that damage cells at the level of membranes,
proteins and nucleic acids [54]. Oxidative damage to proteins is expected to have negative
consequences on the fermentative ability of yeast [55].

3. Materials and Methods
3.1. Microorganism and Growth Media

The industrial strain of S. cerevisiae 11 B1 from the Yeast Plant (Lublin, Poland) was
used. The composition of medium for agar slants and inoculum growth, as well as that
used in the experiment with PEF is presented in Table 3. The pH was adjusted to 5. All
reagents were of analytical grade purity.

Table 3. The composition of media used in the experiment.

Medium for Inoculum Growth Concentration (g/L)
Sucrose (POCH, Gliwice, Poland) 20
NH,4Cl (POCH, Gliwice, Poland) 32
KH,PO4 (POCH, Gliwice, Poland) 2.5
Na,S0O,4 (POCH, Gliwice, Poland) 2.0
MgCl,e6H,0 (POCH, Gliwice, Poland) 1.5
Yeast extract (BTL, £6dz, Poland) 5.0
Agar (DIFCO, Detroit, MI, USA) 15.0

Unhopped wort (Lublin Breweries S.A., Lublin, Poland) 40 mL
Experimental medium

Peptone (Sigma—Aldrich CO, St. Louis, MO, USA) 10.0
Yeast extract (BTL, £.6dz, Poland) 5.0
Glucose (POCH, Gliwice, Poland) 10.0

3.2. Biomass Cultivation

The yeast was passaged three times on agar slants, grown for 48 h in a thermostat
at 30 °C, and finally used for the inoculum preparation. Cells from one slant were used
to inoculate 150 mL of sterile medium in an Erlenmeyer flask. Cultures were grown in a
shaking incubator (NBB 205L, N-BIOTEK Inc., Gyeonggi-Do, Korea) at 30 °C and 100 rpm
for 48 h.

The culture medium was centrifuged after 48 h of culture and the cell pellet was
washed three times with sterile water. The pellets from three Erlenmeyer flasks were
collected and resuspended in sterile water to a final volume of 300 mL. 10 mL of the
thus prepared inoculum was used to inoculate the immersion cultures into 500 mL Erlen-
meyer flasks, each containing 90 mL of medium. Growth conditions were identical to the
inoculum.

3.3. Design of Experiments for Optimization Iron Accumulation

Process parameters were optimized by maintaining all factors at a constant level except
the one under study (one-factor-at-a-time (OFAT) method). The selection of parameter
values was based on the previous studies by Pankiewicz and Jamroz [11]. The following
parameters were optimized: iron concentration, voltage, pulse width, treatment time and
cultivation time. Iron salt was selected in a separate experiment.

3.4. PEF Treatment

The cultures of S. cerevisine were grown in flasks under continuous agitation for 20 h
and then treated with PEF using an ECM 830 unipolar square wave generator (BTX Harvard
Apparatus, Holliston, MA, USA). A culture with a volume of 100 mL was placed in the
PEF treatment chamber consisted in a beaker (300 mL) and four parallel stainless steel
electrodes of an area equal to 4 cm?, opposed to each other with a spacing of 5.1 mm
(Figure 10), mounted on a removable cover. The conductivity of the culture medium
was 2.6 mS/cm (conductometer CC-505, Elmetron, Zabrze, Poland) and the frequency for
delivering pulses was 1 Hz. While delivering the pulses the solution was being mixed with
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the help of a rotating magnet (100 rpm) to avoid cells sedimentation. The electrodes were
immersed for approximately 7.4 mm into the solution. The temperature was monitored
during PEF treatment.

107" m
- 0,01 o 0.0l

A

Figure 10. Schematic representation of a single electrode (A) and set of electrodes immersed into the
culture medium (B).

3.5. Selection of Iron Salt

In order to select the iron salt with the highest accumulation in yeast cells five iron salts
(FeCl,04H,0, Fe;,SO406H,0, FeCl;06H,0, Fe(NO3);09H,0, and iron (III) citrate) were
added to the medium in concentration of 100 ug Fe/mL. The conductivity of the solution
was 2.7 mS/cm. Cultures after 20 h cultivation were exposed to PEF with the following
initial conditions: voltage of 1500 V, pulse width of 10 us, treatment time 10 min, number
of pulses 600. Then cultures were centrifuged, washed several times with deionized water,
and lyophilized in a Model 64132 freeze dryer (Labconco, Kansas City, MO, USA). At
the same time, a control sample (C1) without iron in the medium and PEF treatment
was prepared.
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3.6. Selecting Optimal Process Parameters
3.6.1. Iron Concentration in the Medium

The freshly prepared solution of selected iron salt was added to the medium just before
electroporation so that the concentration of iron ions in a sample was, respectively, 100, 200,
300, and 400 ug/mL and conductivity of the solutions was in the range 2.7-3.0 mS/cm,
respectively. Then the culture was subjected to PEF with the same parameters as described
in Section 3.4. Simultaneously a control sample C1 was prepared.

3.6.2. Voltage

After selecting the iron concentration, voltage was screened in the range 300-3000 V
at the constant pulse width of 10 s, treatment time of 10 min, and number of pulses 600.
Two untreated samples—one with no iron ions in the medium (C1) and the other with
200 pg Fe3* /mL (C2), served as controls.

3.6.3. Pulse Width

Pulse width was tested for the values of 10, 20, 50, 75, 100, 125 and 150 us at the
constant voltage of 1500 V, treatment time of 10 min, and number of pulses 600. Two
untreated samples—one with no iron ions in the medium (C1) and the other with 200 pg
Fe3* /mL (C2), served as controls.

3.6.4. Treatment Time

In the final step, treatment time was varied for 5, 10, 15, and 20 min with constant
values of other parameters. During the treatment time pulses were delivered at 1 Hz pulse
repetition frequency. Two untreated samples—one with no iron ions in the medium (C1)
and the other with 200 ug Fe3* /mL (C2), served as controls.

3.6.5. Cultivation Time

Cultures were subjected to PEF after 8, 12, 16, 20, and 24 h of cultivation. The following
PEF parameters were applied: voltage of 1500 V, pulse width 10 us, treatment time 20 min,
1200 pulses. Two untreated samples—one with no iron ions in the medium (C1) and the
other with 200 pg Fe?*/mL (C2), served as controls.

After each stage of experiment cells were centrifuged, washed several times with
deionized water, and then lyophilized in a Model 64132 Labconco freeze dryer. The
experiment was performed in triplicate.

3.7. Determination of Iron Concentration

Iron concentration was determined using the flame atomic absorption spectrophotom-
etry (FAAS, Solaar 939, Unicam, Cambridge, UK). Samples of the freeze-dried biomass
were weighed into the thimbles, flooded with 3 mL of HNO3;-HClOy (5:1) mixture and min-
eralized for 20 min at 250 °C in a microwave oven (MARS 5, CEM Corporation, Matthews,
NC, USA). After cooling, solutions were transferred to 10 mL measuring flasks and topped
up with deionized water [11]. The determination was performed in triplicate.

3.8. Determination of Yeast Biomass and Cell Viability

Cell biomass was estimated by measurement of optical density at 600 nm against pure
culture medium in 2-mm measurement cells. Then dry mass was calculated using equation
for the standard curve. In the case of cell viability, dead cells were counted in the Thoma
chamber after staining with the 0.01% methylene blue solution. Both determinations were
performed in triplicate.

3.9. Determination of Fermentative Properties and Protein Content in Yeast Cells

Fermentative activity of yeast was determined by measuring the volume of the ex-
panding dough over time (0-120 min) [56]. Protein content in yeast cells was determined
by the Kjeldahl method [57]. The results are means of three measurements.
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3.10. Fluorescent Microscopy

Yeast cells from the samples C1 and C2, and the sample enriched with iron at the
optimal PEF conditions were stained with an 0.01% ethanol solution of Rhodamine B
(Merck, KGaA, Darmstadt, Germany) and observed under a fluorescent microscope (Eclipse
90i, Nikon, Tokyo, Japan). The excitation and emission wavelengths were 550 nm and
580 nm, respectively.

3.11. Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy

Mid-infrared absorption spectra were acquired by Attenuated Total Reflectance-
Fourier Transform Infrared spectroscopy (ATR-FTIR) IRSpirit (Shimadzu, Kyoto, Japan)
equipped with a DLATGS detector. The measurements were performed in attenuated total
reflectance mode using the QATR™-S Single-Reflection ATR Accessory with a Diamond
Crystal (Shimadzu). A pinch of dried samples were placed directly onto the crystal (with
a contact area diameter of 1.8 mm) and pressured against its surface with a swing clamp
mechanism. Spectra were collected with 36 spectral scans at a resolution of 4 cm~! within
the wavenumber range between 4000 and 500 cm ~!. The spectra were ATR, air vapour and
baseline corrected and normalized. The spectral normalization was performed in terms of
the equal area in the appropriate spectral range (3000-2800 cm ™! for lipids, 17201500 cm !
for proteins, 1180-900 cm ! for carbohydrates). To gain more insight into cell structural
components, second derivation procedure was performed. All spectral and data analysis
were performed using the Grams/ Al 8.0 software (Thermo Scientific, Waltham, MA, USA).

3.12. Data Analysis

Regression analysis and significance tests were performed using the Statistica 13.3.
software (StatSoft, Inc., Tulsa, OK, USA). The pos-hoc Tuckey test was employed to deter-
mine differences between means. Results of p < 0.05 were considered statistically significant.

