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Seznam zKkratek

AA kyselina askorbova

AC anisidinové ¢islo

AP askorbylpalmitat

Ant-H antioxidant

Ant- radikal antioxidantu

a-TO alfa-tokoferol

BHA butylhydroxyanisol

BHT butylhydroxytoluen

B-TO beta-tokoferol

v-TO gama-tokoferol

5-TO delta-tokoferol

FAME methylestery mastnych kyselin (fatty acid methyl esters)
HLB hydrofilné-lipofilni rovnovaha

HO- hydroxylova radikal

HSS headspace sampler

MAG monoacylglycerol

MAGI10 monokaprinoylglycerol

MAG14 monomyristoylglycerol

MAG16 monopalmitoylglycerol

MAGI18 monostearoylglycerol

MAG18:1 monooleoylglycerol

MAG20 monoarachoylglycerol

MAG22 monobehenoylglycerol

PC peroxidové ¢&islo

MUFA mononenasycené mastné kyseliny (monounsaturated fatty acids)
OSI Oil stability index

PUFA polynenasycené mastné kyseliny (polyunsaturated fatty acids)
SFA nasycené mastné kyseliny (saturated fatty acids)
SPME solid phase microextraction

R- radikal mastné kyseliny

RO- alkoxylovy radikal

ROO- peroxylovy radikal

ROOH hydroperoxid

TAG triacylglycerol

TOTOX totalni oxida¢ni hodnota
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1 OBECNY POPIS OXIDACE LIPIDU

Oxidace lipidii je vedle Maillardovych reakei nejcastéji se vyskytujici reakei v potravinach,
jelikoz ve vétSing potravin se vyskytuji ve vetsi ¢1 mensi mite lipidy s nenasycenymi mastnymi
kyselinami a zaroven 1 kyslik jako zékladni reaktanty této reakce. Je to nezadouci reakce, ktera
vede k snizeni nutri¢ni a senzorické hodnoty potravin a vzniku potencidlné kancerogennich

latek.

v

Oxidace lipidt je souhrnny nazev pro fadu reakci, z nichZ nejrozsifené;si je autooxidace.
Castym typem oxidace lipiddl je také oxidace singletovym kyslikem, tzv. fotooxidace, méné

Casté jsou oxidace enzymy, tézkymi kovy, peroxidem vodiku ¢i chinony.

1.1 AUTOOXIDACE A REAKCE S Ni PROBIHAJICI

1.1.1 Autooxidace

Autooxidace je radikalova fetézova reakce, ktera probiha za podminek zpracovani a
skladovani potravin. Utastni se ji nenasycené mastné kyseliny a biradikdlova forma
molekularniho kysliku, tzv. tripletovy kyslik (*02). Nasycené mastné kyseliny mohou byt
tripletovym kyslikem efektivné oxidovany az za vySSich teplot (peceni, smazeni nebo

fritovani).

Autooxidace probiha ve tiech krocich — iniciace, propagace a terminace. Behem primarni
iniciace dochazi ke vzniku radikdlu z mastné kyseliny (obr. 1). Inicidtorem reakce jsou svétlo,

teplo, peroxidy nebo hydroperoxidy (Schaich K.M., 2020).
iniciator
R-H — R +H-

Obr. 1: Iniciace autooxidace

V nenasycenych mastnych kyselinach, v sousedstvi dvojnych vazeb je vodik vazan velmi
slabé, tedy se snadno odtrhavd. U kyseliny olejové ((92)-oktadec-9-enova kyselina) jsou

pfednostnimi reakénimi misty C8 a C11 uhlovodikového fetézce, u kyseliny linolové ((92,122)-



oktadeka-9,12-dienova kyselina) je prioritni reak¢ni misto Cl11, reaktivita na C8 a Cl14
uhlovodikového fetézce se uplatiiuje minimalné (obr. 2). S poctem dvojnych vazeb v molekule
mastné kyseliny stoupa i relativni rychlost autooxidace, pro kyselinu C18:2, C18:3, C20:4 a
C22:6 je pomér rychlosti 1 : 2 : 3 : 5 (Frankel E.N.,1998; Cosgrove J.P. a kol.,1987; Min D.B.
a Boff J.M., 2002).

— COOH
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Obr. 2: Reak¢ni mista a energie potiebna k odtrhnuti vodiku z olejové (A) a kyseliny linolové

(B) (Min D.B. a Boff J.M., 2002)

V propagacnim stupni reaguje radikal s tripletovym kyslikem za vzniku peroxylového
radikalu, ktery dale odtrhavd vodik z dalsi mastné kyseliny a vznikd dalsi radikal mastné
kyseliny a priméarni oxida¢ni produkt, hydroperoxid (obr. 3). Reakce radikalu s kyslikem je
rychla (k = 10%%%° mol dm™ s') a nevyzaduje témé&f zadnou aktivacni energii ve srovnani s
naslednym krokem, reakce peroxylového radikdlu s mastnou kyselinou (k = 10*° mol dms!
). Je to tedy reakce, ktera urcuje rychlost autooxidace a limitni je ochota mastnych kyselin

poskytnout vodik peroxylovému radikalu. (Frankel E.N.,1998, Cosgrove J.P. a kol.,1987).

R-+-0=0- — ROO-+R-H —> ROOH +R-



Obr. 3: Propagacni faze autooxidace

V terminacni fazi oxidace lipidd se v reakénim systému kumuluji radikaly, které spolu
tvofi stabilni molekuly. Za atmosférickych podminek a bez pifitomnosti antioxidantu (reakce
mechanismem, kdy vznika tetroxidovy meziprodukt, ktery se néasledné rozpada na piislusny
alkohol, karbonylovou slou€eninu a singletovy kyslik (obr. 4). Za vyssi teploty a nizkého tlaku
kysliku dochazi k reakci dvou radikali a vzniku dimernich nebo polymernich sloucenin (obr.

5) (Miyamoto S. a kol., 2014, Frankel E.N., 2012).

R3 R1 R3 R1 R3
)—00- + )—00- —> )-0000—~ —> =0 + )—OH + 'O,
R4 R2 R4 R, R4

Obr. 4: Terminacni faze autooxidace - reakce dvou peroxylovych radikali Russellovym
mechanismem; R1,R3; — zbytky uhlovodikového fetézce s —CH3; R2,R4 — zbytky uhlovodikového
fetézce s karboxylovou skupinou

R-+R- —» R-R’ (A)
R-+R'00- —» R-OOR’ (B)

Obr. 5: Terminacéni faze autooxidace — A - reakce dvou radikali mastnych kyselin, B — reakce
radikalu mastné kyseliny a peroxylového radikalu

Pti oxidaci lipidi dochéazi také k sekundérni iniciaci, zde se vzniklé hydroperoxidy
prednostné $tépi na alkoxylovy radikél a hydroxylovy radikal (obr. 6A). Tyto radikaly mohou
dale vstupovat do propagacni (obr. 6B-D) i terminac¢ni faze autooxidace (obr. 6E-F). Iniciacni
faze je indikovan vyCerpanim antioxidanti a prudkym narGstem obsahu hydroperoxidi

(Frankel E.N., 1998; Roman O. a kol., 2012; Choe E. a Min.D.B., 2007).

Vznik alkoxylového radikalu z hydroperoxidu tzv. B-homolytickym S$tépeni -O-O-
vazby (Obr. 6A) je pravdépodobnéjsi (disociaéni energie 184 kJ mol™) nez vznik peroxylového
radikalu a §tépeni -O-H vazby hydroperoxidu (disocia¢ni energie 377 kJ mol™') (Frankel E.N.,
2012).



ROOH —» RO-+-OH (A)

RO-+R'H—> ROH+R" (B)
HO- +RH—> H,0 +R- (©)
RO- +R’O0H —»> ROH +R’00- (D)
RO- +R’O-—>» ROOR’ (E)
RO-+R"* —» ROR’ (F)
RO-+R’00- —» ROR’+0; (G)

Obr. 6: Vznik (A) a nésledné reakce alkoxylového a hydroxylového radikéalu (B — G)

Rychlost vzniku a polocas rozpadu hydroxylového, alkoxylového a peroxylového
radikélu je uvedena v Tab. I a je zfejmé, Ze hydroxylovy radikal rychle vznika a zaroveil zanika

(obr. 6A a 6C) (Namiki M., 1990).

Tab. I: Rychlostni konstanta a polocas rozpadu vybranych radikala (Namiki M., 1990)

radikal nazev k [s7] T12[$]
HO- hydroxylovy 108 10710
RO alkoxylovy 10° 10

ROO- peroxylovy 10? 17

1.1.2 Reakce probihajici s autooxidaci

Geometrickd, polohova izomeraci, polymerace a cyklizace jsou reakce, které probiha;ji

spolu s autooxidaci lipidu.



Geometricka a polohova izomerace
Po vzniku radikélu v mezomernim stavu je mozny posun polohy dvojné vazby mastné
kyseliny a zména jeji konfigurace, tedy cis/trans (geometrickd) izomerace. Ob¢ tyto izomerace

pfispivaji ke sniZeni energie systému.

Z kyseliny olejové, ktera obsahuje jednu dvojnou vazbu, mohou vznikat radikaly na C8
a C11 uhlovodikového fetézce. Je tak mozna tvorba 4 raznych hydroperoxidii - beze zmény
polohy dvojné vazby se tvoti 8- a 11-hydroperoxid kyseliny olejové, s posunem dvojné vazby
(E)-10-hydroperoxyoktadec-8-enova a (E)-9-hydroperoxyoktadec-10-enova kyselina (obr. 7).
Energeticky bohatsi cis-konfigurace piechazi na energeticky chudsi trans-konfiguraci (Schaich

K.M., 2020; Tallman K.A. a kol., 2001).

. (0]
+ ! WVVW/\)L R
02 ; +H : o
(0]
— R
WVVWJ\ o +0, |4 H
OOH \ o
(Z)-8-hydroperoxyoktadec-9-nova kyselina R
— o
nebo OOH
(0] (Z2)-11-hydroperoxyoktadec-9-nova kyselina
/\/\/\/\/\/\/\/\)J\ -R
. o nebo
, 0]
+0, ; +H /\/\/\/\/\/\/\/\)J\O/R
O 1
/\/\/\/\/\/\/\/\)J\Q/R +0, ; +H-
OOH

(E)-9-hydroperoxyoktadec-10-enova kyselina

Obr. 7: Vznik hydroperoxidi z kyseliny olejové



U mastnych kyselin sdvéma a vice dvojnymi vazbami vznika z energeticky
konjugovanych dvojnych vazeb a zdrovenn dojde také ke zméné energeticky bohatsi cis-
konfigurace na energeticky vyhodnéjsi trans-konfiguraci. Nejjednodussim prikladem je
kyselina linolova, kterd ve své molekule obsahuje 2 dvojné vazby (9, 12-cis,cis). Jak jiz bylo
na C11 uhlovodikového fetézce, jelikoz disociaéni energie vazby C-H je pouze 314 kJ mol™! ve
srovnani s C8 a C14, které jsou také v sousedstvi dvojné vazby, ale disociacni energie vazby
C-H je 368 kJ mol!. Nasledné je velmi pravdépodobny ptesmyk 9-cis vazby na 10-trans vazbu
a vznik (10E,127)-9-hydroperoxy-oktadeka-10,12-dienové kyseliny nebo 12-cis vazby na 11-
trans vazbu a vznik (9Z,11F)-13-hydroperoxyoktadeka-9,11-dienové kyseliny (obr. 8). Vznik
(92,122)-11-hydroperoxy-oktadeka-9,12-dienové kyseliny je nepravdépodobny. Minoritné
mohou vznikat radikaly 1 na C8 a C14, beze zmény polohy dvojné vazby pak vznika 8- nebo
14-hydroperoxid kyseliny linolové, se zménou polohy dvojné vazby vznikaji (8£,122)-10-
hydroperoxyoktadeka-8,12-dienova kyselina nebo (9Z,13E)-12-hydroperoxyoktadeka-9,13-
dienova kyselina (obr. 9). U polynenasycenych mastnych kyselin je situace s variabilitou
vzniku moznych hydroperoxidl jesté slozitéjsi (Schaich K.M., 2020; Tallman K.A. a kol.,
2001).

Ri/— ~— R, R = CHa~(CH)s-
m R, = -(CH,)s-COOH
14 4] 8
!\H/I
_|-l/ -H
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(10E,122)-9-hydroperoxy-oktadeka-10,12-dienova kys. (9Z,11E)-13-hydroperoxy-oktadeka-9,11-dienova kys.

Obr. 8: Geometricka a polohova izomerace kyseliny linolové — majoritni produkty



R1 = CH3~(CHy)3-
R2 = -(CHz)e-COOH
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(8E,122)-10-hydroperoxyoktadeka-8,12-dienova kys. (9Z,13E)-12-hydroperoxyoktadeka-9,13-dienova kys.

Obr. 9: Vznik minoritnich hydroperoxidt kyseliny linolové

Mastné kyseliny v pribéhu autooxidace podléhaji cis/trans a polohové izomeraci jak pfi
teplot¢ skladovani, tak predevSim za zvySené teploty, béhem kulindrnich uprav (smazeni,

peceni nebo fritovani).

Béhem technologického zpracovani olejli, za vysoké teploty (deodorace, fyzikalni
rafinace nebo hydrogenace) probiha cis/trans a polohové izomerace pii nizkém parcialnim tlaku
kysliku. Autooxidace je v téchto piipadech minoritni reakci. Pii teplote 200 — 250 °C se z
linolové kyseliny tvoti 9-cis,12-trans-izomer a 9-trans,12-cis-izomer kyseliny oktadekadieno-
vé, dale konjugované izomery oktadekadienové kyseliny, oznacované CLA (conjugated
linoleic acid). Stupenn cis/trans izomerace se zvySuje s rostouci teplotou, dobou reakce
v souladu s Arrheniovou rovnici a také s peroxidovym c¢islem vstupni suroviny. Co se tyce
pocatecniho obsahu kyseliny linolové a olejové (srovnani standardniho slunecnicového oleje
s vy$§im obsahem kyseliny linolové a slunec¢nicového oleje s vysokym obsahem kyseliny

olejové), bylo zjisténo, ze stupen cis/trans izomerace (degree of isomerization) nezavisi na



obsahu kyseliny linolové, ale na obsahu kyseliny olejové (obr. 10) (Cihelkova K. a kol., 2009
Cihelkova K. a kol., 2013).
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Obr. 10: Casova zavislost stupné izomerace kyseliny linolové a olejové ve standardnim
slunecnicovém oleji (SSO) a slunecnicovém oleji s vysokym obsahem kyseliny olejové
(HOASO) v rozmezi teplot 200 — 250 °C (Cihelkova K. a kol., 2009)

Pokud jsou v oleji pted hydrogenaci pfitomny hydroperoxidy a karbonyly, v redukénim
prostfedi z nich vznikaji primarni a sekundarni alkoholy. Ptfi deodoraci (fyzikélni rafinaci)
dochazi ke $tépeni hydroperoxidi a vzniklé tékavé slouceniny odchdzi do deodoracniho
kondenzatu (destilatu mastnych kyselin). Olej po deodoraci (fyzikdlni rafinaci) ma nulovy
obsah hydroperoxidi, ale obsah karbonylii neni nenulovy, jelikoz v oleji zlistavaji netékavé
karbonylové slouceniny, triacylglyceroly s n-oxokyselinami (tzv. core aldehydes) (Frankel

E.N., 2012).



Polymerace

Pti vysoké teploté oleje spolu s cis/trans a polohovou izomeraci dvojnych vazeb dochazi
také k polymeraci. V terminacni fazi autooxidace dochézi ke spojeni radikali dvou raznych
triacylglycerolii ve stabilni vysokomolekuldrni latky, reakce je pak intermolekularni, nebo
spolu reaguji dva radikaly v rdmci jednoho triacylglycerolu, potom se hovoii o intramolekularni
reakci. Rozsah polymerace a strukturu vznikajicich polymerti ovliviiuje sloZzeni mastnych
kyselin a kvalita vychozi suroviny, teplota a ¢as zahievu a piitomnost/absence kysliku. Se
snizujici se kvalitou vychozi suroviny (méfend peroxidovym ¢islem) roste rychlost polymerace

(obr. 11) (Cihelkova K. a kol, 2009, Cihelkova K. a kol., 2013, Fournier V. a kol., 2006).
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Obr. 11: Casova zavislost vzniku polymertl ve sluneénicovém oleji s riiznym peroxidovym
¢islem vzork pfi teploté 240 °C (A) a 260 °C (B) (Cihelkova K. a kol., 2013)

Béhem technologického zpracovani olejii (deodorace, fyzikalni rafinace), pii nizkém
parcidlni tlaku kysliku, kdy pfevazuje reakce dvou radikdll (obr. 5A), je mozny také
neradikédlovy, Diels-Alderiv mechanismus vzniku dimera (obr. 12), jehoz se ucastni
konjugovana mastna kyselina (nejcastéji CLA) a monoenova mastna kyselina. Obecné vznikaji

pfi tomto druhu polymerace slouceniny nepoléarni a cyklické (Choe E. a Min D.B., 2007).

Obr. 12: Diels-Aldertv mechanismus vzniku dimernich TAG mezi konjugovanou linolovou
kyselinou a monoenovou mastnou kyselinou, Ri,R3 — zbytky uhlovodikového fetézce s —CH3;
R2,R4 — zbytky uhlovodikového fetézce s karboxylovou skupinou
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Cyklizace
DalSim moznym typem reakce probihajici za vysoké teploty a pfi nizkém parcidlnim

tlaku kysliku je cyklizace mastnych kyselin v triacylglycerolech.

Typ nenasycené mastné kyseliny, jeji koncentrace a sn-poloha vramci TAG maji
dalezitou roli v mnozstvi a struktufe vznikajicich cyklickych slouc¢enin. Sébédio J.L. a kol.
(1987) zjistili, ze v ptitomnosti kyseliny linolenové (C18:3) se tvoii az 10x vice cyklickych
sloucenin nez v pfitomnosti kyseliny linolové (C18:2). Pokud je polynenasycena mastna
kyselina v poloze sn-2 TAG, probihd cyklizace snadnéji nez u polohy sn-1 nebo sn-3 TAG
(Martin J.C. a kol. 1998 a,b,c).

Nejcasteji se vyskytujicimi cyklickymi slouceninami vznikajicimi z kyseliny olejové
jsou nasycené cyklopentylové mastné kyseliny s kruhem mezi C5 a C9 nebo C10 a C14, dale
pak cyklohexylové mastné kyseliny s kruhem mezi C4 a C9 nebo C10 a C15 (obr. 13) (Dobson
G. a kol., 1996 a). Z dienovych mastnych kyselin vznikaji monoenové monocyklické mastné
kyseliny nebo nasycené bicyklické mastné kyseliny (Dobson G. a kol, 1997). U

polynenasycenych mastnych kyselin je variabilita vzniklych cyklickych sloucenin vysoka

(Berdeaux O. a kol., 2007; Dobson G. a kol. 1996 b).

9 5

\/\/\/\/Zf;\/COOH B

Obr. 13: Produkty cyklizace kyseliny olejové — A — 4-(2-nonylcyklopentyl)butanova kyselina,
B — 3-(2-nonylcyklohexyl)propanova kyselina, C — 9-(2-butylcyklopentyl)nonanova kyselina,
D — 9-(2-propylcyklohexyl)nonanova kyselina
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Béhem oxidace lipidi obecné prevladaji izomeracni a polymeracni reakce, ale ani
cyklizace neni zanedbatelnd. Rozsah jednotlivych reakci je zdvisly pfedev§im na teploté,
slozeni mastnych kyselin oleje a na pocate¢ni kvalité oleje (Cihelkova K. a kol., 2013, Fournier

V. akol, 2006).

1.2 FOTOOXIDACE

Reakce lipidii se singletovych kyslikem je dalSim castym typem oxidace lipidu.
Singletovy kyslik (0O2) miize vznikat z tripletového kysliku réiznymi zpiisoby (*0.) - chemicky,
enzymaticky nebo fotochemicky. V potravinach je to nejcastéji fotosenzibilizaci ptirozené se
vyskytujicich barviv (chlorofyly, hemova barviva apod.), tyto latky jsou nazyvany
senzibilizatory. Senzibilizatory v singletovém zikladnim stavu ('S) piechazi do excitovaného
stavu absorpci svételné energie (!S*), ktery prechazi do tripletového excitovaného stavu (°S*).
Senzibilizator v excitovaném tripletovém stavu reaguje s tripletovym kyslikem za vzniku
singletového kysliku a singletového senzibilizator v zakladnim stavu (obr. 14) (Min D.B. a Boff

J.M., 2002; Choe E. a Min D.B., 2005; Choe E. a Min D.B., 2009).

1s ™ 15% 5 35% 430, 5 IS + 10,

Obr. 14: Vznik singletového kysliku

Singletovy kyslik reaguje s nenasycenymi mastnymi kyselinami fadové rychleji (k =
1,3-10° dm? mol"! s!) nez tripletovy kyslik (k = 8,9-10' dm?® mol™! s'). Nejedna se v tomto
piipadé¢ o radikalovou reakci, singletovy kyslik se aduje pfimo na dvojnou vazbu, a tak i vzniklé
hydroperoxidy se lisi od hydroperoxidii vzniklych béhem autooxidace, mohou byt jak
konjugované, tak nekonjugované. Kyselina olejovd po reakci se singletovym kyslikem
poskytuje C9- a C10-hydroperoxidy. Z kyseliny linolové vznikaji C9- a C13-hydroperoxidy
stejné jako C10- a C12-hydroperoxidy (Choe E. a Min D.B., 2009).

Klasické, primarni antioxidanty (kap. 6.4.2) jsou z hlediska plsobeni na singletovy
kyslik neucinné, jelikoz se nejednd o radikdlovou reakci, z toho ditvodu se pouzivaji tzv.
zhasece singletového kysliku (karotenoidy, tokoferoly, flavonoidy apod.). Zhasec singletového

kysliku (Z) v zdkladnim stavu reaguje se sigletovym kyslikem nebo tripletovym excitovanym
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fotosenzibilizatorem a vznika tripletovy kyslik a zhase¢ v tripletovém excitovaném stavu - °Z"
(obr. 15A). Zhasec¢ v tripletovém excitovaném stavu je schopen piejit opét do zékladniho
singletového stavu s vyzarenim tepelné energie (obr. 15B). Zhéasece singletového kysliku patii
do skupiny tzv. sekundéarnich antioxidantl a jedna se o karotenoidy, tokoferoly nebo kyselinu
askorbovou (Frankel E.N., 2012; Bradley D.G. a Min D.B., 1992; Viljanen K. a kol., 2002;
Senanayake S.P.J.N. a kol., 2020).

102, 3SH +'Z2 - 302 (1) +37" (A)
37" — 'Z + tepelna energie (B)

Obr. 15: Reakce zhasece sigletového kysliku

1.3 NASLEDNE REAKCE OXIDACE LIPIDU

Priméarni oxidac¢ni produkty, hydroperoxidy, jsou ze senzorického hlediska sice
neaktivni, ale zarovein jsou nestabilni a mohou z nich vznikat sekundarni oxida¢ni produkty -
cyklické latky, latky polarni s podobnou molekulovou hmotnosti jako vychozi surovina, latky
tékavé a polarni s niz§i molekulovou hmotnosti nez vychozi surovina a latky polymerni s vyssi

molekulovou hmotnosti nez vychozi surovina.

1.3.1 Cyklizace

Oxidaci kyseliny olejové, resp. jejiho methylesteru, mohou minoritn€ vznikat
epoxyslouceniny. Z hydroperoxidu se vytvoti alkoxylovy radikal, ktery se dale cyklizuje (obr.
16A). Vznikly cyklicky produkt je charakteristicky pro dany vychozi hydroperoxid, z 11-
hydroperoxidu se tvoii 10,11-epoxyester, z 8-hydroperoxidu 8,9-epoxyester a z9- a 10-
hydroperoxidu 9,10-epoxyester. Vedle cyklizace muze dochéazet i ke vzniku 1,2- a 1,4-

dihydroxyesteri (obr. 16B), (Zhang Q. a kol., 2012).
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HOO X > O N ;
R R alkoxylovy radikal
Y\/\ ) o , y v
R'l R1
hydroperoxid 'V x
O HO <. ’ .
\>\./\R2 YR,
R . R1
1 l+ H l +OH
O OH OH
NRz HO X\ * Ho =
R1 R2 R2
R, Ry
epoxyslou€enina 1,4-dihydroxysloucenina 1 2-dihydroxyslouéenina

Obr. 16: Cyklizace hydroperoxidu methylesteru kyseliny olejové, R1 — zbytek uhlovodikového
fetézce s —CH3 (nebo zbytek uhlovodikového fetézce s karboxylovou skupinou), Rz - zbytek
uhlovodikového fetézce s karboxylovou skupinou (nebo zbytek uhlovodikového fetézce s
—CH3)

Hydroperoxidy vzniklé oxidaci kyseliny linolové, resp. jeji methylesteru, podléhaji také
cyklizaci, ale pouze v ptipad¢, kdy se -OOH skupina vyskytuje mimo systém dvojnych vazeb
(tzv. externi hydroperoxidy), jedna se tedy o 9- a 13-hydroperoxid. Z hydroperoxidu vznika
alkoxylovy radikal, ktery nasledné cyklizuje a po reakci s hydroxylovym radikalem vznika

epoxyhydroxysloucenina nebo po reakci s kyslikem epoxyoxosloucenina (obr. 17).

OOH o)
R1)\/\:/ Ra ﬂ R1M__J Ro
externi hydroperoxid l

0

epoxyoxosloucenina

QANR

o}
PG R
! 2 +O/ k-OH

00’ OOH

W\

R4 R

epoxyhydroxyslouéenina

2 2

Obr. 17: Cyklizace 9- nebo 13-hydroperoxidu methylesteru kyseliny linolové. Ri — zbytek
uhlovodikového fetézce s —CH3 (nebo zbytek uhlovodikového fetézce s -COOCH3), R -
zbytek uhlovodikového fetézce s -COOCH3 (nebo zbytek uhlovodikového fetézce s —CH3z)
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Oxidaci a-linolenové kyseliny, resp. jejiho methylesteru, vznikaji dominantné 2 externi
hydroperoxidy, tedy 9- a 16-hydroperoxid, a asi 3 — 4krat mén¢ 2 interni hydroperoxidy (-OOH
skupina je lokalizovana mezi cis, trans-konjugovanym systémem dvojnych vazeb a cis-dvojnou
vazbou), tedy 12- a 13-hydroperoxid. U internich hydroperoxidi dochazi k rychlé cyklizaci
v ramci jedné molekuly mastné kyseliny, jedné se o intramolekulovou cyklizaci (obr. 18). Z
hydroperoxidu se odstépi vodik a dojde k 1,3-cyklizaci a tvorbé 5¢lenného cyklu (vznik 1,2-
dioxolanu), novy radikal reaguje s kyslikem, odstépuje z dal§i molekuly mastné kyseliny vodik
a vznikd peroxohydroperoxid (9- nebo 16-hydroperoxid). Je mozna i tvorba 9- a 16-
hydroperoxid bicyklo endoperoxidii. Oba typy nové vzniklych hydroperoxidii opét nejsou
stabilnimi latkami a podl€haji rozkladu za vzniku t€kavého malonaldehydu, ktery je toxicky. U
internim hydroperoxidi mize dochdzet také ke vzniku 1,2-dioxanovych derivati (6¢lenny
cyklus), které jsou opét nestabilni a rozkladaji se za vzniku t€kavych latek (Frankel E.N., 1984;
Frankel E.N.,1998).

OCH OOH
15 13 9 15 9
- 12\/— VZER Y
11
12-hydroperoxid 13-hydroperoxid
j_H . J_H .
. 0]0]
151370 o N °
—\/ 12\ /— AVAER Yo
R j 11
0-0 0-0
15 13 . 9 16. 9
\/—\/ 12\ /10 \ 18\/13 N/
R 11 R
+025+H- +025+H-
¥ v
0-O OOCH -
15 13 9 HO106 Q-0 9
—\// 12\ /10 1B\ /13 \/—
R 4 R
9-hydroperoxid 16-hydroperoxid

Obr. 18: Tvorba peroxohydroperoxidii z 12- a 13-hydroperoxidu kyseliny a-linolenové,
R-zbytek uhlovodikového fetézce s karboxylovou skupinou
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1.3.2 Vznik tékavych latek a latek polarnich o niZsi molekulové hmotnosti
Tekavé latky vznikajici z hydroperoxidi béhem oxidace lipidi patii ze senzorického
hlediska mezi nejvyznamnéjsi sekundarni oxidacni produkty, ¢asto jsou senzoricky aktivni jiz
pii koncentraci niz$i nez 1 mg kg'. Dtive diskutované oxida¢ni produkty (cis/trans izomery,
cyklické a polymerni latky) neovliviiuji oxidovany vzorek senzoricky, mohou ménit jeho barvu

nebo viskozitu (Choe E. a Min D.B., 2007).

V pokrocilém stddiu oxidace, pii vysSi koncentraci hydroperoxidi, dochézi
k sekundarni iniciaci a vzniku alkoxylového radikalu. Tento radikal se mize $tépit 2 zplisoby
(obr. 19) (Frankel E.N., 1998; Cao J. a kol., 2020). Prvni cestou dochazi ke vzniku t€kavého 2-
alkenalu (1) a mastné kyseliny (MK), pfip. triacylglycerolu (TAG) (2). Vzniklda mastna
kyselina, ptip. nové vznikly triacylglycerol po rozpadu alkoxylového radikélu jsou odlisné od
puvodni MK, ptip. TAG. Vzniklé oxida¢ni produkty maji niz$i molekulovou hmotnost. Je
mozny také vznik n-hydroxykyseliny, ptip. TAG s n-hydroxykyselinou (3). Ve druhém ptipadé
vznika n-oxokyselina, ptip. TAG s n-oxokyselinou (4), uhlovodik s vinylovou skupinou, coz je

ale méné pravdépodobny produkt (5) a aldehyd (6).

|

R2\/ET:“§/}”COOR1
O.
SN
Ry N0 (1) RpOCﬁ,}Ao (4)
+ +
R1ooc4/7\n0H2' R Nep
+F)|/ N\ OH #Hy/ N\ OH
o)
R1OOCﬁCH3 R1oocﬁn\/OH R2/\ RZM

() ) ®) (6)

Obr. 19: Stépeni hydroperoxidi na nizkomolekularni latky. R> — uhlovodikovy fetézec, Ria =
H — kyselina nebo Rig = esterové vazany diacylglycerol. (1) 2-alkenal; (2) Ria= mastna
kyselina, Rip= triacylglycerol; (3) Ria= mn-hydroxykyselina, Rig= triacylglycerol s n-
hydroxykyselinou; (4) Ria= mn-oxokyselina, Rig= triacylglycerol s n-oxokyselinou; (5)
uhlovodik; (6) aldehyd
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Dle profilu tékavych latek oxidované smési lze stanovit, jaka mastnd kyselina se
oxidovala a jaky hydroperoxid z ni vznikl. Nejjednoduss$im piikladem je kyselina olejova.
Vznikaji zni 4 hydroperoxidy. Z 8-hydroperoxidu vznikd dekanal nebo 2-undecenal; z 9-
hydroperoxidu nonanal nebo 2-decenal, z 10-hydroperoxidu vznika nonanal; z11-
hydroperoxidu oktanal. Koncentrace t¢kavych oxida¢nich produkti se miize ménit v zavislosti

na typu skladovani a zpracovani vzorki (Cao a kol., 2020).

Netékavé oxidacni produkty (obr. 19), tedy vzniklé mastné kyseliny (2), n-
hydroxykyseliny (3) a n-oxokyseliny (4) nebo triacylglyceroly, které je obsahuji, v

oxidovanych potravindch zlstavaji.

Dominantnim netékavym oxida¢nim produktem jsou n-oxokyseliny, resp.
triacylglyceroly obsahujici tyto n-oxokyseliny. V literatufe se Casto oznacuji jako tzv. ,.core
aldehydes™ a jednd se reaktivni karbonylové slou¢eniny (RCS) vznikajici neenzymovymi
reakcemi. Tyto slouceniny reaguji mechanismem Maillardovy reakce s proteiny za vzniku
»Advanced Lipoxidation End Products* (ALEs), které spolu s AGEs (Advanced Glycation End
Products) hraji patogenetickou roli vrozvoji riznych nemoci (diabetes, kardiovaskularni
onemocnéni, chronické selhdni ledvin apod.). Zaroven n-oxokyseliny mohou podléhat
naslednym radikédlovym oxida¢nim reakcim za vzniku glyoxalu v piipadé nasycené n-
oxokyseliny a malonaldehydu v pfipadé nenasycené n-oxokyseliny s dvojnou vazbou
v konjugaci s n-oxoskupinou) (obr. 20). (Velasco J. a kol., 2004; Minamoto S. a kol.,1988;
Pamplona R., 2011; Kyselka J. a kol., 2020; Vistoli G. a kol., 2013).