4. Conclusions

This study showed that pulsed electric field increases iron accumulation in S. cerevisiae
cells. At the iron ion concentration of 200 pug/mL and under the following PEF conditions:
voltage of 1500 V, pulse width of 10 ps, treatment time 20 min, number of pulses 1200, as
well as the optimal cultivation time of 20 h, the amount of accumulated iron increased from
18.68 mg/g dry mass (for the control culture supplemented with iron but not treated with
PEF) to 48.01 mg/g dry mass. At the same time, treatment with PEF did not significantly
influence biomass production and cell viability. FTIR analysis of unloaded and iron ions
loaded yeast cells in the range of 4000-900 cm ™! allowed us to determine the presence of
functional groups that could be involved in iron ion binding. Yeast treatment with PEF
simultaneously induces the permeabilization of the whole cell barrier, both the cell wall
and the membrane. This is responsible for the increase of the iron ions adsorption on the
surfaces of negatively charged yeast cells and the interaction between it and the positive
iron ions. The elevated amount of iron in cells caused, however, over 40% decrease in the
fermentative activity of yeast as compared to the control sample. Overall iron-enriched
yeast may be considered an additional source of this element in a diet.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/biom11060850/s1, Figure S1: ATR FTIR spectra of all yeast samples (S. cerevisiae) investigated
acquired in the wavenumber range from 4000 to 750 cm~!.The most prominent absorbance bands
are indicated and correspond to the stretching vibrations of CH, and CHj3 groups in lipids, amide I
(~1640 cm~1) and amide IT (~1530 cm 1) bands of proteins and to the carbohydrate region between
1200 and 900 cm ™. Each spectrum presented is an average of three independent measurements and
normalized for equal area between 1180 and 900 cm ™1, Table S1: The most important bands obtained
in the spectra of yeast, and the type of vibrations with assigned sample components.
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Abstract: The most common cause of iron deficiency is an improperly balanced diet, in which the
body’s need for iron cannot be met by absorption of this element from food. Targeted iron supple-
mentation and food fortification may be the main treatments for iron deficiency in the population.
However, many iron-rich supplements and foods have low bioavailability of this element. In our
study, we used yeast enriched with iron ions to produce flatbread. The yeast cells accumulated iron
ions from the medium supplemented with Fe(NOj3)3-9H,0O, additionally one of the cultures was
treated with pulsed electric field in order to increase the accumulation. The potential bioavailability
of iron from flatbread containing 385.8 & 4.12 mg of iron in 100 g dry mass was 10.83 & 0.94%. All
the flatbreads had a moderate glycemic index. There were no significant differences in antioxidant
activity against DPPH® between flatbread with iron-enriched and non-iron-enriched yeast. Sensory
evaluation showed that this product is acceptable to consumers since no metallic aftertaste was
detected. Iron enriched flatbread can potentially be an alternative to dietary supplements in iron
deficiency states.

Keywords: iron deficiency; PEF; flatbread

1. Introduction

Iron deficiency is a global health problem that affects people of all ages. This condition
can also accompany many diseases. The etiology of iron deficiency is variable and depends
on many factors that reduce iron absorption and increase the demand for this element [1].
Increased demand is a physiological condition and is commonly observed in infants,
preschool children, spikes in adolescents during adolescence, and in pregnant women
(mainly in the second and third trimesters) [2]. Reduced iron intake may be a direct
consequence of malnutrition such as that of children and pregnant women in poor countries,
or it may be attributed to a vegan or vegetarian diet that is low in iron [3]. Reduced iron
absorption occurs in the presence of inhibitors such as calcium, phytates (present in grains),
and tannins (present in tea and coffee). In addition, this problem also occurs after surgery
that increases the pH of the stomach, which reduces conversion to ferrous ions. Diseases
such as Helicobacter pylori infection, celiac disease and intestinal inflammation also cause
reduced iron absorption [4].

Iron performs many important functions in the human body. Its primary role is to
participate in the transport of oxygen through erythropoiesis, therefore, in patients with
chronic inflammation, iron deficiency may be particularly severe and may exacerbate the
disease state [5]. Additionally, iron deficiency is a common cause of anemia since iron is an
integral part of the blood protein-hemoglobin (Hb) [6].

One way to treat iron deficiency is through oral supplementation. However, the use
of dietary supplements is associated with the risk of side effects, the most common of
which are gastrointestinal symptoms: Nausea, vomiting, abdominal pain, constipation,
flatulence, diarrhea, occurring in up to 40% of patients [7]. Additionally, these preparations
are characterized by low absorption of iron in the intestines and can have a metallic taste.
For these reasons, there is a need for an effective, long-term strategic approach. In this
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context, food fortification with iron remains a promising and cost-effective approach to
treating iron deficiency [6].

Prevention or treatment of iron deficiency can be achieved by enriching microorgan-
isms (for example, yeast) used in the food industry with iron ions through the application
of pulsed electric field (PEF) [8]. Previous studies have shown that using this technique
increases the efficiency of ion accumulation by yeast from the medium [9-14]. Higher ion
accumulation in cells results from the increased permeability of the cell membrane due
to the phenomenon of electroporation. Electroporation consists of the development of
structural defects in lipid bilayer membranes caused by the externally applied PEF [15].
It has been hypothesized that the defects are in the form of metastable nanoscale pores
through which small molecules and ions could pass [15]. Metal ions adsorbed on the cell’s
surface may next be a subject of intracellular bioaccumulation. This way yeasts produce
metal-protein complexes called metalloproteins (or bioplexes), which are highly absorbed
by the human body [16,17]. The yeast biomass enriched with iron using PEF could be used
for the production of functional food.

Therefore, in our research, we produced flatbread with the addition of yeast enriched
with iron ions using two methods: Only by adding iron salt to the nutrient medium and
additionally supporting the accumulation by the action of pulsed electric field. Our main
goal was to investigate the potential bioavailability of iron from such prepared flatbread
and to examine the nutritional and antioxidant properties of this food product.

2. Results and Discussion
2.1. Nutrient Composition and Glycemic Index of Flatbreads

Table 1 presents the nutritional value and glycemic index of flatbreads produced
with the addition of yeast from the cultures not supplemented and supplemented with
iron by two different methods. The nutritional value of the flatbread depends mainly on
the chemical composition of the flour and other ingredients used in its preparation [18].
Carbohydrates were in the range 58-62% and constituted the highest content in all analyzed
samples. Samples did not differ significantly in terms of protein and fat contents.

Table 1. Nutritional composition, caloric value, and glycemic index (GI) of flatbreads(content given on a dry mass) produced

with yeast not enriched and enriched with iron ions.

Flatbread Proteins Fat Carbohydrates Ash Caloric Value Caloric Value Glycemic

with Yeast (%) (%) (%) (%) (kcal/100g) (kJ/100g) Index (IG)
C1 11.85+ 0422 45040332  62.09+048¢ 215640192  336.23 4+ 2.38¢ 1406.79 + 9.97 56.24 + 0.122
C2 1144 £0.142  4.8140.18% 5942 +0.18> 24334033 326704 2.18P 1366.91 +£9.11° 56.51 + 0.25 2
P 1239 £ 0452  411+0.192 581440402 2537 +035¢  319.07 £ 22672 1334.97 +£9.452 56.23 + 1.342

Cl—yeast without the addition of iron ions and without PEF; C2—yeast with the addition of iron ions and without PEF; P—yeast with the
addition of iron ions and PEF. Each value is the mean + standard deviation (1 = 3). Results with the same letter within a column are not
significantly different (p < 0.05).

The flatbread samples differed significantly in the ash content, which was caused
by the higher content of iron in the samples enriched with this element. The amount of
carbohydrates, fats, and proteins influenced the caloric value of the products. There were
statistically significant differences in the caloric value of the flatbreads, those with the
addition of control yeast C1 had the highest caloric value, and the flatbreads with yeast
enriched with iron using PEF had the lowest value.

Grain products, apart from fruit and vegetables, are the basis of the human diet.
Flatbread is the oldest form of food that is still widely consumed in the Middle East, and
due to the composition and methods of preparation, several varieties are distinguished, e.g.,
chapatti, lavash or tortillas [19]. The glycemic index (GI) is an index of foods that contain
carbohydrates. It classifies foods based on their postprandial glycemic response against
a reference carbohydrate source (glucose or white bread). It ranges from 1-100 [20]. The
IG value depends on the size of starch molecules and the ratio of amylose to amylopectin,
as well as the content of protein, fat, fiber, anti-nutrients, and organic acids [21]. The
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investigated flatbreads did not differ significantly in IG and the values obtained in our
study were mainly influenced by the type of flour used (refined wheat flour). However,
these GI values were lower than those reported in the literature for traditional Indian
flatbread [22] and can be classified as a product with a moderate GL

2.2. Color Measurements

Table 2 shows the color of the flatbread surfaces in terms of L*, a*, b*, and AE values.
The higher content of iron ions in the sample resulted in a decrease in brightness (L*) and
yellowness (b*), increased redness (a*), thus an increase in the AE value for the sample with
yeast P. This is the expected effect as the color of the baked goods depends on the color
of the raw materials used. The iron-enriched yeast (C2 and P) were clearly darker than
the unenriched yeast (C1). However, changing the color of iron-containing products may
increase their acceptance, since darker products are perceived by consumers as healthier
and associated with a higher content of health-promoting ingredients, e.g., dietary fiber [23].

Table 2. Color determinants of flatbread.

Flatbread with Yeast L* a* b* AE
C1 9498 +0.54 ¢ 1.00 £0.182 11.32 £ 0.52b -
C2 9329 +0.22P 1.54 +0.07 € 12.86 £0.14 € 3.78
P 9153+ 0952 1234+0.1Pb 1047 £0.12 4.43

Cl—yeast without the addition of iron ions and without PEF; C2—yeast with the addition of iron ions and
without PEF; P—yeast with the addition of iron ions and PEF. Each value is the mean = standard deviation (n = 3).
Results with the same letter within a column are not significantly different (p < 0.05).

2.3. The Potential Bioavailability of Iron

Bioavailability is defined as the ability of a nutrient to be released from the food
matrix and dissolved. It determines the amount of the active substance that enters the
systemic circulation from the administered dose, as well as the rate of absorption of this
substance. Many factors influence the bioavailability of a substance. It largely depends on
the disruption of the permeability of the natural or processed food matrix, which in turn
leads to the release of the nutrient that is absorbed in the gastrointestinal tract [24]. Iron
absorption inhibitors are, for example, phytates, i.e., salts of phytic acid found in plants;
polyphenols present in vegetables, fruits, some grains and legumes, tea, coffee, and wine.
Calcium has also been shown to negatively affect non-heme and heme iron absorption,
differentiating it from other inhibitors that only affect non-heme iron absorption [25]. One
of the ingredients that improves iron absorption is ascorbic acid. This effect is largely
due to its ability to reduce iron (III) to iron (II) as well as its ability to chelate iron [26].
In our study, refined wheat flour was used to produce the flatbread. The study did
not analyze the content of phytate in flour and its influence on the bioavailability of
iron. However, literature data show that similar flours are characterized by a phytate
concentration of ~100 mg/100g of flour. The effect of phytic acid on the bioavailability of
non-heme iron is well known [27]. Since the same flour was used to obtain all the flatbreads
and in the same proportion, the effect of phytates on the bioavailability of iron was ignored.

Table 3 presents the iron content and potential bioavailability of this metal from flat-
breads. The flatbread obtained with the addition of unenriched yeast contained only about
3 mg/100 g dry mass of iron, and that with the enriched yeast, but without PEF, obtained
about 266 mg/100 g of dry mass. The use of iron-enriched yeast in PEF conditions for the
preparation of dough increased the iron content in the flatbreads to almost 386 mg/100 g
dry mass. There was a significant difference in the potential bioavailability of iron between
the samples. The flatbread with yeast P had the highest iron bioavailability, which was
correlated with the highest content of this element in the product.
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Table 3. Iron content and potential bioavailability of iron from flatbread.
Flatbread with Yeast Iron Content (mg) in 100 g The Potential Bioavailability
of Dry Mass of Iron (%)
C1 296 +0.542 5.86 +0.122
2 266.3 +2.62° 7.97 £ 0.64P
P 385.8 +4.12°¢ 10.83 094 €

Cl—yeast without the addition of iron ions and without PEF; C2—yeast with the addition of iron ions and
without PEF; P—yeast with the addition of iron ions and PEF. Each value is the mean = standard deviation (1 = 3).
Results with the same letter within a column are not significantly different (p < 0.05).

Many studies have been done to evaluate the iron bioavailability of cereal products
fortified with iron [28]. However, it is difficult to compare the results due to differences
in research methodology. For example, Pizarro et al. [26] prepared bread enriched with
ferric sulphate which contained 47 mg of this element in 1 kg. The authors reported
that the average iron absorption from this product determined in vivo was 10.5%, which
is comparable to our results. There is a lack of reports using iron-enriched yeast for
preparation of cereal products. In a study by Sabatier et al. [29], iron-enriched yeast
were used for fortification of cheese. The authors determined the bioavailability of iron,
but they used an in vivo method so it is difficult to compare the results. However, they
concluded that iron from iron-enriched yeast was 72-82% as well absorbed as ferrous
sulfate. Additionally, this study showed that during gastric and intestinal digestion in vitro,
yeasts are lysed and release most of the iron after 1-3 h of the process. In our previous
studies, we have shown that iron ions are bound by functional groups present both in the
cell wall and in the intracellular structures of yeast [30].

2.4. Antioxidant Activity of Flatbread

Measuring the antioxidant properties of food products provides information about the
antioxidant activity of a given product that may occur in the human body. The antioxidant
activity of the flatbread was tested by the ability of the extracts to inhibit DPPH* and
ABTS**. The investigated properties are presented in Figure 1. In the case of antioxidant
activity against DPPH® no significant differences were found between the samples. The
highest values of antiradical activity against ABTS** were determined in flatbread with
yeast C1, and the lowest in flatbread with yeast P (1.09 and 0.77 mMTE, respectively).
The lower antioxidant capacity of the extract from flatbread with yeast P may result
from the nature of iron, as iron is a metal with redox activity that can participate in
electron transfer reactions, which in turn causes the production of oxidants capable of
oxidizing cell components. Iron can participate in the catalysis of the formation of highly
reactive hydroxyl radicals from hydrogen peroxide (H;O,) in the Haber-Weiss reaction
and decompose lipid peroxides into peroxy and alkoxy radicals, which promotes lipid
oxidation [31].

2.5. Sensory Evaluation

The results of the quality assessment of the flatbread using the 5-point rating scale
are presented in Table 4. The quality of all the flatbreads was rated good and flatbread
produced with yeast P obtained the highest average score. What is important, the panelist
did not perceive a metallic after-taste which is a serious problem for products enriched
with iron salts. The accumulation of iron in yeast may reduce unfavorable changes in taste
in food products, since metal ions are associated with the cell organelles [30].
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Figure 1. Antioxidant properties of flatbread produced with yeast not enriched with iron ions (C1),
with yeast enriched with iron ions without PEF(C2), and with yeast enriched with iron ions using
PEF(P), expressed as Trolox equivalent antioxidant activity. Each value is the mean + standard
deviation (1 = 3). Bars with the same letter are not significantly different (p < 0.05).

Table 4. Results of the flatbread evaluation with the 5-point rating scale.

L Flatbread with Yeast
Feature Weighting Factor
C1 C2 P
Color 0.3 1.32 £0.10° 122 £0.042 1.32 +£0.03P
Smell 0.15 0.39 +0.01b 0.37 +0.02° 0.33 +0.012
Structure and consistency 0.15 0.50 £0.082 0.56 £ 0.06 2 0.60 £0.022
Taste 0.4 1.55+0.042 1.49 +£0.082 1.68 & 0.08 P
Overall 3.76 £0.122 3.64 £0.112 3934+ 0.03b

Cl—yeast without the addition of iron ions and without PEF; C2—yeast with the addition of iron ions and without PEF; P—yeast with
the addition of iron ions and PEE. Each value is the mean =+ standard deviation (1 = 3). Results with the same letter within a row are not
significantly different (p < 0.05).

The consumer’s acceptance of the food products depends mainly on their sensory
characteristics and health promoting properties. Due to the growing awareness of a healthy
lifestyle, the importance of cereal products that contain whole grain or other functional
ingredients is also increasing [18].

The use of iron-enriched yeast as a supplement is becoming more and more popular [32-34].
However, there are still few reports of the use of iron-enriched yeast in food products.

Iron compounds that are characterized by poor solubility at normal gastric acid
concentrations do not interfere with the sensory properties of food [35]. On the other hand,
more soluble compounds can cause fat oxidation (i.e., going rancid) as well as a color
change in the product within 6 months of storage. Reduced iron is preferred, and the
smaller the particle size, the better it will be absorbed [36]. According to Kiskini et al. [37],
who compared sensory characteristics of unenriched bread with breads that were enriched
with various iron compounds, ferric pyrophosphate was the compound that after addition
to bread gave the most acceptable product, while bread with ferrous lactate was the least



Molecules 2021, 26, 5204

6 of 12

acceptable. However, all the products had a pungent odor that was not found in the
iron-enriched flatbread obtained in this study.

The sensations of smell and taste consist of the basic smell and taste derived from the
aromatic compounds of the basic ingredients and aromatic additives in the composition
of the raw materials. The smell of a product will meet the required standards if it is
characteristic for a given product and will be free of foreign, unusual smells [38]. According
to the established average values of the smell of the flatbread, the highest score of 0.39 was
given to the flatbread with yeast C1 (unenriched with iron), but the differences between
the scores for all the flatbreads were very small.

Appearance is based on the sense of sight and includes an ability that can be examined
visually. Consumers often decide whether to buy a given product based on the appearance
of the product. Color also affects the appearance. This is an important feature as it is used
as a control parameter when baking wheat flour products [38]. It can be concluded from
Table 4 that the color of the flatbread with the addition of C1 and P yeast was ranked the
highest. The color of the flatbread with the addition of P yeast resembled whole grain
products, which, due to the growing awareness of consumers about a healthy lifestyle, are
more acceptable and desirable.

The flatbreads with the addition of yeast P obtained the highest scores for structure
and consistency. The quality of flatbread is primarily influenced by the type of flour used
and the total protein content in the flour. Many of the quality characteristics, e.g., external
appearance, structure, and consistency, depend on the quality and quantity of the protein.
In leavened bread, the higher water absorption results in more carbon dioxide bubbles
and a coarser structure of the bread. The water used when mixing the ingredients allows
the formation of gluten as a result of protein hydration and the change of rheological
properties [18].

2.6. Limitations and Future Perspectives

The results obtained in this study suggest that the use of yeast enriched with iron
through its accumulation enhanced by PEF is a promising tool for the production of
functional foods that may be effective against, e.g., anemia. The main limitation of the use
of PEF to enrich yeast with bio-elements, including iron, is that despite many scientific
studies on the principles and applications of PEF published so far, this technology is still
considered emerging. There are still no specific regulations in the European Union for food
processed with PEF. Moreover, consumers are suspicious of food produced with the use of
unconventional methods. What is more, the use of such methods entails additional costs.
Therefore, at present, the fortification of food with iron-enriched yeast cannot yet compete
with the fortification with iron salts in this respect.

3. Materials and Methods
3.1. Ingredients for the Production of Flatbread

Flatbread was prepared in three trials with the addition of yeast not enriched with
iron ions (C1), yeast enriched with iron ions (C2) by a supplementation of medium, and
yeast enriched with iron ions using a pulsed electric field (P). Additionally, 450 g of wheat
flour (white wheat flour for pastry, type 450), 7 g of freeze-dried yeast (the composition of
yeast is given in Table 5), salt, olive oil, and 30 mL of warm water were used to prepare
the dough.

3.2. Yeast Strain and Culture Conditions

In the experiment, the yeast strain Saccharomyces cerevisiae 11 Bl from the Department
of Biotechnology, Microbiology and Human Nutrition of the University of Life Sciences in
Lublin, was used. Then, agar slants and inoculum were prepared according to Romani and
Maguire [39].
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Table 5. Composition of wheat flour and freeze-dried yeast used for the production of flatbread
(content given on a dry mass).

Component Protein (%) Carbo(l(}/f)drates Fat (%) Iro?lfg(;g;ent
Wheat flour 108+ 0.21a 65.7 £0.18 ¢ 1.35+0.12a 0.70 £ 0.01a
Yeast C1 59.13 £ 0.18 b 31.79 £0.28 a 27+0.14b 0.13+0.01b
Yeast C2 58.24 +£0.35¢ 30.44 £ 0.59b 25+0.00c 18.68 + 0.86 ¢
Yeast P 540+0.11d 31.00 £ 0.37 b 2.354+0.07d 48.01 +£0.88d

Cl—yeast without the addition of iron ions and without PEF; C2—yeast with the addition of iron ions and
without PEF; P—yeast with the addition of iron ions and PEF. Each value is the mean + standard deviation (1 = 3).
Results with the same letter within a column are not significantly different (p < 0.05).