O);o OFO
Ry \H/OJ\/O\H/\/\/\/\&O Ri \H/OJ\/O\[(\/\/\/\:/MO
(0] (0] o] (0]
(A) (B

Obr. 20: Triacylglycerol obsahujici nasycenou 9-oxononanovou kyselinu (A) a nenasycenou
(9Z,11E)-13-oxotrika-9,11-dienovou kyselinu (B)
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1.3.3 Oxypolymerace

Hydroperoxidy se mohou S$tépit na alkoxylovy nebo peroxylovy radikal a déle se
ucastnit terminacni faze oxidace. Jak je uvedeno na obr. 5B a 6E, vznikaji tak polymery
obsahujici peroxidové vazby, nebo jak je uvedeno na obr. 6F-G, vznikaji polymery
s etherovymi vazbami. Pokud dochdzi k oxypolymeraci methylesteru kyseliny linolové,
vznikaji dimery obsahujici i hydroperoxy-, hydroxy- nebo oxoskupinu jiz pii zvysSené teploté.
Dimery s peroxidovou vazbou jsou nestabilni a mohou se dale rozkladat. Oxypolymeraci
methylesteru kyseliny linolenové vznika Siroké spektrum dimert a oligomerd, které obsahuji
konjugované dieny, trieny, dihydroperoxidy. Dimery vznikaji pfi teplot¢ do 40 °C, kdezto
oligomery pfi teploté¢ 150 °C. Triacylglyceroly obsahujici oxidované polynenasycené mastné
kyseliny podléhaji dimerizaci a oligomeraci za vysokych teplot nad 210 °C (Frankel E.N., 2012;
Khor Y.P. akol., 2019)
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2 PODMINKY UDRZNOSTI LIPIDU

Vzhledem k tomu, Ze pii oxidaci lipidi vznika celd fada oxida¢ni produktii, které jsou

potencionalné zdravi Skodlivé a také senzoricky negativni, je snaha udrzet lipidy a pfedevSim

.....

vvvvvv

piirozené se vyskytujicich antioxidantii, pievazné tokoferoli. Vycerpanim, tedy oxidaci
tokoferolil a dalSich antioxidantii, kon¢i iniciacni faze autooxidace. JelikoZ ale zména obsahu
tokoferoll na obr. 21 neni, indikuje se tato skute¢nost obvykle prudkym vzestupem obsahu

hydroperoxidii (Gordon M.H., 2004; Choe E. a Min D.B., 2007).

nenasycené mastné kyseliny VA Taste kysiliiny

viskozita, barva
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hydroperoxidy
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Obr. 21: Chemické a fyzikalni zmény lipidi béhem oxidace (podle Choe E. a Min.D.B., 2007)
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3 SVETOVA PRODUKCE OLEJU

Oxidace lipidli a moznosti jejiho oddaleni patii k nejdiskutovanéjSim reakcim v oblasti
lipidii 1 ztoho diivodu, ze béhem poslednich Ctyficeti let mimotfadné vzrostla produkce
rostlinnych oleji. Ve skupiné 4 majoritnich olejnin (obr. 22A) se vyskytuji 3 (s6jovy,
slunecnicovy a tepkovy olej), které obsahuji ve vysokych koncentracich polynenasycené
mastné kyseliny, a tedy velmi snadno podléhaji oxidaci. Z produkce dalSich 5 olejnin (obr. 22B)
je z pohledu oxidace lipidi zajimavy bavlnikovy olej, popt. podzemnicovy olej, ktery ale

obsahuje pouze do 20 % polynenasycenych kyselin.

Produkce zivoc¢iSnych tukli a olejii se trvale relativné snizuje z pohledu podilu na

sveétoveé produkei olejti a tuk.
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Obr. 22: Svétova produkce 1980 — 2019: 4 majoritnich olejnin (A); dalsich 5 olejnin (B)
(Index Mundi, 1980 - 2019)
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4 POZADAVKY NA OLEJE A TUKY V POTRAVINARSKEM PRUMYSLU

Pro oleje a tuky pouzivané v potravinaiském primyslu existuji mezinarodné uznavané
standardy (doporuceni), tzv. Codex Alimentarius. Tyto standardy stanovuji urcité parametry
potravin tak, aby byly bezpecné. Problematiku olejl a tuki upravuje Codex Alimentarius CXS
210-1999 Standard for named vegetable oils, CODEX STAN 33-1981 Standard for olive oils
and pomace oils a CXS 329-2017 Standard for fish oils.

Peroxidové &islo je obecné pro rafinované oleje stanoveno do 10 mekv.akt.O kg'! a pro

oleje lisované za studena a oleje panenské je to hodnota do 15 mekv akt.O kg™!.

Na olivovy olej se vztahuje specidlni Gprava a zde zalezi na typu olivového oleje, pokud
se jednd o panensky olivovy olej, peroxidové ¢islo je stanoveno na hodnotu do 20 mekv.akt.O
kg!, pro olivovy olej a olivovy olej z pokrutin je to hodnota do 15 mekv.akt.O kg a pro

rafinovany olivovy olej a rafinovany olivovy olej z pokrutin je to hodnota do 5 mekv.akt.O kg-'.

Standard pro rybi oleje je stanoven na maximalni hodnotu peroxidového &isla (PC) do
5 mekv.akt.O kg, zaroven jsou i dany daldi parametry, jako maximalni hodnota p-
anisidinového &isla (AC) do 20 a vypoéteny parametr - totalni oxidaéni hodnota (TOTOX)
maximélné do 26 (vypocet TOTOX = 2-PC + AC).

Vedle standardii Codex Alimentarius existuje v Némecku piisnéjsi a rozsifenéj$i norma
— Pokyny pro jedl¢ tuky a oleje, kterou vydalo némecké Ministerstvo vyzivy a zemédé€lstvi
(Bundesministerium fuer Ernachrung und Landwirtschaft, 2020). V téchto pokynech nejsou
uvedeny pouze maximalni hodnoty peroxidového ¢isla (pro nerafinované jedlé tuky a oleje do
10 mekv.akt.O kg'!, pro rafinované jedlé tuky a oleje do 5 mekv.akt.O kg™!), ale také TOTOX
(pro rafinované jedlé tuky a oleje rostlinného ptivodu do 10, pro jedlé tuky a oleje rostlinného
plivodu a lisované za studena do 20) a obsah polymert jako diikaz tepelné zatéze pro jedlé tuky

a oleje rostlinného ptvodu a lisované za studena maximalné 0,1 %.

Pouziti pouze peroxidového Cisla jako ukazatele oxidace lipidl neni pfili§ vhodné z toho
diivodu, Ze se hydroperoxidy rozkladaji na sekundarni oxida¢ni produkty a nizkd hodnota
peroxidového ¢isla mize vypovidat o vzorku to, Ze je bud’ v po€atecnich fazich oxidace, nebo
naopak uz ve velmi pokroCilém stavu oxidace, kdy uz doSlo krozstépeni vzniklych
hydroperoxidt (obr. 21). Je to tedy vyznamny, ale ne vSe vypovidajici parametr. Zaroven je ale
stanoveni peroxidového ¢isla jednoznacné, oproti stanoveni obsahu tokoferoll, jez o vzorku
vice vypovida. Stanoveni obsahu tokoferolil je ale komplikované ve srovnani se stanovenim
obsahu hydroperoxida.
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Vypoctend hodnota TOTOX je svym zpiisobem pokus o popsani slozitych jevil relativné
jednoduchymi néstroji, cozZ je snadno pouzitelné v praxi. Z matematického hlediska je TOTOX
korela¢ni vztah, protoZe obsah hydroperoxidi vyjadiuje latkové mnozstvi, kdezto obsah
karbonylll vyjadifeny pomoci p-anisidinového ¢isla ma jednotku [1], jelikoZ je stanovovana

absorbance latek s riznym molarnim absorpnim koeficientem.

Pouziti TOTOX hodnoty neni Uplné vhodné, jelikoz deodoraci (fyzikalni rafinaci)
oxidovaného tuku/oleje dojde rozkladu hydroperoxidi a k odstranéni té¢kavych latek ze vzorku,

tedy 1 té¢kavych 2-alkenalti, a vzorek vykazuje niz§i TOTOX.

Pro potravinafskou praxi je nutné pouzit kombinaci nékolika metod - peroxidové ¢islo,
p-anisidinové ¢islo, stanoveni OSI (Oil Stability Index — AOCS Cd 12b-92), ktery se u vzorku
po oxidaci a nasledné deodoraci vyznamné snizi. OSI je mozné métit komeréné dostupnymi
piistroji Rancimat Metrohm Ltd. (kap. 5.6) a Oxidative Stability Instrument Omnion Inc.
Stanoveni polarnich latek se jevi také jako mozné, jelikoz to nejsou tékavé slouceniny a ve

vzorku zlstavaji i po deodoraci (Shahidi F. a Zhong H.J., 2020).
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5 METODY PRO STANOVENI OXIDACE LIPIDU

Z kapitoly 1.1 je zfejmé, ze béhem autooxidace lipidi dochézi k tvorbé rozmanitych
produkti a neexistuje pouze jedna standardni metoda ke stanoveni vSech oxida¢nich zmén pro

rizné potravinatské systémy.

Obecné mohou byt metody pro stanoveni oxidacnich zmén lipida rozdéleny do péti
skupin — metody stanovujici absorpci kysliku jako hlavniho reaktantu, metody pro stanoveni
ztrat vychozich surovin, metody stanoveni tvorby volnych radikald, tvorby primarnich a
sekundarnich oxidac¢nich produktii. Ptistup k jejich stanoveni mize byt rizny, bud’ klasickymi

analytickymi metodami nebo instrumentalnimi metodami (Shahidi F a Zhong H.J., 2020).

Vyznamnou roli v metodach pro stanoveni oxidace lipid hraji i zrychlené metody pro

urceni oxidacni stability z dlivodu predikce drznosti potravin.

5.1 STANOVENI ABSORPCE KYSLIiKU

K metodam, jez sleduji absorpci kysliku, patii pfiméd metoda stanoveni zmény tlaku
kysliku v plynné fazi nad vzorek nebo nepiimad metoda stanoveni zvySeni hmotnosti vzorku
v pocateCnich fazich oxidace. Dulezité je omezeni na pocatecni fazi oxidace, jelikoz vznikajici
hydroperoxidy se rozkladaji na t€kavé oxidacni produkty a na zmén¢ hmotnosti vzorku se podili
jak vznikajici hydroperoxidy, tak i vznikajici t€kavé sekundarni oxidacni produkty, které
hmotnost vzorku naopak snizuji. Princip této metody je vyuzit u komeréné dostupnych ptistroja
Oxidograf a Oxipres, které stanovuji oxidacni stabilitu pti zvySené teploté, kap. 5.6 (Antolovich

M. a kol., 2002).

5.2 STANOVENI ZTRAT VYCHOZICH SUROVIN

Zménu obsahu vychozich sloucenin (obsah nenasycenych mastnych kyselin) je mozné
stanovit plynovou chromatografii s krokem pfedipravy vzorku, ve kterém probehne prevedeni
triacylglyceroll na tckavéjsi methylestery mastnych kyselin. Béhem oxidace lipidi se
pfednostné degraduji nenasycené mastné kyseliny v zavislosti na poctu dvojnych vazeb
v molekule, dochézi ke konjugaci a cis/frans izomeraci (Cihelkova K. a kol., 2009). Druhou
moznosti je pfima analyza triacylglycerolového slozeni vzorkli kapalinovou chromatografii

s reverzi fazi. Koncentrace triacylglycerolii, které obsahuji nenasycené mastné kyseliny, se
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béhem oxidace snizuje a zaroven vznikaji tzv. polarni latky, obr. 21  (Ruiz-Gutiérrez V. a

Barron L.J.R., 1995; Choe E. a Min.D.B., 2007).

5.3 STANOVENI VOLNYCH RADIKALU

.....

stanovit elektronovou paramagnetickou rezonanci. Tato metoda je relativné nova a je zalozena
na paramagnetickych vlastnostech neparovych elektronti v radikalech. U vzorku umisténého do
magnetického pole je méfena absorpce elektromagnetického zatreni (Andersen M.L. a Skibsted

L.H.,2002).

5.4 STANOVENI PRIMARNICH OXIDACNICH PRODUKTU

Primérni oxidac¢ni produkty, hydroperoxidy, jsou nejcastéji stanovovanym oxidac¢nim
produktem, a to pomoci peroxidového Cisla. Jak jiz bylo uvedeno, peroxidové ¢islo se pouziva
jako jeden z hlavnich ukazatelli kvality (z hlediska oxidace) potravinafskych tuki a olejt.
Pouziti peroxidového ¢isla jako jediného ukazatele rozsahu oxidace lipid neni spravné z toho
diivodu, Ze hydroperoxidy se ddle méni na sekundarni oxidaéni produkty, jeho pouziti ma smysl
pouze v pocatecni fazi oxidace (obr. 21). Stanoveni peroxidového ¢isla je standardni [UPAC i
ISO metoda zalozena na jodometrické titraci. Obvykle pouzivané jednotky peroxidového ¢isla
jsou milielikvivalenty aktivniho kysliku (O) na 1 kg oleje (mekv.akt.O kg™). Je mozné pouzit i
SI jednotky — milimoly aktivniho kysliku na 1 kg oleje (mmol akt.O kg!), tato hodnota je
polovi¢ni nez hodnota vyjadiena v mekv.akt.O kg™!. Dal§i moznosti je vyjadieni v miligramech
aktivniho kysliku na 1 kg oleje (mg akt.O kg'!), coZ je 8 nasobek hodnoty peroxidového &isla
vyjadieného v mekv.akt.O kg™! (IUPAC 2.501; ISO 3960:2007(E)).

Spektrofotometrickym stanovenim konjugovanych diend a trient (IUPAC 2.206) se
sleduje vznik konjugovaného systému dvojnych vazeb zpiirozené se vyskytujiciho
pentadienového systému dvojnych vazeb. Béhem vzniku hydroperoxidi dochazi k polohové
oxidace, u systémut bohatych na kyselinu linolovou, koreluje obsah konjugovanych dient

s hodnotou peroxidového Cisla (Marmesat S. a kol., 2009).
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5.5 STANOVENI SEKUNDARNICH OXIDACNICH PRODUKTU

Z primarnich oxida¢nich produktti vznika Siroké spektrum sekundéarnich oxidacnich
produktd, které jsou smési tekavych, neté¢kavych a polymernich sloucenin, které¢ zahrnuji
aldehydy, ketony, uhlovodiky, alkoholy, t€kavé organické kyseliny, epoxyslouceniny, cyklické

substituované ethery s péti- a Sesticlennym kruhem atd.

Do klasickych analytickych metod patii stanoveni p-anisidinového, thiobarbiturového
Cisla nebo obsah karbonylovych slouc¢enin. Tyto metody jsou zalozené na
spekrotofotometrickém stanoveni barevnych latek vzniklych po reakci aldehydi (pfedevsim 2-
alkenalil) s p-anisidinem (p-methoxyanilin) v piipad¢ p-anisidinového ¢isla (ISO 6885:2016),
v ptipad¢ thiobarbiturového ¢isla (AOCS Cd 19-90) dochazi k reakci malonaldehydu
s kyselinou thiobarbiturovou a v piipadé stanoveni obsahu karbonylovych sloucenin reaguji

aldehydy a ketony s 2,4-dinitrofenylhydrazinem (Endo Y. a kol., 2001).

TOTOX ¢islo (/) je pouze matematickym modelem, je to pokus o vyjadieni tzv. totalni
oxidace, v némz jsou zahrnuty jak primarni (peroxidové &islo — PC), tak i sekundarni (p-
anisidinové &islo — AC) oxidaéni produkty. Je nutné zopakovat, Ze toto &islo nema védecky
zéklad, Ze je to pouze kombinace dvou parametrt, které jsou navzajem neslucitelné. Nicméné
citované némecké standardy (kap. 4) ukazuji, Ze se jedna o silny néstroj pro definovani kvality

olejui (Shahidi F. a Zhong H.J., 2020).

TOTOX =2-PC + AC (1)

Instrumentdlnimi metodami je mozné stanoveni tékavych sekundarnich oxida¢nich
produktli at uz pifimo ze vzorku nebo v parni fidzi nad vzorkem metodou plynové
chromatografie (solid phase microextraction - SPME/GC nebo headspace sampler - HSS/GC).
Netc¢kavé n-oxokyseliny vazané na triacylglyceroly je mozné stanovit piimo jako polarni latky
kapalinovou chromatografii s reverzi fazi (AOCS Ce 5b-89, Hradkova I. a kol.,2008) nebo po
predupravé vzorku prevedenim na methylestery pomoci plynové chromatografie po derivatizaci
nebo chromatografické separaci. Polymery vzniklé pii oxidaci lipidi je mozné stanovit gelovou

permeacni kapalinovou chromatografii (Cihelkova K. a kol., 2009; AOCS Cd 22-91).

Senzorické analyza je jednou z hlavnich metod pro rozhodnuti, zda potravina obsahujici
lipidy je stale jesté vhodna ke konzumaci ¢i nikoli. U oxidovanych oleji se pfi senzorickém

popisu vzorkili pouzivaji pojmy spojen¢ s chuti/viini jako maslova, ofiskova, trdvova nebo rybi
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a pojmy spojené se zpracovanim jako hydrogenovany, oxidovany nebo zatuchly (Shahidi F. a

Zhong H.J., 2020).

5.6 ZRYCHLENE METODY PRO PREDIKCI UDRZNOSTI LIPIDU, STANOVENI OXIDACNI
STABILITY

Metody pro stanoveni rozsahu oxidace lipidii uvedené v kapitole 5.1 az 5.5 popisuji stav
potravin/vzorkd obsahujicich lipidy v urcitém okamziku, ale nevypovidaji o tom, jak4 bude
udrzitelnost vyrobku pii dlouhodobém skladovéani nebo pfi tepelné¢ zatézi (napti. peceni,
fritovani nebo smazeni). Z tohoto diivodu se pouZzivaji tzv. zrychlené metody pro stanoveni
oxidaéni stability, které probihaji za zvySenych az vysokych teplot a za zvySeného nebo
intenzivniho pfistupu kysliku, tak aby analyza trvala fadové n€kolik hodin. Stanovuje se
indukéni perioda, coz je €as od zacatku analyzy az do doby, kdy dochazi k vyznamné tvorbé

oxida¢nich produktii nebo poklesu tlaku kysliku nad vzorkem.

Metody pro stanoveni oxidac¢ni stability lipidi se mohou rozd¢lit do dvou skupin. Prvni
typ metod je zaloZen na stanoveni vzniklych oxida¢nich produktt (obr. 23- IP(A)) a druhy typ
na stanoveni spotieby kysliku na vzorkem (obr. 23- IP(B)).

Schaaltv test je fazen do prvni skupiny metod a je zaloZen na skladovani vzorku pfi
teplot¢ 60 °C a pribézného monitorovani peroxidového ¢islo, senzorické analyzy nebo
tékavych oxida¢nich produkti plynovou chromatografii (AOCS Cg 5-97). Metodou AOM
(,,Active Oxygen Method*) se stanovuje peroxidoveé Cislo vzorku pfi teploté 98 — 100 °C a za
soucasného probublavani vzduchem (AOCS Cd 12-57). Rancimat (firma Metrohm, Svycarsko)
je komercné dostupny piistroj, ktery vyhtiva vzorek na teplotu 80 °C a vice (ve vétSing piipadi
se pouziva teplota 110 °C nebo 120 °C) a zéaroven jej probublava vzduchem. T¢kavé latky
(pfedevsim kyselina mravenci a octova) jsou unaSeny z oxidovaného vzorku vzduchem do
destilované vody, kde se rozpousti a zvySuji vodivost destilované vody. Vysledkem je indukéni

perioda, tedy Cas, kdy nedochazi ke zménam vodivosti destilované vody (AOCS 12b-92).

Do druh¢ skupiny metod je fazena metoda ,,Oxygen bomb*, ktera je zaloZenad na
monitorovani poklesu tlaku kysliku nad vzorkem v uzaviené nadobé¢ pfi teploté kolem 100 °C.
Komercné dostupné pristroje s automatickym ohievem a zdznamem tlaku jsou Oxidograf a
Oxipres firmy Mikrolab Aarhus A/S, Dansko (Nogala-Kalucka M. a kol., 2005; Trojakova L.
a kol., 2001).
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Obr. 23: Stanoveni indukéni periody — IP(A) — vznik oxidacnich produkti, IP(B) — spotieba
kysliku

Stanoveni induk¢ni periody (IP) pfi urcité teploté je hodnota, ktera vypovida o vzorku
pouze pii dané teploté. K predikci dlouhodobé udrznosti lipidi se vychéazi z principt
rovnovazné termodynamiky, aplikuje se zavislost reak¢ni rychlosti (v tomto pfipadé indukéni
periody - IP) reakce 1. fadu na teploté podle Arrheniova vztahu (A — frekvencni faktor, E, —
aktivacni energie, T — teplota) a pfedpoklada se platnost linearniho vztahu (2). Sledovany
vzorek je nutné stanovit pii dvou riznych teplotdch a pomoci Arrheniovy rovnice extrapolovat
vysledky na teplotu skladovani, coZ je pouze orientaéni hodnota. Castgji se ale indukéni perioda
stanovi pouze pii jedné teploté (naptf. 120 °C) a indukéni perioda pii teploté skladovani se

vyhodnoti na zakladé databanky vysledk.

E
InIP=In A - —— (2)
RT

Ukazuje se, ze aplikace principii nerovnovazné termodynamiky vede k presnéjSimu
vztahu mezi hodnotou IP za zvySené teploty (napt. 120 °C) a hodnotou IP pii skladovani

(Malvis A. a kol., 2019).
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6 OVLIVNENI OXIDACE LIPIDU

vvvvvv

patii typ pouzit¢ho tuku nebo oleje, a tedy z toho vyplyvajici zastoupeni mastnych kyselin,
které oxidaci podléhaji; obsah pfirozené se vyskytujicich minoritnich latek, pfedevs§im
antioxidantt, které naopak oxidaci lipidi oddaluji; typ vzorku, zda se jedna o jednofazovy nebo
vicefazovy systém, naptiklad emulze; a v neposledni fad¢ i pfitomnost dalSich piidanych latek
jako naptiklad emulgatorti, antioxidantii nebo prooxidantii. Dulezitou roli hraji i podminky
skladovani a dostupnost kysliku. U dostupnosti kysliku se nejedna pouze o typ baleni vyrobku,
ale také o poc¢atecni podminky - obsah rozpusténého kysliku a o tzv. oxidac¢ni historii — v jakém

rozsahu oxidace lipidii probéhla béhem vyroby a zpracovani oleji.

6.1 TYPSUROVINY

Dle typu tuku nebo oleje 1ze predikovat 1 jeho udrznost. Jak bylo zminéno v kapitole
1.1.1, s poctem dvojnych vazeb mastnych kyselin obsazenych ve vzorku roste i rychlost oxidace
lipidl. Zastoupeni piirozené se vyskytujicich antioxidantli je také velmi dilezité, ¢im vyssi
koncentrace téchto latek v suroving, tim je priabéh oxidace pomalejsi. Prirozené vysSsi obsah
antioxidantl je u surovin s vyS$§im obsahem polynenasycenych mastnych kyselin (napt. s6jovy
olej) a naopak nizsi obsah antioxidantll u surovin s nasycenymi mastnymi kyselinami (napf.
hovézi 10j, kokosovy tuk), tab. II. Srovnani obsahu tokoferolti u riznych vzorkl v odlisnych
publikacich je ovSem problematické, pokud neni uveden postup izolace lipida. Existuji totiz
rizné metody pro izolaci lipidi ze vzorki, které se liSi Setrnosti pii manipulaci se vzorkem

s ohledem na velice oxida¢n¢ labilni antioxidanty.

Béhem skladovani semen, vyroby a zpracovani oleji a tukd dochazi ke ztratam
antioxidantli a k iniciaci oxidace lipidid. Rozsah zmén vypovida o Setrnosti téchto krok.
Z kvalitni poc¢atecni suroviny pro vyrobu oleje nebo tuku, Setrného ziskani a zpracovani se ziska
olej nebo tuk s vysokym obsahem antioxidantll a minimalni iniciaci oxidace lipida (Frankel E.

N., 1998)
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Tab. II: Obsah nasycenych (SFA), mononenasycenych (MUFA) a polynenasycenych mastnych
kyselin (PUFA) a pfirozeny obsah tokoferol (TO) ve vybranych olejich (Codex Alimentarius
CXS 210-1999%; Choe E. a Lee J., 1998°). Obsah tokoferolii stanoven metodou AOCS Ce 8-89.

Obsah mastnych kyselin [%] Obsah tokoferoli [mg kg!]
Olej/tuk YSFA | SMUFA | IPUFA o-TO | B-+y-TO | &-TO
Hovézi 1y 44,7° 46,0 4,9 30° 4° ND®
Kokosovy tuk 81,0-90,0* | 5,0-10,0° 1,0-2,5° 0-17¢ 0-28* ND*?
Slune¢nicovy olej | 8,0-14,0° | 14,0-39,0° | 49,0-74,0* | 403-935° 0-79* 0-7°
9-3522 89-3239* | 154-932*
Sojovy olej 10,0-19,0* | 17,0-30,0° | 52,5-70,0°
37° 459° ND®

ND — nedetekovano

6.2 ROLE MEZIFAZOVEHO ROZHRANI A TYP VYROBKU

U jednofazovych vyrobki typu olej je popis difuze kysliku jako hlavniho reaktantu
jednoducha, vyskytuje se zde pouze jedno fazové rozhrani olej/vzduch a smér difuze kysliku je
ze vzduchu do oleje. Pokud se v systému vyskytuje vice mezifdzovych rozhrani, napt. emulze
nebo disperze tukovych krystalt v oleji, difuze kysliku probiha ptes né€kolik fazovych rozhrani.
Skutecnost, ze se emulgator samovolné¢ hromadi, pfesnéji dochdzi k orientované adsorpci
molekul povrchové aktivni latky, a vznika tak vrstva emulgétoru, kterd nakonec oddéluje obé
faze, je dusledkem snahy snizit povrchovou energii mezifdzového rozhrani (AG) < 0) a dochazi

k poklesu mezifazového povrchového napéti (6o/0c)t < 0 (Atkins P. a de Paula J., 2013)

6.2.1 Disperze tukovych krystali v oleji

Za disperzi tukovych krystali v oleji jsou povazovany shorteningy a tukové faze
margarint, tedy tukové nasady. Krystaly tuku v oleji mohou byt rizné¢ uspotfadany, bud’ se
mohou vyskytovat samostatné (obvykle polymorfy B, které jsou vétsi a minimalné asociuji),
nebo mensi krystaly (obvykle polymorfy B") se schopnosti asociovat, vytvaret tak limitné
druhou spojitou fazi — oleogel. Pokud je do systému piidan emulgator, hromadi se pfednostné

na fazovém rozhrani krystaly tuku/olej a tukova disperze/vzduch (Chawla P. a kol., 1990).
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Pti vyrobé shorteningli/pokrmovych tukli se pouzivd monoacylglycerolovy emulgétor
(MAG) jako modulator krystalizace. Standardné se pouziva smés mono- a diacylglycerold.
Doba spotieby téchto vyrobkill se odviji od rychlejsiho ze dvou dé&ji — rekrystalizace a oxidace

lipid.

Byl zkouman vliv délky acylu MAG emulgatoru na rychlost oxidace lipidi v modelové
tukové ndsadé s definovanym slozenim krystala tukové disperze. Pokud jsou tukové krystaly
disperze tvotfeny plné ztuzenym bezerukovym fepkovym olejem (FH ZERO s TAG slozenim -
tristearoylglycerolem 80 % mol. a palmitoyldistearoylglycerolem 15,5 % mol.) nebo plné
ztuzenym palmstearinem (FH PST s TAG sloZenim - dipalmitoylstearoylglycerol 42,5 % mol.,
palmitoyldistearoylglycerol 23,6 % mol, tristearoylglycerol 23,6 % mol., tripalmitoylglycerol
4,5 % mol.) jsou trendy vzniku hydroperoxidl a hodnoty indukéni periody podobné. Kyslik
difunduje tukovou nasadou obsahujici monooleoylglycerol (MAG18:1) nejrychleji ze vSech
zkoumanym MAG emulgétori (maximalni vznik hydroperoxidli — obr. 24A-B a minimalni
hodnota indukéni periody — obr. 24C-D). MAGI18:1 obsahuje jednu cis dvojnou vazbu.
Ptitomnost této vazby zpusobi ohyb jinak piimého acylového fetézce o 42 °, tim narusi tésné
uspotadani acyli nasycenych mastnych kyselin na mezifazovém rozhrani, dojde tak k rychlejsi
diftzi kysliku tukovou nasadou. Tésnéjsi usporadani emulgatoru na mezifazovych rozhrani a
vytvofeni U€inné bariéry koresponduje s minimalnim rozsahem oxidace, jak bylo zjisténo u
monoacylglycerolii s nasycenym acylovym fetézcem (predevSim u MAGI4 a MAGI6).
S rostoucim acylovym fetézcem (MAGI18, MAG20 a MAG22) jiz rychlost oxidace neklesa
(Spévackova V. a kol., 2009; Spévackova V. a kol., 2012 ; Patino J.M.R. a kol., 1993; Patino
J.M.R. a kol., 2001).
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Obr. 24: Plocha pod kiivkou peroxidového ¢isla modelové tukové nasady se strukturnim tukem
plné hydrogenovany bezerukovy fepkovy olej — FH ZERO (A), pln¢ hydrogenovany
palmstearin — FH PST (B); plocha pod kiivkou induk¢ni periody modelové tukové nasady se
strukturnim tukem plné€ hydrogenovany bezerukovy tepkovy olej (C), plné¢ hydrogenovany
palmstearin (D) (Spévackova V. a kol., 2009)

6.2.2 Mikrodisperzni soustava margarinového typu

Disperzni soustavy jsou obecné rozdélovany dle velikosti ¢astic na analytické disperze
(velikost ¢astic mensi nez 1 nm), koloidné€ disperzni soustavy (velikost ¢astic 1 — 1000 nm) a
hrub¢ disperzni soustavy, které se dale d€li na mikrodisperze (velikost ¢astic 1000 nm — 50000
nm) a makrodisperze (velikost Castic vétsi nez 50000 nm). U margarinové emulze, kterd je typu
voda v oleji (v/0) se vyskytuji 3 rtizné fdze — vodna faze jako disperzni podil vici olejové fazi
se stiedni velikosti ¢asti 4 — 6 um, v tomto piipad¢ se jednd o mikrodisperzi; tuhd faze ve forme
krystali TAG s velikosti ¢astic 0,1 — 1 um (idealn¢ polymorf ") a sférulity, jehlice nebo klastry
s velikosti ¢astic veétsi nez 1 um, tedy opet mikrodisperzni soustava, idealn¢ oleogel, tedy spojita
faze uvnitt olejové faze. Jeji obsah l1ze v zavislosti na teploté méfit jako ,,obsah tuhych podila®.
V ptipadé tvorby oleogelu tuhou fazi TAG jsou omezeny zmény velikosti kapek vodné faze,
dochazi tedy ke stabilizaci disperzniho podilu emulze. Emulgator se vyskytuje v téchto
systémech jak na fadzovém rozhrani krystaly TAG/kapalny olej, tak i na mezifdzovém rozhrani
olej(tuk)/voda (Silva T.J. a kol, 2020; Bayés-Garcia L. a kol., 2011; Nguyen V. a kol., 2020;
Chawla P. a kol., 1990).

Miura S. a kol. (2002a, b) se zabyvali stabilitou emulzi typu olej ve vod¢ v zavislosti na

délce acylu pouzittho MAG emulgatoru. Zjistili, ze v zavislosti na délce nasyceného acylu
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dochazi k riznému hromadéni vySe tajicich triacylglycerolli kolem emulgatoru, ktery se
vyskytuje na fazovém rozhrani olej/voda a dochazi tak 1 destabilizaci emulze, u
monooleoylglycerolu (nenasyceného MAG emulgatoru) ktomuto jevu nedochazelo.

Destabilizace emulze zavisela 1 na pouzité tukové fazi emulze.

Mikrodisperzni soustavy margarinového typu (voda v oleji) byly zkoumany z hlediska
vlivu délky acylového fetézce MAG emulgatoru na rychlost oxidace lipida (Pokorna 1. a kol.,
2004). Ze zavislosti peroxidového Cisla na Case (obr. 25) byl zjistén nejvysSi narGst
hydroperoxidii u emulzi se smési monoacylglycerolti v komerénim emulgatoru D (smés
palmitoyl-, stearoyl- , oleoyl- a linoylglycerolu). Pfitomnost oleylglycerolu a v mensi mife i
linoylglycerolu s cis dvojnymi vazbami ma za nasledek to, ze na mezifazovych rozhranich
nedochazi k tak tésnému uspotradani jako v pfipad¢ pouziti pouze 1 typu emulgatoru a
s nasycenym acylovym fetézcem. Nejucinnéjsi bariéru viici difuzi kysliku (miniméalni oxidace)
vytvotil monostearoylglycerol, tedy jeho pfedpokladand monomolekularni vrstva, kterd tvori

mezifazové rozhrani.
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Obr. 25: Peroxidové ¢islo margarinové emulze obsahujici MAG emulgator s riiznou délkou
acylu (C10-C18, emulsifier D — smés MAG16, MAG18 a MAG18:1, a model mixture of MAG
—smés MAG10, MAG12 a MAG14), teplota skladovani 15 °C (Pokorna 1. a kol., 2004)

6.3 PODMINKY SKLADOVANI

Oleje a tuky nebo vyrobky oleje a tuky obsahujici jsou rdzné dlouhou dobu skladovany.
Aby rozsah oxidace ve vyrobcich byl minimalni, musi se zvolit vhodné podminky pti vyrobé
(minimalizace rozpusténého kysliku ve vyrobku) a predevSim vhodné podminky skladovani

(zamezeni piistupu kysliku a svétla).
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Jelikoz je kyslik hlavnim reaktantem pii oxidace lipidi a vyskytuje se piirozené
v atmosféte, je tedy snaha vyrobcli o jeho minimalizaci ve vyrobku vytvofenim inertni
atmosféry a volbou vhodného obalu. Atmosféra nad vyrobkem vyznamné ovlivni rychlost
oxidace. Pfi srovnani skladovani margarinové emulze v kyslikové atmosféfe a inertni
(argonové) atmosfére (obr. 26) bylo zjisténo, ze vzorek skladovany pod kyslikovou atmosférou
oxidoval vyznamn¢ rychleji. Ze zavislosti peroxidového ¢isla na Case je ziejmé, ze dochazi
k postupné spotiebé rozpusténého kysliku ve vzorku (do 5. tydne skladovani), neni vyznamny
rozdil mezi jednotlivymi vrstvami vyrobku. V dal§im pribéhu skladovéani je zaznamenana
snizujici se tendence tvorby hydroperoxidi smérem od vrchni ke spodni vrstvé v dasledku
postupné diftize kysliku pfes rozhrani atmosféra/vyrobek a mezi jednotliva mezifdzova rozhrani

ve vyrobku. Na oxidaci vyrobku skladovaného v interni atmosféfe se podili pouze kyslik

.....
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Obr. 26: Peroxidové c¢islo margarinové emulze s komercnim emulgatorem D skladované
v kyslikové a argonové atmosfére pfii teploté 15 °C (Pokorna I. a kol., 2004)

Spolu s interni atmosférou je vyznamnym faktorem pro difuzi kysliku do vyrobku i
material pouzitého obalu. Sklo je z hlediska propustnosti kysliku idedlni obalovy material, jeho
propustnost je minimalni. Plastové obaly jsou v mikroméftitku siti, kterd pro kyslik velice dobie
propustnd. Razné povrchové upravy platovych obali je moznost, jak propustnost kysliku
obalem snizit, ale nevyrovnaji se bariérovym vlastnostem skla (Michiels Y. a kol., 2017). Vedle
kvality obalového materialu hraje také dulezitou roli jeho barva (obr. 27). Hnédé sklo absorbuje

v oblasti 350 — 400 nm maximaln¢, vliv zelené barvy je minimalni (Sekretéar S. a kol., 2010).