3.3. Preparation of Yeast Culture

Ten milliliters of the inoculum was added to 80 mL (C2, P) or 90 mL (C1) of the
culture medium in a 500 mL Erlenmeyer flask. The cultivation was carried out under the
same conditions as the inoculum. To each flask (except sample C1), 10 mL of iron (III)
nitrate solution was added so that the final concentration of iron ions in the medium was
200 pg Fe?* /mL. The culture was then incubated at 30 °C for 20 h. The culture P was
exposed to PEF for 20 min at a pulse width of 10 ps, an electric field voltage of 1500 V,
at a field frequency of 1 Hz using a laboratory electroporator (ECM 830, BTX Harvard
Apparatus, Holliston, MA, USA)(except for control samples C1 and C2). Cultures were
then incubated for 22 h. The biomass was centrifuged (10 min, 3000 rpm), the supernatant
was discarded, and the cells were washed three times with deionized water [30] and
freeze-dried (Labconco, Kansas City, MO, USA).

3.4. Preparation of Flatbread

Seven grams of yeast (C1, C2, P) was grown in warm water (30 mL) for 45 min at
room temperature. Then, 450 g of flour, 1 g of salt, and 10 g of olive oil were added to the
prepared mixture. The mixtures were prepared in the traditional way by weighing the
ingredients according to the recipe, thorough mixing, and aeration. Afterwards, the dough
was rolled out and fried in a hot pan on both sides for 2 min. At the same time, control
samples were prepared for the flatbread containing yeast without the addition of iron ions
(C1) and yeast with the addition of iron ions and not treated with PEF (C2). Each type of
flatbread was produced in three repetitions.

3.5. Nutrient Composition and Energy Content

Flatbreads were analyzed for protein content by the Kjeldahl method (N x 6.25), fat,
and ash using standard analyzes [40]. The carbohydrate content was calculated according to
the formula: 100—(weight in grams (protein + fat + ash) in 100 g of dry weight of flatbreads.

The energy content of the products was determined by multiplying the values obtained
for protein, available carbohydrates, and fat by 4.00, 4.00, and 9.00, respectively, and adding
up the results [41].

3.6. Color Measurements

From each trial, 10 g of flat bread was randomly selected and the color was mea-
sured with an EnviSense NH310 colorimeter (EnviSense, Lublin, Poland) in triplicate.
Color differences were recorded on the CIE L* a* b* scale with respect to brightness (L*)
and color (a*—redness; b*—yellow). The total color difference (AE) was calculated from
the formula (1):

AE = VAL 4 Aa*2 4+ Ab*2 (1)

where AL* Aa*, and Ab* are differences in the L*, a* and b* values, respectively, between
the reference sample and the test sample.
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3.7. Antioxidant Properties
3.7.1. Extraction of Bioactive Compounds

The samples (1 g) were ground in a laboratory grinder and shaken with 10 mL of 4:1
ethanol/water (v/v) for 120 min in a laboratory shaker. Next, the samples were centrifuged
at 3000 g for 10 min. The supernatant was taken and stored at —18 °C.

3.7.2. DPPH Radical Scavenging Activity

The DPPH assay was performed according to Brand-Williams et al. [42] with modifi-
cation. An aliquot of 0.1 mL of the sample was mixed with 0.9 mL of a 6 uM solution of
DPPH?® in 75% methanol and left for 3 min. The absorbance at 515 nm was then measured
against 75% methanol as a blank. The determination was performed in triplicate. The
scavenging effect was calculated according to the formula (2):

. . A sample
o, — — RS
Scavenging activity (%) = {1 ( X control)} x 100 )
where the A sample is the absorbance of the mixture of sample and DPPH® and the A
control is the absorbance of the control (DPPH® solution). The results were expressed as
Trolox equivalent antioxidant activity (TEAC) values (mM Trolox).

3.7.3. ABTS Radical Scavenging Activity

The ABTS assay was performed according to Re et al. [43] with slight modifications.
Here, 2.90 mL of the ABTS®** solution was mixed with 0.1 mL of each sample. The ab-
sorbance was measured at 734 nm after 3 min of the reaction against deionized water. The
scavenging effect was calculated using Equation (3):

. oy A sample
Scavenging activity (%) = {1 - (Acontrolﬂ x 100 (©)]

where the A sample is the absorbance of the mixture of sample and ABTS®** and the A
control is the absorbance of the control (ABTS®** solution).The results were expressed as
Trolox equivalent antioxidant activity (TEAC) values (mM Trolox).

3.8. Potential Bioavailability of Iron from Flatbread

The in vitro digestion was performed according to Szalast-Pietrzak et al. [44] with
slight modifications. Here, 1 g of the sample was combined with 30 mL of deionized water
and 1 M HCl to obtain a pH of 2.0 and treated with pepsin (Sigma-Aldrich, St. Louis, MO,
USA) in the amount of 2 mL of a 10% enzyme solution in 0.1 M HCl per test system. The
reaction was carried out for 75 min at 37 °C with stirring (130 rpm). The second step of
the in vitro process, corresponding to intestinal digestion, was performed using dialysis
tubes with a molecular weight cutoff of 14 kDa. In this digestion stage, the pH of the test
systems was adjusted to pH 6.5 with 6% NaHCOj; solution and treated with pancreatin
(Sigma-Aldrich) in the amount of 5 mL of 0.4% enzyme solution in 0.1 M NaHCOj3 per
test system. Then, the samples were quantitatively transferred to dialysis tubes, which,
after being sealed, were placed in laboratory containers made of PP material in 500 mL of
deionized water. After the intestinal digestion step, 3 mL of dialysate and dialysis solution
were taken (Figure 2).

The iron content of the dialysate, the dialysis solution, and the product before digestion
was determined by the FAAS method. The data were substituted into a formula (4) taken
from Szalast-Pietrzak et al. [44] and the potential bioavailability of iron was calculated:

B% = [D + Dr/(T + D)] x 100% (4)
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where D is the amount of iron (mg) in the dialysate, Dr is the amount of iron (mg) contained
in the tube dialysis treatment corresponding to the balance of concentrations, and T is the
amount of iron (mg) in the tube (mineralizate).

The amount of iron (mg) in the dialysis tube corresponding to the equilibrium concen-
trations of the given test system was calculated according to the formula (5) taken from
Szalast-Pietrzak et al. [44]:

Dr=(D x Vt)/Vvd ®)

where D is the amount of iron (mg) in the dialysate, Vt is the sample volume in the tube
(mL), and Vd is the dialysate volume (mL).

(1) Gastric digestion (2) Instenial digestion

N

Dialysis bag
MCWO 14000 Da

'\\
B ™ dialyzed solution
(hydrolyzate)
hydrolyzate /
pH2.0 dialysate
pepsin pH 6.5
75 minutes pancreatin + bile
3RE 2 hours
37°C

Figure 2. Scheme of in vitro digestion: (1) gastric digestion: enzyme: pepsin, pH: 2.0, digestion time:
75 minutes at 37 °C; (2) intestinal digestion: enzymes: pancreatin and bile, pH: 6.5, digestive time:
2 hours in 37 °C.

3.9. In Vitro Glycemic Index (GI)

The glycemic index (GI) of flatbread was determined according to the method of Reis
and Abu-Ghannam [45] with slight modifications. The digestion procedure outlined in
Section 3.8 was used. Here, 1 mL of the hydrolyzate was collected during the in vitro
digestion period at 10, 20, 30, 60, 90, 120, and 180 min of digestion. Then, 4 mL of ethanol
was added to 1 mL of the hydrolyzate to deactivate the enzymes. The glucose content in
the hydrolysates was determined using the GOPOD method. Values are expressed as mg
glucose/g sample. The glucose content was plotted as a function of time and the areas
under the hydrolysis curves (AUC) were calculated. The hydrolysis index (HI) for each
sample was calculated as the ratio between the AUC of the sample and the AUC of the
reference food, which was white bread. The value was expressed as a percentage. The
GI was calculated according to the Equation (6) described by Gorii, Garcia-Alonso and
Saura-Calixto [46]:

GI (%) = 39.71 + 0.549 x HI (6)

3.10. Sensory Evaluation

A group of 15 trained people aged from 28 to 50 participated in the sensory test
using a five-point rating scale with definitions for each point value on the scale. People
participating in the evaluation received previously prepared evaluation cards (Table 6).
The evaluation of qualitative factors such as: color, smell, structure and consistency, as
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well as taste was made on the basis of the developed scheme (Table 7). The individual
qualitative characteristics were assigned a weighting factor. A grade of 5 meant a very
good class, 4—a good class, 3—a satisfactory class, 2—an insufficient class, and 1—a bad
class. The samples were codded with three-digit numbers and served on white plates. The
assessments were made in the correct order. First, the visual characteristics were assessed,
then the rheological ones, and the last was the taste of the product.

Table 6. Evaluation card for the 5-point rating scale.

Feat Sample No.
eature 218 331 829
Color
Smell
Structure and consistency
Taste
Table 7. Scheme of the 5-point rating scale.
sohti Definitions
Feature Weighting
Factor 5 4 3 2 1
Light with Light with Bright, with No Inappropriate
Color 0.30 brown baked little-baked traces of baked characteristic color—very light or
bubbles bubbles bubbles baked bubbles very dark
Faint smell of No smell
Very aromatic, Aromatic, . baked flour characteristic of flour
typical for a typical for a A noticeable roduct, roducts, a ver
Smell 0.15 yP yp smell of a baked p o products, y
baked flour baked flour flour product perceptible perceptible smell of a
product product P smell of a burnt burnt product,
product foreign smell
Structure Very well Sufficiently Poorly baked
and 0.15 bak.ed, compa?ct, Well .baked, baked and hard, not too hard, Underdone, rubbery
. uniform, easily brittle . .
consistency brittle brittle not brittle
Yery natural, Suff1c1ent.1y Very poor taste No flour taste, bitter
mild, character- Natural, gentle, natural, mild, of flour .
Taste 0.40 .. . . taste, metallic
isticfor flour desirable without any products, not after-taste
product foreign taste very natural

3.11. Statistical Analysis

Regression analyses and significance tests were performed using the Statistica ver-
sion 13.3 software (StatSoft, Inc., Tulsa, OK, USA). The post-hoc Tukey test was em-
ployed to determine differences between means. Results of p < 0.05 were considered
statistically significant.

4. Conclusions

Micronutrient malnutrition is a major contributor to the increase in the incidence of
various diseases. Iron deficiency is a common cause of anemia that affects people of all ages
and around the world. Food fortification with iron compounds is one of the strategies for
its prevention, but unfortunately iron can cause unacceptable sensory changes in products.
In our study, rather than adding iron compounds directly to the product, we used yeast
enriched with iron ions to produce flatbread. We applied pulsed electric field to enhance
iron accumulation in yeast cells. The obtained flatbread contained about 386 mg/100 g
dry mass of iron, had good potential bioavailability of this element, was acceptable to
consumers (no metallic aftertaste was detected), and had a moderate glycemic index.
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In this study pulsed electric field (PEF) was used to increase accumulation of iron and
vitamin B1, in Saccharomyces cerevisiae cells, which were then used to produce
flakes. The yeast was enriched in two ways: only by adding iron salt (FeCls-6H,0)
and vitamin B4, to the culture medium and by additional application of PEF. Three
trials of yeast flakes were prepared: C1 (control, not supplemented), C2—with B>
and iron salt and not treated with PEF, and P—with B4, and iron salt and treated with
PEF (for 20 min at 10 us pulse width, voltage of 1500 V, a number of pulses 1200

and field frequency 1 Hz). The use of PEF resulted in higher iron and vitamin B,

Poland. accumulation, respectively, 2.5- and 1.4-fold for the sample P compared to the sam-
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1 | INTRODUCTION

The rise in popularity of vegetarian and vegan diets has been
observed worldwide and across age groups. However, eliminating all
animal products from the diet increases the risk of nutritional defi-
ciencies. Micronutrients that are particularly important for vegans and
vegetarians include vitamin B4, and iron in particular. Therefore, in
case of deficiencies of these components, supplementation should be
considered and appropriate eating habits implemented (Weikert
et al.,, 2020).

Iron in plant foods is in the nonheme form, which may be
absorbed to a lesser extent than the heme iron found in meat, fish,
and their meat products (bioavailability 1%-34% and 15%-35%,
respectively). Dietary factors and cooking techniques affect the
absorption of nonheme iron. Factors that increase the bioavailability
of iron are the presence of ascorbic acid (vitamin C), malic acid and
low pH. Greater iron absorption occurs from fermented foods due to
low pH and the presence of lactic acid. The effect of reducing iron
absorption is shown by dietary fiber, phytates, which are found in
cereals and legumes, polyphenols, high amounts of calcium, and zinc
(Baroni et al., 2019).

ple C2. The potential bioavailability of iron from yeast flakes was 10.13% and vitamin

B1,-4.31%, and the quality of this product was rated good by a sensory panel.

deficiency, iron, pulsed electric filed, vitamin B4, yeast

Long-term iron deficiency results in anemia that is the cause of
decreased work productivity, increased child and maternal mortality,
and slowed child development. Mild and moderate anemia may
increase susceptibility to infectious diseases (Govindappagari &
Burwick, 2019).

Vitamin By, (cobalamin) is a water-soluble vitamin. Its sources
include fish, meat and dairy products, as well as fortified cereal prod-
ucts and supplements. This vitamin is crucial for neurological function
and is involved in red blood cell production and DNA synthesis
(Langan & Goodbred, 2017).

One way to treat iron and vitamin B4, deficiency is oral supple-
mentation. However, the use of dietary supplements is associated
with side effects such as gastrointestinal complaints. Additionally, die-
tary supplements are characterized by low bioavailability of iron
(Shubham et al., 2020) and vitamin B4, (O'Leary & Samman, 2010).
Mineral and vitamin deficiencies can be prevented or treated by food
fortification. Yeast can be a good source of minerals and vitamins in a
diet and it can be modified by appropriate supplementation of the
nutrient medium. Products containing Saccharomyces cerevisiae are
widely available in tablet, powder, flake, and liquid forms. For flakes

production, yeast can be cultured on molasses enriched with
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additional nutrients such as minerals and B vitamins under aerobic
conditions; the nutrients in the resulting product will depend on the
composition of the molasses (Bekatorou et al., 2006). The flakes pre-
pared in this way, for example, can be used as a flavor enhancer and
source of umami flavor compounds (Grasso et al., 2019). This product
may also be in the form of a yellow powder with a consistency similar
to corn flour (Satyanarayana & Kunze, 2017).

Accumulation of mineral nutrients in yeast cells can be enhanced
by treatment with pulsed electric field (PEF) (Nowosad, Sujka, Pankie-
wicz, Miklavcic, et al., 2021; Pankiewicz et al., 2017). This application
of PEF is unique because usually this technology is used in yeast
research to inactivate cells (Cserhalmi et al., 2002) or to increase the
extraction of intracellular compounds (Dimopoulos et al., 2018). The
action of PEF is based on the phenomenon of electroporation of the
cell membrane. Electroporation involves the formation of pores in
lipid membranes. It has been hypothesized that small molecules and
ions can pass through the pores. In this way, for example, in yeast
cells, metal-protein complexes called metalloproteins (or bioplexes)
are formed, which are highly bioavailable to the human body
(Nowosad, Sujka, Pankiewicz, & Kowalski, 2021). The effect of PEF on
yeast depends, among others, on the PEF protocol and yeast growth
phase (Mattar et al., 2014).

As previous research has shown, application of PEF increases the
accumulation of minerals in S. cerevisiae cells, for example, zinc
(Pankiewicz & Jamroz, 2011), selenium (Pankiewicz et al., 2017), mag-
nesium (Pankiewicz & Jamroz, 2010) and iron (Nowosad, Sujka, Pan-
kiewicz, Miklavci¢, & Arczewska, 2021). In the studies by Pankiewicz
and Jamroz (2010, 2011), the accumulation of magnesium and zinc in
cells increased by 40% and 63%, respectively, after the PEF treat-
ment. Research has not yet been conducted on the use of PEF to
increase vitamin accumulation in yeast cells. However, enrichment of
yeast cultures by addition of vitamins to the medium has already been
investigated, for example, Jach et al. (2020) obtained biomass of
unconventional Yarrowia lipolytica A-101 yeast supplemented with
vitamin B4, (9 ug of vitamin B4, per 100 g of dry biomass).

In this study we produced yeast flakes using yeast enriched with
iron ions and vitamin B4, by two methods: only by adding iron salts
and vitamin Bq, to the medium and by additional increasing the accu-
mulation by the PEF action. Our main objective was to investigate the
potential bioavailability of iron and vitamin B4, from yeast flakes pre-
pared in this way and to investigate the nutritional and antioxidant
properties of this food product. In addition, we investigated the effect
of pulsed electric field on vitamin B4, accumulation in Saccharomyces

cerevisiae cells.

NOWOSAD et AL.

2 | MATERIALS AND METHODS

21 | Reagents and microorganisms

All reagents used were of analytical grade purity. Vitamin B,,, DPPH
(2,2-diphenyl-1-picrylhydrazyl), ABTS (2,2'-azino-bis(3-ethylben-
zothiazoline-6-sulfonic acid)), iron (lll) chloride, pepsin and pancreatin
were purchased from Sigma-Aldrich Inc. (St. Louis, MO, USA). Yeast
strain Saccharomyces cerevisiae 11 B1 was obtained from the Depart-
ment of Biotechnology, Microbiology and Human Nutrition at Univer-
sity of Life Sciences in Lublin. Agar slants and inoculum were
prepared according to Romani and Maguire (2002). The composition
of medium for agar slants and inoculum growth, as well as that used
in the experiment with PEF was presented by Nowosad, Sujka, Pan-
kiewicz, Miklav¢i¢, et al. (2021).

2.2 | Yeast culturing conditions and PEF protocol

Five yeast cultures (Y1-Y5) with the composition presented in
Table 1 were prepared in 500 ml Erlenmeyer flasks. The cultivation
was carried out according to the procedure by Romani and Maguire
(2002). The total cultivation time was 40 h and the final concentration
of iron ions in the medium was 200 ug Fe3*/ml, and vitamin Bq,-
1 mg/ml. The cultures Y4 and Y5 were subjected to PEF using an
ECM 830 unipolar square wave generator (BTX Harvard Apparatus,
Holliston, MA, USA) after 20 h of cultivation according to the proce-
dure described by Nowosad, Sujka, Pankiewicz, Miklav¢ic, et al.
(2021). PEF parameters were as follows: voltage of 1500 V (the elec-
tric field strength of 3 kV/cm), pulse width of 10 us, treatment time
20 min, number of pulses 1200 and field frequency 1 Hz. For these
cultures, both the ferric ion solution and the vitamin B4, solution were
added just prior to electroporation. Then all PEF-treated samples were
incubated in an incubator with shaking of 100 rpm at 30°C for next
20 h. After 40 h cultivation all samples were centrifuged and washed

several times with deionized water.

2.3 | Selection of vitamin B;, concentration

Freshly prepared vitamin B, solution was added to the medium so
that the concentration of vitamin B4, in the sample was 0.25, 0.5, and
1 mg/ml, respectively. Subsequently, the culture was subjected to

PEF with optimal parameters for iron accumulation described in the

TABLE 1 Composition of the samples used in the experiment
Yeast Medium (ml) Inoculum (ml) Ferric ions solution (ml) Vitamin B;, solution (ml) PEF treatment
Y1 (control) 90 10 — — —
Y2 80 10 - 10 -
Y3 70 10 10 10 -
Y4 70 10 - 10 4
Y5 70 10 10 10

Abbreviation: PEF, pulsed electric field.
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Section 2.2. The control sample Y1 (not supplemented with iron and
B1,, no PEF treatment) was prepared at the same time. The vitamin
B1, content in the samples was determined by the HPLC method
described in Section 2.8. The iron content was simultaneously deter-
mined in the yeast samples Y1-Y5 by the flame atomic absorption
spectrometry (FAAS) (see Section 2.8).

2.4 | Preparation of yeast flakes

Yeast from the cultures Y1 (not enriched with iron ions and vitamin
B1,, not treated with PEF), Y3 (enriched with ferric ions and vitamin
B4, only by supplementing the nutrient medium) and Y5 (enriched
with ferric ions and vitamin Bi, by supplementing the nutrient
medium and application of PEF) were used for yeast flakes prepara-
tion (samples C1, C2, P, respectively). After centrifugation of each cul-
ture, the yeast samples were transferred to a laboratory dryer and
dried on the Petri dishes at 50°C for 1.5 h until the samples have a
water content typical for the commercial flakes. After this step, a por-
tion of each sample was used immediately for the determination of
vitamin B12 content, and the rest was transferred to plastic con-

tainers and stored at 4°C overnight.