Svétlo v kombinaci s fotosenzibilizatory, které se piirozené vyskytuji v potravinach, se

podili na vzniku singletového kysliku (viz kapitola 1.2). Rychlost oxidace vzorki skladovanych
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ve tm¢ 8 — 12krat pomalejsi oxidaci nez u vzorka skladovanych na svétle (Sekretar S. a kol.,

2008).
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Obr. 27: UV-VIS spektra obalovych materialii (podle Sekretar S. a kol., 2010)

6.4 ANTIOXIDANTY

Jednou z moznosti, jak oddalit oxidaci lipidd, piesné prodlouzit indukéni periodu, je
pouziti antioxidantl. Za poslednich 70 let se z4djem o pouziti antioxidanti v potravinach
mnohonasobné zvysil, jelikoZ se Castéji pii vyrobé potravin pouzivaji tuky a oleje rostlinného
puvodu se zvySenymi obsahy polynenasycenych mastnych kyselin a zaroveil pouziti
syntetickych antioxidantt je limitovano. Od devadesatych let 20. stoleti spotiebitelé zacinaji
vnimat aditivni latky v potravinach s urCitou obavou z hlediska bezpe€nosti potravin.
Predevs§im syntetické aditivni latky, vCetné syntetickych antioxidanti, byly a jsou vnimany
negativné. Z toho divodu byl potravinarsky primysl motivovan k hledani ptirodnich alternativ

nebo k ptiprave jejich modifikovanych analogii (Brewer M.S., 2011).

Obecné jsou antioxidanty definovany jako jakékoli latka, ktera kdyz je pfitomna v nizké
koncentraci, ve srovnani s oxidovanym molekulami, miize oddalit nebo zabranit oxidaci
molekul, at’ uz sama tato latka nebo jeji oxidacni produkty anebo chranit organismus ptred
Skodlivymi u€inky oxidativniho stresu. Oxidaci mohou podléhat lipidy, sacharidy, DNA, RNA
a proteiny (Senanayake S.P.J.N. a kol., 2020).
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6.4.1 VyZivova doporudeni a antioxidanty v potravinarstvi z hlediska legislativy

Antioxidanty v potravinach (in vitro) prodluzuji jejich trvanlivost a zéaroven, pokud
nejsou spotiebované béhem skladovani, zvysuji 1 nutricni kvalitu potravin, jelikoz fada z nich
se uplatni in vivo jako vitaminy (pfikladem jsou vitamin C — kyselina askorbové a vitamin E -

tokoferoly).

Podle védeckého stanoviska Evropského tradu pro bezpecnost potravin (EFSA) se
doporucuje pro muze denni pfijem vitaminu C zvysit az na 110 mg den! (jako tzv. PRI —
Population Reference Intake), tento pfijem je odhadovan jako dostacujici pro pokryti potieb
téméf viech zdravych jedinct (97 — 98 %), pro Zeny je to 95 mg den’'. V tomto doporuc¢eném
dennim pfijmu je zahrnuta potfeba udrzeni koncentrace askorbatového aniontu v krevni plasmé
na hodnoté 50 umol 1", metabolickd ztrita 50 mg den’!, 80% gastrointestinalni absorpce
v organismu, vylouceni moc¢i vitaminu C z 25 % a navyseni této potieby o 10 % (EFSA, 2013).
U vitaminu E, za ktery se povazuje pouze a-tokoferol, je pfiméfeny denni piijem (Al —
Adequate Intake) stanoven na 13 mg pro muze a 11 mg pro Zeny. Tato doporuceni vychazi ze

stravovacich ndvyki zdravé populace bez zjevného nedostatku vitaminu E (EFSA, 2015).

Pro obdany Ceské republiky Spolenost pro vyzivu uvadi na svych internetovych
strankach vyzivova doporudeni z 6. dubna 2012 pro vitamin C 100 mg den™ a pro vitamin E

pouze zvyseni jeho ptijmu (Dostélova J., 2012).

Vyzivova doporuceni pro USA platné pro roky 2015 — 2020 uvadéji doporuceny denni
piijem pro vitamin C 90 mg pro muze a 75 mg pro Zeny, vitaminu E 15 mg jako a-tokoferol

denné pro obé pohlavi (Dietary Guidelines for Americans 2015-2020).
Z vyzivovych doporuceni je zfejmy trend navySovani denniho pfijmu vitaminu C.

Z hlediska legislativy je pfesné dano, které latky se smi pouzit jako antioxidanty
(primarni nebo sekundérni) v potravinach a zaroven 1 jejich maximalni mnozstvi v daném typu
potraviny. V tabulce III je uveden piehled vSech antioxidantli, které mohou byt pouzity
v potravinach (Natfizeni Evropského parlamentu a Rady (ES) ¢.1333/2008). V kosmetickych
ptipravcich upravuje moznost pouziti antioxidantl a jejich maximalni koncentrace Natizeni

Evropského parlamentu a Rady (ES) ¢. 1223/2009.
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Tab. III: Ptfehled primarnich a sekundarnich antioxidantd, které mohou byt pouzity

v potravinach

Nazev E-kod Nazev E-kod
Kyselina askorbova E 300 Dodecylgallat E 312
Askorbat sodny E 301 Kys(?;‘zgm‘f;‘”é E315
Askorbat vapenaty E 302 Erythorban sodny E 316
Eieyzlﬁiﬁﬁgﬁféf E 304 Butylhydroxyanisol E 320
Extrakt s obsahem tokoferoli E 306 Butylhydroxytoluen E 321
Alfa-tokoferol E 307 Lecithiny E 322
Gama-tokoferol E 308 MIlécnan sodny E 325
Delta-tokoferol E 309 Mlécnan draselny E 326
Propygallat E 310 Kyselina citronova E 330
Oktylgallat E 311 Kyselina vinna E 334

6.4.2 Rozdéleni antioxidantu

Antioxidanty se déli dle ptivodu na pfirodni a syntetické a dle uc¢inku na primérni, které
prerusuji fetézovou reakci oxidace, a sekundarni, které maji ochranny (preventivni) tcinek.
N¢ékteré antioxidanty mohou vstupovat do oxidace lipid n¢kolika riznymi mechanismy, z toho

davodu se pak mluvi o multifunk¢nich antioxidantech (Senanayake S.P.J.N. a kol., 2020).

Vyznamnou charakteristikou je pak hydrofilita a lipofylita antioxidantii. Tokoferoly
jako primarni lipofilni antioxidanty in vivo chrani v prvé tadé lipidy bunécnych membran,
jejichz povrch ale komunikuje s okolnim hydrofilnim prostftedim a wvniklé radikaly
tokochromanolll jsou reparovany reakcemi s hydrofilnimi antioxidanty jako je kyselina
askorbova nebo glutathion. Tato interakce se vyuziva in vitro typicky v emulzich, kde lipofilni
antioxidant je obsazen v tukové fazi (v emolientu kosmetického piipravku) a hydrofilni
antioxidant ve vodném prostiedi, at’ jiz se jednad o emulze o/v nebo v/o. K popisované interakci

dochazi na mezifazovém rozhrani (Frankel E.N., 2007).

V zésad¢ je mozné po derivatizaci pievést antioxidant z formy hydrofilni na lipofilni a
naopak. Prvnim pfipadem jsou estery mastnych kyselin s kyselinou askorbovou (E304). Tato
derivatizace mé ovSem za nasledek, Ze latky vykazuji povrchovou aktivitu, jsou to neionické
emulgatory (maji charakteristické hodnoty HLB), coz muze byt v emulznich systémech
vyhodné (Kim T.S. a kol., 2012; Budilarto E. S. a Kamal-Eldin A., 2015).
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Analogicky je mozné hydrofilizovat tokoferoly, protoze ale pfi derivatizaci dojde
k reakci fenolového hydroxylu, tak tato derivatizace slouzi k vneseni vitaminu E do ptipravku,
ale tokoferol ztraci funkci antioxidantu. Provadi se to napt. acylaci se sukcinylanhydridem za
vzniku monoesteru tokoferolu. Vlastni hydrofylizace se provadi reakci karboxylu s oxiranem
tak, aby vznikl neionicky emulgator (solubilizator) s vysokou hodnotou HLB (Yushkova Y.V.
a kol., 2014).

Primarni antioxidanty

.....
.....

.....

oxidace lipidl reaguji antioxidanty s peroxylovymi radikaly (ROO-) za vzniku hydroperoxidi
(ROOH) nebo alkoxylovymi radikéaly (RO-) za vzniku stabilnich hydroxysloucenin a radikalu
antioxidantu (obr. 28B-C). Radikal antioxidantu je stabilni, jeho standardni redukéni potencial
kruhu u fenolovych antioxidant, u endiolovych antioxidanti vznika mezomerni stav —
delokalizovany jsou m vazby oxoskupin a molekulovy radikdl je stale stabilizovan y-

laktonovym kruhem (Tu Y.J. a kol., 2017; Senanayake S.P.J.N. a kol., 2020).

Radikal antioxidantu reaguje pfednostné s dal$im peroxylovym, alkoxylovym radikalem
nebo radikalem antioxidantu nez s dalsi nenasycenou mastnou kyselinou (obr. 28D-F), (Frankel

E.N., 2007).

R- + Ant-H —» RH + Ant- (A)
ROO: + Ant-H - ROOH + Ant- (B)
RO- + Ant-H — ROH + Ant- ©)
Ant- + ROO- — ROOAnt (D)
Ant- + RO — ROAnt (E)
Ant- + Ant- — Ant-Ant (F)

Obr. 28: Vznik (A, B) a reakce radikalu antioxidantu (C-F)
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Primérni antioxidanty jsou nejucinngjsi, pokud jsou piidany k oxidovanym lipidim co
systému molarné vice vzniklych radikali, priméarni antioxidanty rychle odreaguji, nelze jiz
hovofit o potencidlu antioxidantu ve vztahu k lipidickému systému jako celku. Jakmile dojde
k vyCerpani veskerého primarniho antioxidantu, dochéazi k prudkému nartistu vzniklych

hydroperoxidii (Senanayake S.P.J.N. a kol, 2020).

Za urcitych podminek mohou nékteré primarni antioxidanty pusobit i prooxidacné.
Radikély antioxidantli reaguji s dalSi mastnou kyselinou za vzniku jejiho radikdlu nebo s
hydroperoxidem za vzniku peroxylového radikalu (obr. 29). Prooxida¢ni reakce antioxidanta
jsou popisovany pii jejich vysoké koncentraci, za vysokych teplot nebo v pfitomnosti kovovych
katalyzatort a dalSich prooxidantd. Tyto skuteCnosti tedy pomémé jednoznacné vymezuji
koncentracni interval, resp. rozsah teplot, kdy se latka chova jesté jako antioxidant (Martin-

Rubio A.S. a kol., 2018; Senanayake S.P.J.N., 2018).

Ant- + R-H - Ant-H + R-
Ant- + ROOH — Ant-H + ROO-

Obr. 29: Prooxidaéni reakce radikalu antioxidantu

Pfirodni primarni antioxidanty zahrnuji flavonoidy, fenolové kyseliny, karotenoidy,
tokoferoly a tokotrienoly, do skupiny syntetickych primarnich antioxidanti jsou fazeny
butylhydroxyanisol (BHA), butylhydroxytoluen (BHT), propylgallit (PG) a tercialni
butylhydrochinon (TBHQ).

O tom, jak bude antioxidant ucinny béhem oxidace lipidd, s jakymi slouc¢eninami bude
reagovat a zda je moznost regenerace radikalu antioxidantu zpét na antioxidant, vypovida tzv.
standardni redukéni elektrodovy potencial (E?), (tab. IV). Oxidovana forma slouéenin z redox
paru je schopna piijmout vodikovy atom pouze od redukované formy slouceniny, ktera ma nizsi
redox potencial. Napiiklad radikal nenasycené mastné kyseliny mtize pfijmout vodikovy atom
od tokoferolu, ovsem uz ne od hydroperoxidu mastné kyseliny. Standardni redox potencial je

zavisly na pH, koncentraci a teploté. Pfi srovnavani jednotlivych standardnich redox potencialti
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musi byt podminky stejné. Bruettner G.R. (1993) uvadi sice hodnotu pH = 7, ale dalsi parametry

uvedeny v praci nejsou.

Tab. IV.: Standardni redukéni elektrodové potencialy pro vybrané radikélové pary pii pH = 7
(Buettner G.R., 1993)

Redox par E’ [mV]
HO-, H-/ H,0O 2310
RO-, H/ROH 1600
ROO-, H-/ROOH 1000
R-, H-/RH' 600
a-TO-, H-/ a-TOH? 500
k. askorb-, H-/k. askorb.’ 330

'nenasycend mastna kyselina, 2 a-tokoferol, *kyselina askorbova

Tokoferoly patii k ¢asto se prirozené vyskytujicim lipofilnim antioxidantiim, stejné tak

1 k Casto pouzivanym aditivnim latkam do potravinarskych i kosmetickych vyrobki.

Z chemického hlediska je jedna o fenolové antioxidanty a jednotlivé formy se od sebe
1i$1 stupném methylace chromanového kruhu (obr. 30). Biologicka aktivita (in vivo) tokoferolii
klesa v potadi a > § >y >  a antioxidacni aktivity v olejich a tucich (in vitro) klesaji v potadi
d > v > P > a. Vsouvislosti s hodnotami redox potencidlii tokoferol prednostné reaguje
s peroxylovym radikélem, dale pak také s hydroxylovym radikdlem nebo radikdlem nenasycené

mastné kyseliny (Kalman-Eldin A. a Appelqvist L.A., 1996).

Tokoferol Ri R2 Rs3
R; o CH; | CH; | CH;3
HO
B CH; | H | CH:
CH; | CHs
R, 0 -
Rs 3 H |:CHs

Obr. 30: Chemicka struktura tokoferolu
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Z tokoferolu mize vznikat celd fada oxidacnich produkti. Nejjednodussi variantou je
odtrzeni vodikového atomu (jednoelektronova oxidace) a vznik tokoferoxylového radikélu.
Tento radikal mlze byt zpétné redukovéan na tokoferol nebo mize reagovat s peroxylovym,
alkoxylovym radikdlem (obr. 28D-E), radikdlem mastné kyseliny nebo dalSim
tokoferoxylovym radikalem (obr. 28F) a dochézi ke vzniku stabilnich sloucenin, tokoferol je
jiz pro dal$i oxida¢né/redukéni mechanismy zablokovan. V pifipadé¢ reakce dvou

tokoferoxylovych radikalt vznikaji dimery a-tokoferolu (obr. 31) (Krol E.S. a kol., 2001).

Dal§imi moznymi produkty oxidace a-tokoferolu jsou 8a-alkylperoxy-a-tokoferon
(nebo také oznacovany jako 8a-(alkyldioxy)-tokoferon) a stabilni a-tokoferylchinon. V tomto
ptipadé se jednd o 2 elektronovou zménu a-tokoferolu na a-tokoferylchinon (obr. 32) (Tanno

R. a kol., 2020; Senanayake S.P.J.N. a kol., 2020).

O._C1eHas
HO
CH2
CH,

HO

O" CyeHas

o

Obr. 31: Dimer a-tokoferolu

ROO- ROOH g o
HO ~ 7
CigHzs — > CigHaz <—> C1gHas
(e} O e
a-tokoferol a-tokoferoxylovy radikal radikal a-tokoferonu

+ROO-

o
o
g
o
>
T
8
A
o
T-0-0
o
O
>
I
8

a-tokoferylchinon 8a-alkylperoxy-a-tokoferon

Obr. 32: Vznik 8a-alkylperoxy-o-tokoferonu a a -tokoferylchinonu
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Fotooxidaci, kterd ptredstavuje ptimo reakci tokoferolu se singletovym kyslikem, z a-
tokoferolu vznika 8a-hydroperoxy-a-tokoferon a znéj nésledné a-tokoferylchinon, obr. 33
(Tanno R. a kol., 2020). Moznosti, jak mize a-tokoferol v potravinach reagovat, je mnohem
vice a je mozné fict, Ze zatim vSechny mechanismy nejsou plné objasnény (Liebler D.C. a Burr

J.A., 1995; Verleyen T. a kol., 2001)

a-tokoferol
0 o
o S C1eHas
OH o
Q
?
H

a-tokoferylchinon 8a-hydroperoxy-a-tokoferon

Obr. 33: Vznik 8a-hydroperoxy- a-tokoferonu a a-tokoferylchinonu

Dalsimi rozsifenymi pifirodnimi antioxidanty jsou fenolové kyseliny a jejich derivaty,
které se vyznacuji 1 antimikrobidlnimi a antikancerogenni ucinky (Merkl R. a kol., 2010;

Senawong T. a kol., 2014; Wang J. a kol., 2014).

U monohydroxy fenolovych slou¢enin dochazi k odtrzeni jednoho atomu vodiku a
vznika bud’ fenoxylovy radikal nebo je radikal rezonancné stabilizovan v ortho nebo para
poloze na benzenovém jadie (obr. 34). U dihydroxyfenolovych slouc¢enin je mozné odtrzeni
jednoho nebo dvou atomti vodiku a nasledné vznikd bud’ semichinonovy radikal nebo stabilni
chinon (obr. 35). Dihydroxyfenolové slouceniny jsou zpravidla silnéjSi antioxidanty nez
monohydroxyfenolové slouceniny (Frankel E.N., 2007; Buettner O. R., 1993; Choe E. a Min
D.B., 2009).
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Obr. 34: Vznik stabilnich radikalti monohydroxyfenolovych antioxidant

OH o o)
R -H- R H- R
_» _»
OH OH o)

semichinonovy radikal derivat chinonu

Obr. 35: Mechanismus antioxida¢ni aktivity dihydroxybenzenovych sloucenin

Fenolové kyseliny a jejich derivaty mohou byt rozdéleny do dvou zakladnich skupin dle

struktury — derivaty kyseliny benzoové a derivaty kyseliny skoficové (obr. 36).

COCH
COOH 7
X4 Y
X4 X2 Y 4 Y2
X3 Y3
Kyselina X X, X; Xy Kyselina Y. Y, Y; Y,
Benzoova H H H H Skoticova H H H H
p-Hydroxybenzoova H H OH H Kavova H OH OH H
Gallova H OH OH OH p-Kumarova H H OH H
Protokatechuova H H OH OH Ferulova H OCH; OH H
Syringova H OCH; OH OCH; Sinapova H OCH; OH OCH;
Vanilova H OCH; OH H
Gentisova OH H H OH

Obr. 36: Chemické struktury nékterych fenolovych kyselin

Ptitomnost skupiny -CH=CH-COOH v molekule derivata kyseliny skoficové zvysuje
jejich antioxidaéni Uc¢inek tim, ze dvojnad vazba se ucastni stabilizace vzniklého radikalu.
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Jovanovic S. V. a kol. (1994) vypocetli redox potencial pro kyselinu protokatechuovou E®=
580 mV, pro kyselinu kivovou E°= 550 mV (pti pH = 7 a teploté 20 °C). Z t&chto dat vyplyva,

ze ucinnéjsim antioxidantem bude kyselina kavova, tedy derivat kyseliny skoficové.

Pii stanoveni antioxida¢ni aktivity vybranych fenolovych kyselin a jejich methylest
vyplyva (obr. 37), ze vyznamny antioxidacni u¢inek ve slunecnicovém oleji (celkovy obsah
tokoferolti 150 mg kg™!, majorita a-tokoferol) vykazovala kyselina gentisova, kavova a jeji
methylester. Protokatechuova kyselina a jeji ester vykazovaly také antioxidacni ucinek, ktery
byl srovnatelny s uCinkem a-tokoferolu. Je také patrné, ze esterifikaci kyseliny (snizenim
polarity) se zvysila rozpustnost fenolové slouceniny v nepolarnim oleji, a tedy i antioxida¢ni
ucinek pfipravenych antioxidantd. Vyjimkou je kyselina gentisova, jejiz methylester uz
antioxida¢ni ucinek nevykazuje. Struktura molekuly fenolové kyseliny nebo jejiho esteru
vypovida o jejim antioxidacnim ucinku — derivaty kyseliny skoficové jsou ucinngjsi nez
derivaty kyseliny benzoové, dihydroxykyseliny jsou G¢innéj$i neZ monohydroxykyseliny a

methylestery kyselin jsou uc¢innéjsi nez odpovidajici kyseliny (Hradkova I. a kol., 2009).

Se zvySujici se koncentraci fenolovych sloucenin roste jejich antioxidacni ucinek
meéteny hodnotou protekcniho faktoru (tab. V) a sice v rozsahu molarniho poméru fenolové
kyseliny (esteru) vuci a-tokoferolu 0,37 — 9,32 pro kyselinu gentisovou, 0,32 — 7,97 pro
kyselinu kavovou a 0,30 — 7,39 pro methylester kyseliny kavové. Ptiblizné plati, ze do hodnoty
molarniho poméru cca 6 - 7 je nartist hodnoty protekéniho faktoru pro vSechny 3 latky ptiblizné
linearni a koncentrace fenolovych latek je max. 2 — 2,6 mmol kg™ (0,004 % w/w). Tyto molarni
koncentrace odpovidaji cca obsahu 900 - 1100 mg kg™! a-tokoferolu v oleji, coZ jsou hodnoty
pro nerafinovany slunecnicovy olej. To 1ze také interpretovat tak, ze v jednofazovém lipidickém
systému, ktery obsahuje nedostate¢ny obsah a-tokoferolu, je mozné jej nahradit fenolovymi
kyselinami, resp. jejich estery. V takovém systému rovnéz nedochazi k disociaci karboxylové
skupiny a esterifikace zvySuje jejich lipofylitu a rozpustnost. (Hradkova I. a kol., 2009; Wang
J. akol., 2014).

Sekundarni antioxidanty

Do skupiny sekundarnich antioxidantli jsou fazeny chelatacni latky (napf. kyselina
citrébnova, vinna nebo jable¢nd, lecitin), zhdseCe singletového kysliku (karotenoidy), lapace
kysliku a redukujici latky (napt. kyselina askorbova, askorbylpalmitat nebo kyselina

erythorbova a jeji sodna stl). Mechanismus piisobeni sekundarnich antioxidantii se lisi od
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primarnich v tom, ze sekundarni antioxidanty nezasahuji do radikalové fetézové reakce oxidace
lipidii, chelatuji kovové ionty a tak je deaktivuji; prevadi singletovy kyslik do zékladniho
tripletového stavu (kapitola 1.2) nebo piednostné reaguji s tripletovym kyslikem. Kyselina
askorbova a askorbylpalmitat ptisobi jako primérni i sekundarni antioxidanty (Shahidi F. a

Zhong Y., 2010).
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Obr. 37: Protekeni faktor fenolovych kyselin a vybranych methylesteri fenolovych kyselin ve
srovnani se a-tokoferolem a BHT ve slune€nicovém oleji (koncentrace 0,05 % (w/w))
(Hradkova I. a kol., 2009)

Tab. V: Hodnota protekcniho faktoru (PF) v zavislosti na koncentraci antioxidantu (Hradkova
L., a kol., 2009)

Concentration (% w/w) 0.002 0.004 0.006 0.010 0.020 0.030 0.040 0.050
gentisic acid 107.7 110.9 116.1 116.1 137.1 159.3 181.9 183.1
PF(%) caffeic acid 102.8 104.8 106.5 108.1 119.8 124.6 137.9 171.0
methyl caffeate 100.8 100.8 110.5 114.9 138.3 146.4 164.9 179.4
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6.4.3 Polarni paradox

Utinek antioxidanti je zavisly i na prostfedi, ve kterém se vyskytuji, tento jev je
nazyvan jako tzv. polarni paradox. Na mnoha studiich byl pozorovan vyssi antioxidacni uc¢inek
nepolérnich (lipofilnich) antioxidanti anebo povrchové aktivnich antioxidanti s nizkou
hodnotou HLB (hydrophylic-lipophilic balance) v polarnich systémech (emulze typu olej ve
vod¢), zatimco ucinek polarnich (hydrofilnich) antioxidant anebo povrchové aktivnich
antioxidantl s vysokou hodnotu HLB je vyssi v nepolarnich systémech (olej nebo emulze voda
v oleji). Tuto hypotézu podporuji studie s poldrnimi antioxidanty (polarnim analogen o-
tokoferolu — troloxem — 6-hydroxy-2,5,7,8-tetramethylchroman-2-karboxylovou kyselinou,
kyselinou askorbovou, gallovou, ferulovou nebo kavovou), které jsou ucinnéjsi v samotném
oleji a studie s lipofilnimi antioxidanty (BHA a BHT), které jsou u¢innéjsi v emulzich typu olej
ve vod¢é nez v olejich. Stejné tak estery kyseliny gallové nebo kévové, které maji dlouhy
alkylovy fetézec (jsou nepolarni), vykazuji vyssi G€inek v emulzich nez v samotném oleji, ve
kterém jsou uc¢inngjsi estery téchto kyselin s krat§Sim alkylovym fetézce (jsou polarngjsi),

(Porter W. L. a kol., 1989; Shahidi F. a Zhong Y., 2011; Hradkova I. a kol., 2013).

Polarni paradox je zplsobeny rozdilnym chovanim a distribuci antioxidantl ve
dvoufazovém systému v zavislosti na jejich polarit€ a polarité prostfedi. Polarni antioxidant se
v nepolarnim prostfedi oleje nebo v emulzi typu voda v oleji vyskytuje na rozhrani olej/vzduch
nebo na mezifdzovém rozhrani olej/voda, kde dochézi k iniciaci oxidace, a tak ucinné chrani
nepolarni prostiedi pted oxidativnimi zménami, na rozdil od nepolérnich antioxidantt, které
jsou rozpustény v nepolarnim prosttedi. V polarnim prostfedi emulze typu olej ve vodé dochazi
k ptednostnimu hromadéni nepolarnich antioxidanti na mezifazovém rozhrani voda/olej a tak
vznika ochrannd bariéra vici iniciaci oxidace lipidl, polarni antioxidanty jsou rozpoustény ve
vodné fazi. V nékterych pifipadech ovSem hypotéza poladrniho paradoxu antioxidantl
nefungovala a bylo zjiSténo, Ze je to pouze jeden z moznych thli pohledu na tuto problematiku.
Utinek antioxidantu v polarnich systémech ovlivni i struktura a velikost molekuly, koncentrace

antioxidantu apod. (Shahidi F. a Zhong Y., 2011).

Z vysledku Filip V. a kol. (2009) je ziejmé, ze v margarinové emulzi typu voda v oleji
je chovani antioxidantli s riznou polaritou v souladu s polarnim paradoxem (je nutné uptesnit,
ze tukova nasada emulze obsahovala bazi prirozené se vyskytujicich tokoferolli a vzdy se tedy
jednalo interakci pfidaného antioxidantu s tokoferoly). Nejucinnéjsi z hlediska primérnich
oxidacnich produkti (peroxidové ¢islo), sekundarnich oxidac¢nich produkti (p-anisidinové

¢islo) a také oxidaéni stability byla polarni kyselina askorbova pti koncentraci 0,025 % (vzorek
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C). Askorbylpalmitat, lipofilni analog kyseliny askorbové, je jiz méné U¢inny, nicméné se
zvySujici se koncentraci se zvysuje i jeho antioxidacni ucinek. Lipofilni a-tokoferol plisobi
v margarinovych emulzich jednoznacné prooxidacné, se zvySujici se koncentraci se
prooxidacni u¢inek zvysuje ve vSech zkoumanych parametrech (obr. 38), tato skute¢nost zfejme
také souvisi s celkovou koncentraci tokoferolli v margarinu (tokoferoly pfidané a tokoferoly

pfirozen¢ se vyskytujici), ktera prekrocila koncentraci prooxida¢niho chovani tokoferolu.
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Obr. 38: Integral zmény peroxidového Cisla v ¢ase (I), integrdl zmény p-anisidinového Cisla
v ¢ase (II) a integral zmény oxidacni stability v ¢ase (III) margarinovych emulzi s riznymi
antioxida¢nimi systémy (Filip V. a kol., 2009)

7

6.4.4 Synergicky a antagonicky ucinek antioxidanti

Potraviny, kosmetické ptipravky anebo farmaceutické ptipravky jsou ve vétSin€ piipada
mnohaslozkové systémy, ve kterych muze dochazet k riznym interakcim. Antioxidanty
pritomné ve vyrobcich/ptipravcich se mohou vyskytovat pfirozené v jednotlivych surovinach
nebo mohou byt piidavany do vyrobkl/ptipravki s cilem zvysit jejich oxidacéni stabilitu. Pokud
dojde ke zvySeni celkové oxidacni stability lipidického systému vyrobku/ptipravku, ktery

obsahuje riizné antioxidanty, hovoii se o synergickém tcinku jednotlivych antioxidantt. Pokud
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dojde ke snizeni oxidacni stability lipidického systému vyrobku/piipravku, jedna se o
antagonicky uc¢inek jednotlivych antioxidantl, ktery je zhlediska vyrobce i1 zdkaznika

nezadouci.

Jsou znamy tfi druhy synergického ucinku antioxidanti - homosynergismus,
heterosynergismus a autosynergismus. Homosynergické plisobeni vznikd mezi antioxidanty,
které maji stejny mechanismus plsobeni, napt. zabranéni feté¢zové reakce oxidace lipida.
Ptikladem je kombinace a-tokoferolu a kyseliny askorbové, kdy a-tokoferoxylovy radikal je
regenerovan kyselinou askorbovou o niz§im redox potencialu. Heterosynergismus se vyskytuje
u sloucenin s rtiznym antioxidacnim uU¢inkem. Piikladem je smés tokoferolii s kyselinou
citronovou, ktera ptisobi proti iniciaci oxidace kovovymi ionty. Autosynergismus se tyka
jednoho antioxidantu, u kterého je popisovano vice funkci, naptiklad flavonoidy pasobi na
volné radikaly, deaktivuji kovové ionty tvorbou komplexti, inhibuji enzymatickou tvorbu

volnych radikali atd. (Filip V. akol., 2009; Hajimehdipoor H. a kol., 2014; Frankel E.N., 2007).

Antioxidacni ucinek byl pozorovan u piirozené¢ se vyskytujicich tokoferoll
slune¢nicového oleje (149 mg kg'!, majorita o-tokoferol) v kombinaci s fenolovymi kyselinami
ajejich alkylestery. Z obr. 39A vyplyva, ze kyselina kyselina kavova a protokatechuova a jejich
alkylestery, stejn¢ tak i1 kyselina gentisova v porovnani s ostatnimi fenolovymi kyselinami a
jejich alkylestery zvySuji vyznamné oxidacni stabilitu slunecnicového oleje (indukéni perioda

slune¢nicového oleje bez pridanych antioxidanta byla 3,3 h).

Methylestery mastnych kyselin (FAME) slunecnicového oleje po vakuové destilaci se
pouzivaji jako vhodné médium pro oxidaci, u néhoz nejsou detekovany ptirozené se vyskytujici
tokoferoly, netesi se i€inek kombinace antioxidantil pfirozené se vyskytujicich a pfidanych, ale
pouze ucinek jednoho konkrétniho pfidaného antioxidantu. Na obr. 39B je stanovena induk¢ni
perioda fenolovych kyselin a jejich alkylderivati v prostiedi FAME slunecnicového oleje
(samotné FAME slune¢nicového oleje vykazovaly hodnotu indukéni periody 0,1 h). Vyznamny
antioxidac¢ni ucinek je zachovan u kyseliny kavové a jejich alkylesterti, nizsi ucinek u kyseliny
protokatechuové a jejich alkylesterii. Kyselina gentisova (obr. 39 A a B) spolu s pfirozené se
vyskytujicimi tokoferoly slunecnicového oleje plisobi synergicky, ovSem jeji alkylestery jiz
synergicky tuc¢inek nevykazuji. Ostatni antioxidanty vykazovaly minimalni antioxida¢ni
aktivitu. Vzdjemné ptisobeni methyl-, ethyl-, propyl- a butylesteru kyseliny kavové (obr. 40)
s ptirozené se vyskytujicimi tokoferoly slunecnicového oleje (byla pouzita oxida¢ni média

s riznym obsahem pfirozené se vyskytujicich tokoferoltl) 1ze popsat jako antagonické, se
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zvysujici se koncentraci tokoferolti dochézi ke snizeni protekéniho faktoru (Hradkova I. a kol.,

2013).
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Obr. 39: Induk¢ni perioda méfend na piistroji Oxidograf (110 °C) vzorkt fenolovych kyselin a
jejich alkylesterti (3 mmol kg™!) ve sluneénicovém oleji, obsah tokoferold 149 mg kg! (A);
v methylesterech mastnych kyselin slune¢nicového oleje, obsah tokoferolt - nedetekovano (B)
(Hradkova I. a kol., 2013)
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O FAME prepared from sunflower oil tocopherol-stripped sunflower oil 0 original sunflower oil ‘
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PF Rancimat [%]

methyl ester of caffeic acid ethyl ester of caffeic acid propyl ester of caffeic acid butyl ester of caffeic acid

Obr. 40: Protekéni faktor alkylestert kyseliny kavové (3 mmol kg™!) v riznych oxidovanych
médiich — methylestery mastnych kyselin slune¢nicového oleje (FAME, obsah tokoferold —
nedetekovano), slunecnicovy olej po odstranéni tokoferolit kolonou chromatografii (obsah
tokoferoltl 8,7 mg kg™!), pivodni slune¢nicovy olej (obsah tokoferold 149 mg kg™!), (Hradkova
I. akol., 2013).
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7 ZAVER

Oxidace lipidd, 1 kdyZ je to téma studované jiz fadu desitek let, nabizi stale nové sméry
vyzkumu z toho divodu, ze zahrnuje velké mnoZzstvi reakci. Staly zajem o oxidaci lipidu je
zpiisoben i tim, Ze roste produkce olejli s vy$§im obsahem polynenasycenych mastnych kyselin
a je snaha minimalizovat oxida¢ni zmény lipidii béhem zpracovani oleji/tukti a béhem néasledné

vyroby potravin, kosmetickych a farmaceutickych ptipravki.