2.5 | Nutritional composition and energy content

Yeast and/or yeast flakes were analyzed for protein content by Kjel-
dahl method (N x 5.8), fat and ash using standard analyzes (AOAC
International, 2010). The carbohydrate content (%) was calculated

according to the formula:

Carbohydrate content(%) =

100g — [(weight in grams(protein + fat + ash) in 100g of dry weight)]
1)

The energy content of the flakes was determined by multiplying
the values obtained for protein, digestible carbohydrates and fat by
4.00, 4.00 and 9.00, respectively, and summing the results.

2.6 | Color measurements

Color of randomly selected portion (10 g) of each sample was mea-
sured with the EnviSense NH310 colorimeter (EnviSense, Lublin,
Poland). Color differences were recorded on the CIE L*a*b* scale with
respect to brightness (L*) and color (a* - redness; b* - yellow). The
device was calibrated on a white standard before testing. The temper-
ature of the test was equal to the ambient temperature and it was
20°C. The total color difference (AE) was calculated from the formula:

AE =1/AL*? 1+ Aa*2 4+ Ab™? 2)

where AL*, Aa*, and Ab* are differences in the L* a* and b* values,
respectively, between the reference sample and the test sample.

2.7 | Antioxidant activity

2.7.1 | Extraction of bioactive compounds

Samples (1 g) were ground in a lab grinder and shaken with 10 ml of
4:1 ethanol/water (v/v) mixture for 120 min on a lab shaker
(Paramera et al., 2011). The samples were then centrifuged at 3000 g

for 10 min. The supernatant was removed and stored at —18°C.

2.7.2 | ABTS radical scavenging activity

The ABTS assay was performed according to Re et al. (1999) with
minor modifications. Here, 2.90 ml of ABTS®" solution was mixed
with 0.1 ml of each sample. Absorbance was measured at 734 nm
after a 3 min reaction with deionized water. The scavenging effect

was calculated using the equation:

. - Asample
%)= |1—
Scavenging activity (%) = {1 (Acontrol)} x 100 (3)

where: Agample is the absorbance of the mixture of sample and ABTS®*
and Acontrol IS the absorbance of the control (ABTS®" solution).The
results were expressed as Trolox equivalent antioxidant activity
(TEAC) values (mM Trolox).

2.7.3 | DPPH radical scavenging activity

The DPPH assay was performed according to Brand-Williams et al.
(1995) with slight modification. An aliquot of 0.1 ml of the sample was
mixed with 0.9 ml of a 6 uM solution of DPPH® in 75% methanol and
left for 3 min. The absorbance at 515 nm was then measured against
75% methanol as a blank. The scavenging effect was calculated

according to the formula:

. - Asample
%) = |1 —
Scavenging activity (%) = {1 (A control)} x 100 (4)

where: Agample is the absorbance of the mixture of sample and DPPH®
and Acontrol is the absorbance of the control (DPPH® solution). The
results were expressed as Trolox equivalent antioxidant activity
(TEAC) values (mM Trolox).

2.8 | Potential bioavailability of iron and vitamin
B,, from yeast flakes

The in vitro digestion was performed according to Szalast-Pietrzak
et al. (2018) with slight modifications described by Nowosad and
Sujka (2021). Here, 1 g of the sample was combined with 30 ml of
deionized water and 1 M HCI to obtain a pH of 2.0 and treated with
pepsin in the amount of 2 ml of a 10% enzyme solution in 0.1 M HCI
per test system. The reaction was carried out for 75 min at 37°C with
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stirring (130 rpm). The second step of the in vitro process, corre-
sponding to intestinal digestion, was performed using dialysis tubes
with a molecular weight cutoff of 14 kDa. In this digestion stage, the
pH of the test systems was adjusted to pH 6.5 with 6% NaHCO3 solu-
tion and treated with pancreatin in the amount of 5 ml of 0.4%
enzyme solution in 0.1 M NaHCO; per test system. Then, the samples
were quantitatively transferred to dialysis tubes, which, after being
sealed, were placed in laboratory plastic containers in 500 ml of deio-
nized water. After the intestinal digestion step, 3 ml of dialysate and
dialysis solution were taken.

The iron content of the dialysate, the dialysis solution, and the
product before digestion was determined by the FAAS method
(Nowosad, Sujka, Pankiewicz, Miklavc¢i¢, et al., 2021). For determina-
tion of B1, content samples were filtered and analyzed by gradient
HPLC system (Beckman, System GOLD, USA) equipped with an ion
exchange column (Gemini 3u C18 110A, 150 x 4.6 mm 3 um), Phe-
nomenex with a pre-column Gemini (4,3 mm, C18, Phenomenex,
USA), diode array detector (type 166), and gradient solvent module
pomp (type 126AA), a dosing valve 7725i (Rheodyne, USA) and a col-
umn thermostat. The mobile phase consisted of solvent A (0.6% acetic
acid) and solvent B (80% acetonitrile) with a flow rate of 1.0 ml/min.
The initial mobile phase composition was maintained at 100% solvent
changed linearly to 95% (0-5 min), then changed linearly to 65% (5-
22,5 min) and held 5,5 min (22,5-28 min), then followed by a return
to the initial conditions within 3 min (28-31 min) and kept 5 min (31-
36 min) for the chromatograph column equilibrium. Chromatograms
were recorded at 361 nm. The concentration of wit B4, was calcu-
lated from equation of the calibration curve plotted for the standard
solutions. Gold Nouveau Chromatography Data System, version 1.7
(Beckman, USA) was used for process control and data collection. The
injection volume was 20 pl.

The data were substituted into the following formula (Szalast-
Pietrzak et al., 2018) and the potential bioavailability of iron or vitamin
B4, was calculated:

B% =D+ D, /(T +D)] x 100% (5)

where: D is the amount of iron (mg) or vitamin B4, (ug) in the dial-
ysate, D, is the amount of iron (mg) or vitamin B4, (ug) contained in
the tube dialysis treatment corresponding to the balance of concentra-
tions, and T is the amount of iron (mg) or vitamin B15 (ug) in the tube.
The amount of iron (mg) and vitamin B4, (ug) in the dialysis tube
corresponding to the equilibrium concentrations for of the given test
system was calculated according to the formula (Szalast-Pietrzak
et al., 2018):
Dr=(DxV)/Vq (6)

where: D, amount of iron (mg) or vitamin B4, (ug) in the dialysate,

V;, sample volume in the tube (ml), Vg, dialysate volume (ml).

2.9 | Invitro glycemic index

The glycemic index (Gl) of yeast flakes was determined according to
the method of Reis and Abu-Ghannam (2014) with slight

NOWOSAD et AL.

modifications. The digestion procedure outlined in the previous
section was used. Here, 1 ml of the hydrolysate was collected during
the in vitro digestion period at 10, 20, 30, 60, 90, 120, and 180 min of
digestion. Then, 4 ml of ethanol was added to 1 ml of the hydrolysate
to deactivate the enzymes. The glucose content in the hydrolysates
was determined using the glucose oxidase/peroxidase assay (GOPOD
method, Megazyme). Values are expressed as mg glucose/g sample.
The glucose content was plotted as a function of time and the areas
under the hydrolysis curves (AUC) were calculated. The hydrolysis
index (HI) for each sample was calculated as the ratio between the
AUC of the sample and the AUC of the reference food, which was
white bread. The value was expressed as a percentage. The Gl was
calculated according to the equation described by Goni et al. (1997):

Gl (%) =39.7140.549 x HI (7)

210 | Sensory evaluation

A group of 15 trained people aged from 18 to 60 participated in the
sensory test using a five-point rating scale with definitions for each
point value on the scale. The evaluation of qualitative factors such as:
color, smell, structure and consistency, and taste was made on the
basis of the developed scheme (Table 2). Each quality feature was
assigned a weighting factor. A grade of 5 meant a very good class, 4—
a good class, 3—a satisfactory class, 2—an insufficient class, and 1—a
bad class. The samples were codded with three-digit numbers and
served on white plates. The assessments were made in the correct
order: first, the visual characteristics were assessed, then the rheologi-
cal ones, and the last was the taste of the product. Then, based on the
individual results, an average was drawn and multiplied by the weight-
ing factor assigned to the feature. The results were summed to pro-

vide an overall rating for product quality.

211 | Statistical analysis

All measurements were performed in at least three repetitions.
Regression analyses and significance tests were performed using the
Statistica version 13.3 software (StatSoft, Inc., Tulsa, OK, USA). The
post-hoc Tukey test was used to determine differences between

means. Results of p < .05 were considered statistically significant.

3 | RESULTS AND DISCUSSION

3.1 | Effect of vitamin B4, concentration on its
accumulation in yeast

Accumulation of ions and other molecules in yeast cells depends on
the concentration of molecules and ions and their bioavailability
(Williams & Da Silva, 2000). In our experiment, the application of PEF
increased the accumulation of vitamin B4, in all tested concentrations
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of this vitamin (0.25 mg/ml medium, 0.5 mg/ml medium and 1 mg/ml
medium) (Figure 1). However, the greatest effect of PEF was observed
for the concentration of 1 mg/ml of medium. The content of vitamin
B4, in sample Y5 (yeast enriched with 1 mg vitamin B12/ml medium
and 200 pg Fe®*/ml medium using PEF) was 50% higher than in sam-
ple Y3 (yeast enriched with the same concentration of both sub-

over the entire surface

yeast products
metallic taste

stances but without PEF). Therefore, we decided to use this

Wrong color, not solid

No smell characteristic of
Underdone, rubbery

No yeast taste, noticeable

concentration of vitamin B4, in the next stage of the experiment.
Additionally, we observed that yeasts Y3 and Y5 accumulated more
B15 than yeasts Y2 and Y4. The possible explanation is that the pres-
ence of ferric ions has a stabilizing effect on this vitamin (Heep &
Taterra, 2015).