Praktickym vysledkem celého vyzkumu je prodlouzeni doby spotifeby vyrobkl za

definovanych podminek.

Bylo dokézano, ze monoacylglycerolové emulgatory mohou ovlivnit nejen fyzikalni
stabilitu mikrodisperzniho systému, ale i jeho oxidacni stabilitu, kdy zalezi na tésnosti

uspotradani monoacylglyceroli na fazovém rozhrani.

Dosazitelnost kysliku jako hlavniho reaktantu pfi oxidaci lipidi je diilezity parametr. Bylo
zjisténo, ze hlavnim zdrojem kysliku pro oxidaci lipidi ve vyrobcich je predev§im atmosféra

nad vzorkem, po¢ate¢ni mnozstvi rozpusténého kysliku ve vyrobku hraje minoritni roli.

Polarni paradox u antioxidantl je vétSinou zkouman v prostiedi emulze olej ve vodé.
V nasich vyzkumech jsme potvrdili poldrni paradox i1 u emulzi typu voda v oleji

(margarinového typu).

Fenolové kyseliny a jejich estery jsou dnes cCasto studovanymi latkami pro jejich
multifunkéni ucinek. Byl u nich potvrzen antioxida¢ni, antimikrobidlni i antikancerogenni
ucinek. Z vysledkl provedenych experimenti vyplyva, Ze jejich antioxidacni uinek souvisi se
strukturou molekuly — derivaty kyseliny skoficové jsou ucinnéj$i nez derivaty kyseliny
benzoové, dihydroxykyseliny jsou u¢innéj$i nez monohydroxykyseliny a estery jsou u¢inngjsi
nez odpovidajici kyseliny. Bylo pozorovano také synergické a antagonické chovani fenolovych

kyselin a jejich estert s prirozené se vyskytujicimi tokoferoly.

Dalsi vyzkum v této problematice by mél byt orientovan na studium oxidacnich produktt
antioxidantt, které neni zatim detailn€ propracované a pomuze ujasnit, jak probihaji synergické

a antagonické interakce antioxidantd.
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Abstract: Heat induced cis-trans isomerisation of sunflower oils depending on temperature, reaction time and original
content of linoleic acid was investigated. The content of isomeric fatty acids was determined by gas chromatography
and the content of polymers by gel permeation high-performance liquid chromatography. The content of trans fatty
acids increased with time and with temperature and a rate of cis-trans isomerisation and polymerisation depends on
the temperature according to Arrhenius equation. The content of polymers was significantly lower in sunflower oil with
high content of oleic acid because of the low concentration of linoleic acid in oil. In both oils the content of conjugated

linoleic acid initially increased depending on time and temperature, however after certain time the stationary state

occurred. Polymerisation of polyenoic fatty acids takes place directly with heat induced cis-trans isomerisation.

Keywords: cis-trans isomerisation; polymerisation; trans fatty acid; conjugated linoleic acid

INTRODUCTION

Double bonds of unsaturated fatty acids (FA)
can be either subject to geometrical isomerisation
with forming trans isomers of fatty acids (TFA) or
positional isomerisation with shifting of double
bond in carbon chain. Dienoic FA usually provide
a conjugated isomers (VELISEK 2002). Conjugated
isomers of octadecadienoic acid are collectively
known as conjugated linoleic acid (CLA) (LARQUE
et al. 2001). Isomerisation of double bonds of FA
are effectively induced by heating up 200°C, so
the TFA are formed especially by physical refining
and deodorisation of plant oils. Their presence
negatively affects a final nutritious quality of re-
fined oils (ACKMAN et al. 1974; O’BRIEN 2004;
CMoOLIK et al. 2007).

Under high temperatures also polymerisation
and cyclisation of FA probably occurs. Generat-
ing polymers and cyclic FA are together with TFA
deleterious. Therefore, the thermal isomerisation
and polymerisation of FA should be more stud-
ied in term of technological and in particular of
nutritional aspect.

The aim of this study was to investigate heat
induced cis-trans isomerisation and polymerisa-
tion of standard sunflower oil (SSO) and high
oleic acid sunflower oil (HOASO) depending on
temperature, reaction time and original content
of linoleic acid in oil.

MATERIALS AND METHODS

For experiments were chosen two refined sunflow-
er oils differing in content of oleic and linoleic acid
and not containing linolenic acid. SSO was obtained
from Setuza, a.s. (Czech Republic), production
2007 (X C18:2 61.35%, t C18:2 1.65%, linoleic acid
59.69%; ¥ C18:1 19.53%, t C18:1 0.00%; polymers
0.00%). HOASO was obtained from Palma-Tumys,
Bratislava, a.s. (Slovakia), production 2007 (X C18:2
9.78%, t C18:2 0.20%, linoleic acid 9.58%; ~ C18:1
77.78%, t C18:1 0.00%; polymers 0.00%).

Laboratory isomerisation. Samples of investi-
gated plant oils (ca 40 g) were parallel heated re-
peatedly twice in couple of glass laboratory reactors
under argon atmosphere in hot-flue thermostat at
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temperatures 200, 220, 230, 240 and 250°C for time
lasting up to 170 hours. Reactors were equipped
by air-leak tubes for gas intake. Argon flow was
just minimal for a weak agitation of heated oils.
Accurate temperature in thermostat was scanned
by a digital thermometer F200 for the whole time
of isomerisation according to computer programme
F200E. Samples for analyses were taken of heated
oils in certain intervals (twice per day).
Analysis of composition of fatty acids isomers.
Contents of individual isomeric FA were deter-
mined by capillary gas chromatography (Agilent
Technology, 6890N) with flame ionisation detection
(CGC/FID) according to ISO 15304:2002. Fatty acid
methyl esters (FAME) were prepared by standard
method (ISO 5509:2000), pentadecanoic acid was
used as internal standard to obtain content of FA
in absolute values (% w/w). For analysis the capil-
lary column SP™ 2560 (Supelco, Bellefonte), 0.25
mm x 100 m, film thickness 0.2 um was used. The
conditions of analysis were: hexane solution of
FAME (1%) was used for the injection (1 pl), split
injection (1:50) at 220°C; flow of carrier gas (He) 1
ml/min; analysis at 175°C for 120 min; FID detec-
tion at 250°C, flow of H, 40 ml/min, air flow 450
ml/min and make-up gas (N,) flow 45 ml/min.
Determination of content of polymeric lipids.
Polymers of FA were determined by gel permeation
high-performance liquid chromatography (Agilent
1100 Series, Agilent Technologies) with evapora-
tive light scattering detection (GP-HPLC/ELSD).
Sample of heated oil (10 mg) was diluted in 10 ml
of tetrahydrofuran (THF) and 5 pl of the solution
was injected on column PLgel 5 pm, 10 nm, 300 x
7.5 mm (Agilent) with separation capacity up to

4000 g/mol. THF was used as a mobile phase with
flow 0.6 ml/min. Analysis was running at 25°C
for 15 min, ELSD detection at 50°C. Results were
introduced as a sum of all polymer lipids without
resolution of polymerisation degree in % rel.

RESULTS AND DISCUSSION

The content of individual TFA increased with
the time and with the temperature in both in-
vestigated oils, as it was supported by expressed
degree of isomerisation (DI) depending on reaction
time (Figure 1). DI of octadecenoic (C18:1), resp.
octadecadienoic acid (C18:2) was expressed as a
ratio between total content of trans isomers and
total content of all isomers of C18:1 (¢- and ¢-),
resp. C18:2 (KEMENY et al. 2001). In both oils the

DI was significantly higher then the DI

C18:2 C18:1"

DI ., were same in both oils, but DI . was
lower in HOASO. Range of cis-trans isomerisation
of C18:2 thus is not depend on original content
of linoleic acid, but the higher is original content
of oleic acid, the lower is range of isomerisation
of C18:1 in oil. The main products of cis-trans
isomerisation of original linoleic acid are mono-
trans isomers (9¢,12¢- and 9¢,12¢-).

Dependance of content of trans C18:2 (¢, t-, t,c-,
t,t-) and CLA and trans C18:1 on reaction time
was linear in all temperatures with average cor-
relation coefficients explicited in Table 1. This
dependance was linear only at the start of reaction
but after a certain time a stationary state occurs
at temperatures 240 and 250°C. It can be caused
by determined retardation of original linoleic

Table 1. Correlation coefficients (R) for linear dependance of contents of ¢rans isomers on reaction time for SSO and

HOASO
200°C 220°C 230°C 240°C 250°C

cis-trans C18:2% 1.00 1.00 1.00 1.00 1.00
trans-cis C18:2 1.00 1.00 1.00 1.00 1.00

SSO trans-trans C18:2 0.92 0.98 0.95 0.99 0.99
conjugated C18:2 0.93 0.96 0.96 0.98 0.94
trans C18:1° - 0.90 0.69 0.98 0.99
cis-trans C18:2 1.00 0.99 1.00 0.99 0.99

HOASO trans-cis C18:2 1.00 0.99 1.00 0.99 0.99
trans C18:1 0.79 0.88 0.96 0.95 1.00

%octadecadienoic acid, Poctacedenoic acid
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Figure 1. Time course of the degree of isomerisation (DI) of linoleic and oleic acid in SSO and HOASO at controlled

temperatures (200-250°C)

acid decrease. To verify this hypothesis a depend-
ance between linoleic acid content and DI,
was examined. Obtained dependance was linear
with correlation coefficients 0.11, 0.93, 0.99, 0.99,
1.00 for SSO and 0.46, 0.96, 0.99, 0.98, 1.00 for
HOASO in order of temperature (200, 220, 230, 240,
250°C) and thus the hypothesis about correlation
between DI ., and it is content in oil was sup-
ported. Regarding the decrease of original C18:2
the cis-trans isomerisation corresponds with the
kinetics of the first order (WoLFF 1993; HENON
et al.1999), but regarding the increase of TFA the
isomerisation is close to zero order.

The content of CLA increased with time at all of
investigated temperatures in both oils (Figure 2A).
This increase was initially a linear function of time, but
after a certain time the stationary state occurred be-
cause the forming conjugated isomers were probably
consumed in the polymerisation reaction. The higher
is temperature, the faster is forming of CLA.

The rate and the degree of cis-trans isomerisation
increase with the heating time and temperature
according to Arrhenius equation (WOLFF 1993;
HENON et al. 1999).

k= Ae - ERT

In order to verify an Arrhenius formula an ex-
ponential dependance of rate constant of isomeri-
sation on reciprocal absolute temperature (1/7)
was investigated for all isomeric FA and polymers.
Values of rate constants were found out of time
dependance of contents of individual isomeric
acids and polymers. Values of correlation coef-

Table 2. Correlation coefficients (R) for exponencial
dependance of rate of an increase of isomeric FA and
polymers content on isomerisation temperature

SSO HOASO
cis-trans C18:2% 1.00 1.00
trans-cis C18:2 1.00 1.00
trans-trans C18:2 1.00 -
conj. C18:2 0.99 0.47
trans C18:1° 0.98 0.96
Polymers 0.95 -

3yctadecadienoic acid, Poctacedenoic acid
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Figure 2. Time course of the content of CLA (A) and polymers (B) at controlled temperatures (200-250°C) for SSO

ficients obtained from exponential functions of
temperatures are introduced in Table 2. Arrhe-
nius equation was validated for rate of forming
of all trans isomers, CLA and polymers in SSO.
In HOASO this dependance was proved only for
¢,t and t,c C18:2 and ¢ C18:1 because of the lower
isomerisation and polymerisation degree.

Range of polymerisation increased with time
(Figure 2B) in particular in SSO. In HOASO the
content of polymers was significantly lower because
of the low concentration of original linoleic acid
in oil. The content of polymers initially linearly
increased according to content of CLA. When
forming of CLA comes to a stationary phase, the
content of polymers begins to increase rapidly
probably because of consuming of a newly formed
conjugated isomers for polymerisation.

CONCLUSIONS

Content of TFA, CLA and polymers increased
with the time and temperature. A linear correla-
tion between DI ., and its content in oil was
obtained. Polymerisation of polyenoic FA takes
place directly with cis-trans isomerisation with
temperature dependance according to Arrhenius

equation like all of TFA and CLA.
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Abstract Conditions of deodorization/physical refining
of sunflower oil were simulated by high temperature
heating in laboratory at 240, 250, and 260 °C. Oxygen
atmosphere was excluded by argon atmosphere. Influence
of temperature, initial oxidation of incoming oil (peroxide
value 2-30 mmol Y2 O,/kg) on geometrical, positional
isomerization, and polymerization was measured. The level
of initial oxidation of the oil has a significant influence on
rate of isomerization, polymerization, and duration of
induction period of polymerization reactions. Induction
period of polymerization is dependent linearly on temper-
ature at constant hydroperoxide content and is extended
with decreasing temperature and lower peroxide value of
oil. Significant conjugation took place with geometrical
isomerization and resulted in all-frans diene formation.
All-trans dienes are incoming reactants for polymerization
according to the Diels—Alder mechanism. Suggested
“propagation” phase of polymerization took place later.
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Induction period was observed only in the case of poly-
merization reactions of triacylglycerols. This is the con-
firmation of the hypothesis that the cis/trans isomerization,
positional isomerization, and polymerization are consecu-
tive reactions in ascending order. Identification of molec-
ular peaks and confirmation of fragments were possible by
connecting HPSEC with APCI-MS. Dimers of triacylgly-
cerols (TAG) dominated in studied system. Remaining
compounds may have been formed from di-, monoacyl-
glycerols, and other minor constituents of sunflower oil.

Keywords APCI-MS - Conjugation - Dimer -
Deodorization - Physical refining - Polymerization -
Sunflower oil - Triacylglycerol - HPSEC

Introduction

Unsaturated fatty acids of lipids, especially triacylglyce-
rols, are exposed to a higher temperature of 160-200 °C
and oxygen access during culinary treatment (such as fry-
ing and deep-frying) [l]. Geometrical isomerization
of double bonds of unsaturated fatty acids that started
during deodorization/physical refining of oils (tempera-
ture >200 °C) can continue under these conditions [2, 3].
Volatile compounds such as aldehydes and mainly fatty
acids [4] are distilled with water vapor from edible oils
during deodorization/physical refining (low absolute pres-
sure 3—10 hPa, temperature 200-250 °C, and reaction time
several hours) [5, 6].

Numerous side reactions can occur during deodoriza-
tion/physical refining. Of these, the geometrical isomeri-
zation of double bonds, especially of polyunsaturated acids
(linoleic and linolenic acids), has been studied most of all.
This type of reaction is known as heat-induced cis/trans
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isomerization [2]. It is a non-catalyzed, kinetically con-
trolled process. Dependence of the rate constant on tem-
perature is determined by the Arrhenius equation, and the
reactivity of fatty acids significantly increases in the order
monoenes < dienes < trienes [3, 5, 7].

It is interesting that studies dealing with cis/trans
isomerization of double bonds of fatty acids at higher
temperature without oxygen access [1-7] did not discuss
possible formation of conjugated double bonds including
Tsuzuki [8], who studied cis/trans isomerization of tri-
olein, trilinolein, and trilinolenin. The most often used
technique for determination of cis/trans fatty acid iso-
mers [1-8] is gas chromatography of fatty acid methyl
esters on fused silica capillary columns coated with cy-
anopropyl polysiloxane phase, length 50 m (recently
even 100 m). This column allows separation of both
geometrical isomers of dienes and trienes, but also
positional isomers, particularly isomers with double
bonds in conjugation [9]. In particular, Sebedio et al.
[10] studied isomerization and conjugation of linoleic
acid esters at temperature 275 °C, without air access.
They found that after 12 h of isomerization, conjugated
dienes cis,trans and trans,cis are formed in positions
A9,11, A10,12, A11,13 a Al12,14, while trans,trans iso-
mers are formed in positions A9,11, A10,12, Al1,13.
Destaillats and Angers [11] proposed a theoretical
explanation of the mechanism of double bond conjuga-
tion of linoleic acid in the absence of air, that is, without
participation of peroxyl, alkoxyl, and hydroxyl radicals:
“[1,3]-Sigmatropic reaction appears to be responsible for
the formation of A9,11, A10,12 conjugated octadecadie-
noic acid (CLA) isomers.”

The primary reactants for polymer formation are con-
jugated dienes. The substituted cyclohexenic oligomers of
fatty acids are formed by Diels—Alder mechanism at
zeolite catalysis and without air access. Triacylglycerol
polymers are formed already in raw oil [12] by radical
mechanism for oxygen access. These compounds are
oxopolymers, especially dimers (in concentrations of
0.2-0.6 %), because they are found in the polar fraction
together with oxidized triacylglycerols. During deodor-
ization/physical refining of soybean oil, their content
slightly increased up to 3.26 % [13]. It is not well
explained how polymers can be formed under the con-
ditions of deodorization/physical refining in the medium
without oxygen.