The accumulation of ions and vitamins by microorganisms occurs
in several ways. Metal ions can accumulate on the surface of microbial
cells in an undefined way and also due to the sorptive properties of

microbial cells. A common phenomenon is also the active transport of

not very natural, little metallic

of the surface
taste

brittle

some ions (e.g., magnesium, sodium, potassium) into the cells of

Color inconsistent over large areas
Faint smell of yeast product
Poorly baked, not too hard, not
Very little taste of yeast products,

microorganisms. In some cases, microorganisms secrete chelating
compounds and ionophores that enable them to take up an ion
(Stehlik-Tomas et al., 2004). In our research, PEF was used to increase
the accumulation of vitamin B4, and iron in yeast cells. As a result of
PEF action on a cell, a transmembrane potential difference is induced.
According to the widely accepted theoretical model, hydrophilic pores
are formed in the lipid bilayer of a cell membrane by spontaneous
thermal fluctuations of membrane lipids. This leads to an increase in

amount of other shades
without any foreign taste

product

Noticeable smell of the yeast
brittle

Solid color with a moderate
Sufficiently baked and firm,
Sufficiently natural, mild,

the permeability of the membrane for small charged molecules. When
the electric field ceases to operate, the membrane is resealed and the
cells retain the introduced molecules or ions (Chang et al., 1992;
Neumann et al., 1989; Tsong, 1991; Weaver & Chizmadzhev, 1996;
Zimmermann, 1986).

3.2 | Nutrient composition and glycemic index of
yeast flakes

visible other shades
yeast product

Well done, brittle and
without any foreign taste

Aromatic, characteristic of a
crumbly

Solid color, with slight
Natural, mild, desirable,

Yeast can be used for the prevention and treatment of various ail-
ments and deficiencies, as they are a rich source of amino acids, pro-
teins, minerals such as chromium, selenium, zinc, copper, iron,
manganese, magnesium, and B vitamins (Jach & Serefko, 2018).
Table 3 shows the nutritional value and glycemic index of flakes made
of yeast from non-supplemented cultures and those enriched with
iron and vitamin B4, by two different methods. Carbohydrates' con-
tent of flakes ranged from 32% to 34%. Samples C1 and C2 had

higher protein content than P, whereas the highest fat content was

yeast taste, without any foreign

brittle and crumbly
taste

yeast product

Solid color, no other shades visible
Very aromatic, characteristic for a
Very natural, mild, characteristic

Very well done, uniform, easily

Definitions

5

found in the sample C1.
The samples of yeast flakes differed significantly in the ash con-
tent, which was caused by the higher iron content in the samples

Weighting
factors
0.25

0.25

0.15

0.35

enriched with this element. The amount of carbohydrates, fats, and
proteins influenced the caloric value of the products. Statistically sig-

Scheme of the 5-point rating scale

nificant differences were found in the caloric value of yeast flakes

with the highest result for C1 sample. The glycemic index is an indis-

consistency

pensable tool for assessing the nutritional quality of food, as a high Gl

Feature
Structure and
Taste

TABLE 2
Color
Smell

of foods is associated with the increasing prevalence of diabetes,
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FIGURE 1 Effect of vitamin B4, concentration on its accumulation in yeast cells. Black bars (Y1)—control culture without iron ions and
vitamin B4, and pulsed electric field (PEF) treatment; red bars (Y2)—cultures with vitamin B4, and not treated with PEF, green bars (Y3)—cultures
with addition of vitamin By, and iron ions (200 pg Fe®*/ml medium) and not treated with PEF, blue bars (Y4)—cultures with By, and treated with
PEF (voltage of 1500 V, pulse width of 10 us, treatment time 10 min, number of pulses 600, after 22 h of cultivation), yellow bars (Y5)—Cultures
with vitamin B4, and iron ions (200 ug Fe®*/ml medium) and treated with PEF (voltage of 1500 V, pulse width of 10 ps, treatment time 10 min,

number of pulses 600, after 22 h of cultivation). Each value is the mean + standard deviation (n = 3). Bars with the same letter (a-i) are not

significantly different (p < .05)

TABLE 3 Composition of yeast used for the production of yeast flakes (content given on a dry mass)

Yeast Protein (%) Carbohydrates (%)
Y1 53.02 +0.17° 33.79 + 0.28°
Y3 52.66 + 0.33° 31.94 £ 0.122
Y5 49.25 +0.10° 31.99 +0.37°

Fat (%) Iron (mg/g) Vitamin By, (ug/g)
2.70 + 0.14° 0.13 + 0.01° 0.11 + 0.09°
2.50 + 0.00° 15.32 + 0.78° 2.60 +0.13°
2.35+ 0.07° 38.03 + 0.33° 5.25+0.31°

Note: Y1—yeast without the addition of iron ions and vitamin B12 and without pulsed electric field (PEF); Y3—yeast with the addition of iron ions and
vitamin B12 and without PEF; Y5—yeast with the addition of iron ions and vitamin B12 and PEF. Each value is the mean + standard deviation (n = 3).
Results with the same letter within a column are not significantly different (p < .05).

obesity and cardiovascular disease. For this reason, dietary recom-
mendations suggest a low Gl diet (<55) to prevent chronic disease
(Romao et al., 2021). Gl of yeast flakes was ~42, so they can comple-

ment the diet of people with insulin resistance and diabetes.

3.3 | Color of yeast flakes

Color is one of the most important sensory characteristics of food and
significantly affects its overall quality as perceived by the consumers.
The first impressions of food products are visual and the initial accep-
tance depends largely on the color of the product. Color measurement
can be applied to almost any food product (Lehto et al., 2017). Table 4
shows the color of the yeast flakes surfaces in terms of L*, a*, b*, and
AE values. The higher content of iron ions and vitamin B4, in the sam-
ple resulted in a decrease in brightness (L*) and yellowness (b*). At the
same time, redness (a*) in samples enriched with vitamin B4, and iron

increased (in proportion to the increase in iron and vitamin Bq,

content).This caused an increase in the AE value for yeast flakes from
the sample P. The yeast enriched with iron and vitamin B4, (C2 and P)
were clearly darker than the unenriched yeast (C1). Redness (a*)
changes may also be related to the presence of vitamin B4 in the
samples as it is a red crystalline chemical compound (Nielsen
et al., 2012). Hence the higher redness (a*) of sample P, which con-

tains more vitamin B4, than sample C2.

3.4 | The potential bioavailability of iron and
vitamin B12

Animal products are a good source of vitamin By, in the diet. The
mean bioavailability of this vitamin in healthy humans from poultry
meat ranges from 61% to 66% (Watanabe, 2007). Bioactive forms of
vitamin B4, are not found in plant products. Some plant foods, such
as seaweed and mushrooms, contain analogues of vitamin Bj,
(Watanabe & Bito, 2018). The absorption of vitamin B4, in the
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TABLE 4 Nutritional composition, caloric value, and glycemic index (Gl) of yeast flakes (content given on a dry mass) produced with yeast not

enriched and enriched with iron ions and vitamin B,

Caloric value Caloric value Glycemic
Yeast flakes  Proteins (%) Carbohydrates (%)  Fat (%) Ash (%) (kcal/100 g) (kJ/100 g) index (GI)
C1 53.02+0.17° 3379 +0.28° 2.70 £ 0.14° 6.38 £0.04* 387.97 +0.89¢ 1623.29 + 3.70° 42,12 +0.11°
c2 52,66 +0.33° 31.94%0.12° 2.50+0.00°  8.81+024° 377.23+0.96" 1578.35 + 4.01° 42.09 + 0.09°
P 49.25+0.10° 31.99 +0.37° 2.35+0.077 12.58+0.19° 361.43 +0.39? 1512.20 + 1.64° 41.97 + 1.09?

Note: C1—yeast flakes without the addition of iron ions and vitamin B, and without PEF; C2—yeast flakes with the addition of iron ions (200 ug Fe3*/ml
medium) and vitamin By, (1 mg vitamin B1,/ml medium) and without PEF; P—yeast flakes with the addition of iron ions (200 pg Fe**/ml medium) and
vitamin B15 (1 mg vitamin B12/ml medium) and PEF. Each value is the mean + standard deviation (n = 3). Results with the same letter within a column are

not significantly different (p < .05).

TABLE 5 Values of color determinants of yeast flakes

Yeast flakes L*

c1 94.65 + 0.68°
c2 91.29 + 0.22°
P 89.94 + 0.93°

a* b* AE
0.93 + 0.08° 11.66 + 0.48° -
1.24 + 0.04° 10.86 + 0.09° 4.47
1.36 + 0.03¢ 10.14 + 0.50° 6.66

Note: C1—yeast flakes without the addition of iron ions and vitamin B12 and without PEF; C2—yeast flakes with the addition of iron ions (200 pg Fe**/ml
medium) and vitamin B12 (1 mg vitamin B12/ml medium) and without PEF; P—yeast flakes with the addition of iron ions (200 pg Fe*/ml medium) and
vitamin B12 (1 mg vitamin B12/ml medium) and PEF. Each value is the mean + standard deviation (n = 3). Results with the same letter within a column are

not significantly different (p < .05).

terminal ileum is mediated by intrinsic factor—a glycoprotein that is
produced by cells lining the stomach (Brito et al., 2018). Increased
intake of gastric acid inhibitors increases the risk of vitamin B4, defi-
ciency due to lack of its absorption. In contrast, calcium supplementa-
tion was found to positively influence the association between gastric
acid inhibitors and vitamin B4, deficiency (Watson et al., 2018).

Table 5 shows the iron and vitamin B, content and their poten-
tial bioavailability from the yeast flakes. The potential bioavailability
of vitamin B4, from yeast flakes was about 3.5% in sample C2, while
it was higher for sample P at about 4.3%. The higher bioavailability of
vitamin B4, from sample P may be due to its higher content in this
sample than in C2. However, the bioavailability of this vitamin from
the tested samples was still low. One way to increase it could be to
add vitamin C to the yeast flakes. The absorption of vitamin B4, also
depends on its dose in the product. It is likely that the intestinal
absorption of vitamin B4, via intrinsic factors is a maximum of about
1.5-2.0 pg per meal under physiological conditions. Therefore, the
bioavailability of vitamin B1, may drop significantly with increasing
intake of this vitamin in the meal (Watanabe & Bito, 2018). We
observed that yeast flakes contained 82.5% less vitamin B4, than
fresh yeast (5.25 pg/g dry weight of yeast and 0.92 ug/g dry weight
of yeast flakes). The difference in vitamin B4, content between these
samples is likely due to the high temperature of the yeast flake prepa-
ration process (Bajaj & Singhal, 2021). In a pilot study with five partici-
pants performed by Garrod et al. (2019), it was determined whether
enriching flour with vitamin B4, yielded a bread product with intact
vitamin B4, content. This study showed that when vitamin By, is
added to flour, it survives fermentation processes and high tempera-
tures during baking and retains approximately 50% bioavailability
when given to healthy individuals in low doses. The recommended

intake of vitamin B4, for adults is 2.4 pg/day. This recommendation
assumes that the usual bioavailability of low doses of the vitamin in
crystalline form is 60%, whereas for the same amount in foods such
as meat and fish it is 50% (Wolffenbuttel et al., 2019).

The yeast flakes C1 and C2 contained, respectively, ~12 mg and
~1420 mg iron in 100 g dry mass. Using yeast enriched with iron
under PEF conditions to prepare yeast flakes increased the iron con-
tent of the flakes to nearly 3600 mg iron/100 g dry mass. Such high
amounts of iron in yeast flakes are due to the use of yeast alone in
their production (Table 6).

The potential bioavailability of iron from yeast flakes is about
6.8% for sample C2 and about 10% for sample P (Table 6). No nutrient
has as many dietary factors that affect its bioavailability. Factors that
inhibit iron utilization result in nearly 80% of all iron from the diet
ending up in the feces (Banjari & Hjartaker, 2018). Iron absorption is
enhanced by vitamin C (can increase dietary iron absorption by up to
10%) while calcium has the opposite effect (Watson et al., 2018). For
this reason, as with vitamin B1,, vitamin C could be added to the prod-
uct to increase the bioavailability of iron.

Numerous studies have been conducted on the bioavailability of
iron from iron-fortified products, but comparing results can be prob-
lematic due to differences in study methodology (Diego Quintaes
et al., 2017). In the study by Pizarro et al. (2006) bread enriched with
ferrous sulfate was prepared. The content of iron in bread was
0.47 mg in 100 g. The potential bioavailability of iron from this prod-
uct was 10.5%, but the authors used an in vivo method so it is difficult
to compare it with our results. In a study by Doumani et al. (2020) the
total iron content in humus samples was on average 4.7 mg/100 mg.
In this case, the in vitro bioavailability of iron from garlic enriched
humus was 13.6%, while from this product not containing garlic it was

9SUDIT SuoWIWo)) dAnear) aqesridde oyy £q pauraaos are sa[ANIE YO s JO So[NI 10J KIRIqIT dUI[UQ AJ[IA\ UO (SUONIPUOD-PUE-SULIA)/ WO (1M  ATeIqrjaut[uo//:sdiy) SUonIpuoy) pue suLd [, oY1 39§ *[£70g/10/1€] uo Areiqry auruQ A9ip ‘urpqn ur armmoudy jo run £q sHzH1-2djl/1111°01/10p/wod Kapim: Kreiqrpaurjuo//:sdny woiy papeojumo( ‘0 ‘0€SHSHLL



8of 11 Journal of
O—I—Wl LEY—‘ Food Process Engineering_

8.2%. In the study by Bryszewska et al. (2019) the in vitro iron bio-
availability was determined using the Caco-2 cell line. The bioavailabil-
ity of iron after digesting iron-enriched bread ranged from 41.45% to
99.31%. Wahengbam et al. (2019) investigated iron bioavailability
from rice fortified with iron and folic acid. The potential bioavailability
of iron in the enriched unground rice was 57.6% so it was higher than
that of our product. This was most likely influenced by other com-
pounds, such as in the study by Wahengbam et al. (2019) it was folic
acid, which increases iron absorption (Jyrwa et al., 2020), and in the
case of the study by Doumani et al. (2020), garlic and vitamin C-
containing raw materials were used to make hummus, which can also
increase iron absorption (Nahdi et al., 2010; Subroto et al., 2021).

3.5 | Antioxidant activity

The antioxidant activity of food products depends on the presence
and content of bioactive compounds. Consumption of bioactive com-
pounds reduces the risk of non-communicable diseases (Granato

TABLE 6
Yeast Iron content The potential bioavailability of
flakes (mg/100 g) iron (%)
C1 11.98 + 1.01° 5.16 + 0.60°
c2 1424.42 £ 0.78° 6.77 £ 0.36"
P 3593.10 + 4.33° 10.13 + 0.08¢

NOWOSAD et AL.

et al., 2018). The antioxidant activity of yeast flakes was investigated
through the ability of the extracts to inhibit DPPH® and ABTS*". For
antioxidant activity against both free radicals, no significant differ-
ences (p < .05) between samples were found. The highest values of
antioxidant activity against ABTS®t were determined for yeast flakes
C1, and the lowest for yeast flakes P (0.8 and 0.77 mMTE, respec-
tively). For DPPH® the relationship was the same, C1 yeast flakes had
the highest antioxidant activity and P yeast flakes the lowest (1.93
and 1.81 mMTE, respectively). Increasing the vitamin B4, content by
application of PEF did not affect the antioxidant activity of trial P. The
lower antioxidant capacity of products with higher vitamin B, and
iron contents may be due to the nature of iron, as it is a metal with
redox activity that is involved in electron transfer reactions, which in
turn leads to the production of oxidants capable of oxidizing cellular
components (Zago & Oteiza, 2001). In turn, the presence of vitamin
B4, improves antioxidant properties, which may compensate for the
effect of iron on antiradical activity. Lower vitamin B4, levels are asso-
ciated with increased prooxidant levels and decreased antioxidant sta-
tus (Van De Lagemaat et al, 2019). Supplementation with

Iron and vitamin B4, content in 100 g of dry mass and potential bioavailability of iron from yeast flakes

Vitamin By, content The potential bioavailability of vitamin

(ng/100 g) B2 (%)

1.03 £ 0.29° 0.00°?
64.90 + 3.18° 3.53+0.76°
92.42 + 3.91° 431 +0.44°

Note: C1—yeast flakes without the addition of iron ions and vitamin B4, and without pulsed electric field (PEF); C2—yeast flakes with the addition of iron
jons (200 pg Fe**/ml medium) and vitamin B12 (1 mg vitamin By,/ml medium) and without PEF; P—yeast flakes with the addition of iron ions (200 pg
Fe3*/ml medium) and vitamin By, (1 mg vitamin B;,/ml medium) and PEF. Each value is the mean # standard deviation (n = 3). Results with the same

letter within a column are not significantly different (p < .05).

Qverall rating

’Structure and consistency

Smell

FIGURE 2 The 5-point rating radar
chart. C1—Yeast flakes without the addition
of iron ions and vitamin Bq, without pulsed
electric field (PEF); C2—Yeast flakes with the
addition of iron ions (200 pg Fe*/ml
medium) and vitamin B4, (1 mg vitamin
B12/ml medium) without PEF; P—Yeast
flakes with the addition of iron ions (200 pg
Fe3*/ml medium) and vitamin By, (1 mg
vitamin B41,/ml medium) and PEF. Each value
is the mean = standard deviation (n = 3)

9SUDIT SuoWIWo)) dAnear) aqesridde oyy £q pauraaos are sa[ANIE YO s JO So[NI 10J KIRIqIT dUI[UQ AJ[IA\ UO (SUONIPUOD-PUE-SULIA)/ WO (1M  ATeIqrjaut[uo//:sdiy) SUonIpuoy) pue suLd [, oY1 39§ *[£70g/10/1€] uo Areiqry auruQ A9ip ‘urpqn ur armmoudy jo run £q sHzH1-2djl/1111°01/10p/wod Kapim: Kreiqrpaurjuo//:sdny woiy papeojumo( ‘0 ‘0€SHSHLL



NOWOSAD T AL. Journal of

9of 11
| Food Process Engineering -Wl LEYJ;

physiologically relevant concentrations of cyanocobalamin (a form of
B4, commonly used in supplements) has been shown to reduce super-
oxide levels in the cytosol and mitochondria (Kostyuk et al., 2013). In
addition, enzymatically processed vitamin B4, acts as a direct scaven-
ger of superoxides (Chan et al., 2018) and may stimulate free radical
scavenging by preserving glutathione (Karamshetty et al., 2016).

3.6 | Sensory evaluation

The acceptability of a food product by the consumer depends on
many factors. The sensory and health-promoting properties of the
product are of the greatest importance whether a product will be
accepted or rejected (Mir et al., 2014). The high nutritional value of
the food product makes it more acceptable to consumers. For this
reason, the use of mineral-enriched yeast for the production of func-
tional food or as a supplement is becoming more and more popular
(Nowosad & Sujka, 2021; Pas et al., 2007; Pirman & Oresnik, 2012;
Wang et al., 2011). However, the metallic taste and discoloration of
iron-fortified products are often cited as the reasons for unsuccessful
attempts to bring such products to the market and gain consumer
acceptance (Bovell-Benjamin & Guinard, 2003).

Iron compounds that are poorly soluble in gastric juice do not
affect the sensory properties of the product in which they occur
(Hurrell, 1997), while these compounds which has very good solubility
can cause changes in the color and taste of food products due to their
participation in the fat oxidation process (Eichler et al., 2019).

The results of overall rating for yeast flakes P and C2 were the
highest and they did not differ significantly (Figure 2). The yeast flakes
C1 were rated the lowest. Color was rated higher for the product P
than C1 and C2 (no statistically significant differences were found
between these two samples, p < .05). Statistically significant differ-
ences were found between samples P, C2, and C1. These differences
were due to dark red color of flakes C2 and P caused by the presence
of vitamin B4,. There were no significant differences between the
yeast flakes in such features as: structure, consistency, and taste. The
quality of yeast flakes C1 was rated as satisfactory, while in the case
of C2 and P yeast flakes it was good. The presence of iron did not

change the sensory characteristics of the products.

4 | CONCLUSIONS

In our study, we enhanced accumulation of iron and vitamin By, in
yeast cells using pulsed electric field. The application of PEF signifi-
cantly increased (by 50%) the concentration of vitamin By, in yeast
compared to that supplemented with this vitamin but without PEF
treatment. Yeast enriched with iron and vitamin B4, was used to pro-
duce yeast flakes. The obtained yeast flakes contained 3.6 g of iron
and 92.4 ug of vitamin B4, per 100 g of product. The potential bio-
availability of iron was 10% and of vitamin By, 4.31%. The yeast
flakes were characterized by a low glycemic index. The nutritional
composition of yeast flakes shows that this product can be a very
good source of iron and vitamin By, for people exposed to a

deficiency of these ingredients, for example, during the use of plant
diets. Due to their low glycemic index, yeast flakes can also be used
by diabetics. In the future, the composition of the flakes should be
modified in order to increase the bioavailability of both components,
as well as the bioavailability should be tested by in-vivo methods. It
would also be desirable to make attempts to increase the scale of pro-
duction of yeast flakes with a view to their possible introduction to

the market.
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