The aim of this study was to monitor several processes
that take place under the conditions simulating deodor-
ization/physical refining of triacylglycerols without oxygen
participation. In this study, deep vacuum was replaced by
argon atmosphere. As a result, geometrical isomerization
and double bond conjugation of fatty acids and subsequent
polymerization took place. The reaction time used was

@ Springer

longer than the typical time during oil refining to improve
our understanding of current processes.

Experimental
Materials

Common odd and even fatty acids and corresponding
methylester standards were purchased from Sigma-Aldrich
Company. Tripalmitin, tristearin, triolein, and trilinolein
were from Sigma-Aldrich as well. Only HPLC or reagent
grade solvents were used: acetonitrile, acetone, methanol,
tetrahydrofuran, and hexane (Sigma-Aldrich). TAG/ECN
38 (sn-1,2-didecanoyl-3-tetradecanoylglycerol) and iso-
mers of cis,trans-octadeca-9,11-dienoic acid and trans,cis-
octadeca-10,12-dienoic acid were not commercially
available.

Standard refined sunflower oil (SSO; peroxide value:
2.06 mmol 2 O,/kg, acidity value: 0.20 mg KOH/g) was
used and purchased from a local food store (Czech
Republic). Fatty acid composition determined by capil-
lary gas-liquid chromatography (CGC) is shown in
Table 1. Sunflower oil was oxidized under defined condi-
tions at reaction vessels (glass tube, height 160 mm,
inner diameter 45 mm) equipped with gas exhaust in the
upper part and porous frit S4 at the bottom through
which oxygen (oxygen 5.0; purity 99.999 %) was slowly
bubbled (20 1/h) at 60 °C. Samples with different peroxide
values (PV) were collected for the laboratory polymeri-
zation experiments (PV1 = 2.61 mmol 2 Oy/kg, PV2 =
7.12 mmol 2 O,/kg, PV3 = 11.53 mmol 2 O,/kg, PV4 =
27.68 mmol Y2 O,/kg).

Table 1 FA composition of standard SSO

Saturated Content Unsaturated FA Content
FA*® (% ww) (% ww)
C8:0 0.01 cis-9-C16:1 0.12
C14:0 0.07 cis-9-C18:1 31.69
C16:0 6.04 cis,cis-9,12-C18:2 57.04
C17:0 0.10 cis,cis,cis-9,12,15-C18:3 0.06
C18:0 3.32 cis-9-C20:1 0.15
C20:0 0.25 trans-9-C18:1 0.07
C22:0 0.73 cis,trans-9,12-C18:2, trans,cis-9,12- 0.23
C18:2
C24:0 0.29 trans,trans-9,11-C18:2, trans,trans- 0.03
10,12-C18:2

FA composition of standard SSO, main fatty acids are highlighted in
bold

* Individual FA are listed in abbreviation: carbon atom number:
double bond number
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Alkali-isomerized methyl linoleate: preparation
of standards

Positional and geometrical isomers of methyl linoleate
were not commercially available. Catalytic alkali isom-
erization was used to prepare standards. Conjugation of
methyl linoleate double bonds was performed as previ-
ously described [14] with slight modification. In brief,
25 g of potassium hydroxide ethylene glycol solution
(6.5-6.6 %, m/m) was placed in the glass isomerization
tube (glass tube equipped with glass capillary reaching to
the bottom of the vessel, height 254 mm, inner diameter
25 mm). Current of argon (Ar 4.8; purity 99.998 %,
oxygen content <3 ppm) passed through the reagent
solution by means of capillary to remove remaining air
and to agitate ethylene glycol alkaline solution gently at
150 °C. After addition of 250 mg of methyl linoleate into
isomerization tubes, temperature increased to 180 °C. The
resulting mixture was heated for an additional 20 min at
180 °C. The reaction mixture was allowed to cool to room
temperature. Isomers of cis,trans-octadeca-9,11-dienoic
acid and trans,cis-octadeca-10,12-dienoic acid were par-
titioned between hexane and acidified water phase to
neutralize ethylene glycol alkaline solution. Hexane
extract was washed with water to neutral reaction, dried
over anhydrous sodium sulfate, and concentrated. Fatty
acid composition of isolated methyl linoleate isomers was
determined by capillary gas-liquid chromatography. The
elution order of geometrical isomers on the column SP™
2560 (Supelco, Bellefonte) corresponded with published
data [9].

Laboratory high temperature experiments

Polymerization experiments were performed in the same
isomerization tubes (glass tube equipped with glass capillary
reaching to the bottom of the vessel, height 254 mm, inner
diameter 25 mm) used for the isomerization of methyl lino-
leate designed according to IUPAC standard method [14].
Sunflower oil (25 g) was heated in glass isomerization tubes
placed in a hot thermostat (a modified oven of gas chro-
matograph Chrom 4, LP Praha) at temperatures 240, 250, and
260 °Cupto 170 hunder an argon atmosphere (Ar 4.8; purity
99.998 %, oxygen content <3 ppm). Exact temperature was
scanned by a digital thermometer F200 (Automatic Systems
Laboratories, UK). Samples of the heated oils for analyses
were taken in appropriate intervals. Acid values of the col-
lected samples were estimated. Sunflower oil samples oxi-
dized under defined conditions with different peroxide values
(PV1 = 2.61 mmol %2 Oy/kg, PV2 = 7.12 mmol %2 Oy/kg,
PV3 = 11.53 mmol 2 O,/kg, PV4 = 27.68 mmol Y2 O,/kg)
were polymerized under the same conditions as previous
samples.

Determination of positional and geometrical
unsaturated fatty acid isomers by capillary gas-liquid
chromatography (CGLC) and ultraviolet
spectrophotometry

Positional and geometrical unsaturated fatty acid isomers
were determined according to IUPAC and AOCS Official
methods [15-17] by capillary gas—liquid chromatography
(CGC). Pentadecanoic acid added before the methylation
stage [18] was used as an internal standard for accurate
determination of absolute concentration of fatty acids
converted to corresponding fatty acid methyl esters
(FAME). Correction factors for the internal standard were
used before conversion of peak areas into mass percentages
of the individual fatty acids. Analysis was performed on
gas chromatograph 6890 N (Agilent Technologies) with
capillary column SP™ 2560 (Supelco, Bellefonte),
0.25 mm x 100 m, film thickness 0.2 pm. The conditions
of analysis were as follows: hexane solution of FAME
(1 %) was used for the injection (1 pl), split injection
(1:50) at 220 °C; flow of carrier gas (He) 1 ml/min; anal-
ysis at 175 °C for 120 min; FID detection at 250 °C, flow
of H, 40 ml/min, air flow 450 ml/min and make-up gas
(N,) flow 45 ml/min. Determinations were performed
minimally in triplicate. The error bars in scatter plots
represented standard deviations. Detection limit was
estimated.

Percentage content (m/m) of total conjugated dienes was
determined according to IUPAC standard method [14].
Absorbance measurement of hexane solution at 233 nm
was performed on Varian Cary 50 UV-Vis spectropho-
tometer (Agilent Technologies) in triplicate.

Quantitative analysis of triacylglycerol composition

Content of individual triacylglycerols (TAG) in oils before
and after heating was determined by reversed phase high-
performance liquid chromatography with evaporative light-
scattering detector (RP-HPLC/ELSD) in accordance with
equivalent chain number (ECN) values [19]. The analysis
was carried out using an HPLC Chromatograph Agilent
1100 Series (Agilent Technologies) with pre-column
SEPARON ™SGX C18 5 pm (30 x 3.3 mm) and column
Nucleosil 120-5-C18 (250 x 4 mm, 5 pum; WATREX).
Samples for analysis were dissolved in acetone with
addition of TAG/ECN 38 (sn-1,2-didecanoyl-3-tetra-
decanoylglycerol; purity >98 %) as an internal standard
close to the material to be analyzed. Solvent mixture of
acetone:acetonitrile:methanol (4:2:1) was used as a mobile
phase. Parameters of analysis were as follows: injection
volume 50 pl, mobile phase with flow 1 ml/min, temper-
ature 40 °C, and time 55 min. Instead of RID, ELSD
detector was used, temperature of detection 90 °C. Linear
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range of detector response for selected triacylglycerol
standards with different degrees of unsaturation was mea-
sured (tripalmitin, tristearin, triolein, trilinolein; purity
>98 %) [20]. Each sample was run in triplicate. The error
bars in scatter plots represented standard deviations.
Detection limit was estimated.

Quantitative analysis of triacylglycerol polymers

The total content of TAG polymers was determined using
high-pressure size exclusion chromatography (HPSEC)/
evaporated light-scattering detector analysis according to
the ISO method [21]. The analysis was performed on an
HPLC Chromatograph Agilent 1100 Series (Agilent
Technologies) with a column PLgel, (7.5 x 300 mm with
the capability to separate molecules of MW <4,000 Da,
5 pm; Agilent Technologies). Tetrahydrofuran (THF) was
used as a mobile phase with flow 0.6 ml/min. Analysis was
performed at 25 °C for 15 min. Instead of refractive index
detector, ELSD detector was used (temperature 50 °C, air
as a carrier gas). Samples of oils were dissolved in the THF
to the final concentrations 3-5 mg/ml. Stearic acid was
added as an internal standard instead of glycerol suggested
by Burkow et al. [22]. Determinations were performed
minimally in triplicate. The error bars in scatter plots
represented standard deviations. Detection limit was
estimated.

Qualitative analysis of triacylglycerol polymers

Mass spectrometry (MS) analysis of TAG polymers was
performed both as direct injection of samples to MSD using
atmospheric-pressure chemical ionization (APCI) source of
ionization and as HPSEC/APCI-MS analysis after previous
separation of molecules on HPSEC column, as for quantita-
tive polymer content analysis. The measurements were made
using mass spectrometer 4000 QTRAP LC-MS/MS System
(Applied Biosystems, Streetsville, ON, Canada). In the case
of direct MS analysis, the samples were injected by a syringe
to the ion source using automatic syringe pump (Harvard
Apparatus) with flow rate 50 pl/min. All MS measurements
were processed using Analyst 1.5 program (Applied
Biosystems).

For direct APCI-MS in the positive ion mode, the con-
ditions were as follows: ion source—heated nebulizer with
high-purity nitrogen (99.995 %) with values 15 (GS1), 0
(GS2), curtain gas 10 psi, nebulizer current 3 kV, tem-
perature of source 400 °C, unit mass resolution for Q1 and
Q3, and scan range 50-2800 m/z in 3 s. The fragmentation
values as CE, DP, EP, and CCexP were 10-60 eV, 115, 10,
and 10 V, respectively.

HPSEC/MS (LC/MS) analyses were performed using
ultra-performance liquid chromatograph UFLC XR
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prominence (Schimadzu). The optimized analysis condi-
tions for TAG polymer samples were following: volume of
injection 2 pl, mobile phase (THF) with flow rate
0.3 ml/min, ambient temperature (pressure ca 1.55 MPa),
and analysis time 20 min. The optimal concentration for
the injection of samples based on empirical experience was
2-3 mg/ml for polymerized oils and 1-1.5 mg/ml for
unpolymerized oils (oils before heating). Samples were
dissolved only in THF to corresponding concentration. MS
parameters were adjusted as follows: curtain gas 70 kPa,
source temperature 400 °C, GS1 25, GS2 30, and nebulizer
current 3 kV. The spectra were obtained over a scan range
50-2000 m/z in 3 s. Linear ion trap (LIT) fill time was set
at 20 ms, and the IDA threshold was set at 100 cps for
collecting enhanced product ion spectra (EPI) from the
eight most intense peaks. The EPI scan rate was 4,000 Da/s.
The enhanced MS (EMS) scan rate was 1,000 Da/s. Col-
lision-induced dissociation (CID) spectra were acquired
using nitrogen as the collision gas. The CE was 30 eV, DP
115 V, EP 10 V, CE 30 eV, and CCexP 20 V.

Data analysis: nonlinear regression analysis
and calculation of induction period of polymerization

Nonlinear regression analysis of increase in total triacyl-
glycerol polymers and decrease in linoleic acid during
laboratory high temperature experiments of sunflower oil
samples with different peroxide values was performed by
software Statistica 9 (Statsoft data mining and statistical
analysis software) and Origin 8.0 (OriginLab data analysis
and graphing software). In the case of increasing tri-
acylglycerol content, inflection points were determined
according to the second derivative changes of the best-fit
mathematical equations of the model. Optimal mathemati-
cal model was assessed according to the 95 % ClIs, coeffi-
cients of determination, and the standard deviation of the
residuals. Decrease in linoleic acid was found to be the first-
order reaction. Reaction rate constants were calculated.

Results and discussion

Analysis of geometrical and positional isomers
of octadecadienoic acids

Quantitative analysis of absolute concentrations of indi-
vidual fatty acids was based on the internal standard
method. Therefore, previous determination of the relative
mass response factors between selected fatty acid methyl-
ester (f;") present in sunflower oil and pentadecanoic acid
methyl ester was of primary importance. Moreover,
retention factors can be instrument dependent. Following
response factors were determined: 0.99 for palmitic acid;
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0.98 for stearic acid; and 0.97 for oleic and linoleic acid.
Detection limit of the determination of positional and
geometrical unsaturated fatty acid isomers by capillary
gas-liquid chromatography (CGC) was 0.05 % of the total
area.

Conjugated isomers of cis,trans-octadeca-9,11-dienoic
and trans,cis- octadeca-10,12-dienoic were prepared by
alkali isomerization of linoleic acid in ethylene glycol [14].
This method was found to be suitable as other catalytic
isomerization techniques, for example, iodine, selenium,
and light isomerization. Selective catalyst for geometrical
isomerization is p-toluene sulfinic acid.

The sequence of trans,trans-, cis,trans-, trans,cis- and
cis,cis-octadeca-9,12-dienoic acid methyl ester isomers
corresponds to elution order on column SP™ 2560 and is
in agreement with published data [9]. Approximately 6-9
isomers of conjugated cis,trans- and trans,cis-octadecadi-
enoic acids were formed. Sum of these minor compounds
represent up to 50 % of total conjugated dienes in the final
stage of laboratory high temperature experiments. Conju-
gated all-trans-octadecadienoic acids were identified by
ECN values. Retention time of these isomers is very sim-
ilar; therefore, they were eluted in one peak. They represent
residual conjugated dienes present in the samples [9].

Figure 1 illustrates a typical GC/FID chromatogram of
sunflower oil fatty acid methyl esters.

Influence of initial oxidation of the lipid matrix
on isomerization and polymerization processes

High temperature heating of sunflower oil caused geo-
metrical and positional isomerization—conjugation and
polymerization of unsaturated fatty acids. Oxopolymer-
ization can be excluded because of absence of oxygen in
the argon atmosphere. To explain the influence of matrix
oxidative stability, sunflower oil was oxidized under
defined conditions. Samples with different peroxide val-
ues were prepared (PV1 = 2.61 mmol 2 Oy/kg, PV2 =
7.12 mmol 2 O,/kg, PV3 = 11.53 mmol 2 O,/kg, PV4 =
27.68 mmol 2 Oy/kg). Increase in total triacylglycerol
polymers during laboratory high temperature experiments of
oxidized samples was monitored. Inflection points that
symbolized induction periods of polymerization of the best
nonlinear regression results of curve fitting were determined
as the second derivative changes (Fig. 2, 3). Numerical
values are shown in Table 2. Optimal mathematical model
was assessed according to narrow 95 % ClIs and high
coefficients of determination.
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Fig. 1 GC/FID chromatograms of sunflower oil after deodorization/physical refining simulation at 260 °C for 52 h (chromatogram A) and after
controlled conjugation experiment in ethylene glycol with KOH (chromatogram B)
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Fig. 2 Increase in selected geometrical isomers: cis,trans-9,12-octa-
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deodorization/physical refining simulation at 240 °C (time 0-75 h),
affected by different peroxide values
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Fig. 3 Increase in selected geometrical isomers: cis,trans-9,12-octa-
decadienoic acid (9¢,12¢-18:2) and trans,cis-9,12-octadecadienoic
acid (91,12¢-18:2) and decrease in linoleic acid before and during

Reaction rate of isomerization (Fig. 2, 3) and polymer-
ization (Fig. 4, 5) increased with higher peroxide value of
initial oils. It was observed that the higher peroxide values
of sunflower oil samples lowered the induction period of
polymerization of heat-induced polymerization. The level
of initial oxidation of the oil has a significant influence on
the rate of isomerization, polymerization (Table 2), and
duration of induction period of polymerization reactions in
systems without propagation step of autoxidation (e.g., low
partial pressure of oxygen during edible oil deodorization
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deodorization/physical refining simulation at 260 °C (time 0-75 h),
affected by different peroxide values

or argon atmosphere during model laboratory high tem-
perature experiments). Induction period of polymerization
was temperature dependent at constant hydroperoxide
content of origin sunflower oil (SSO; peroxide value:
2.06 mmol 2 O,/kg), and there was a strong negative
correlation between induction period of polymerization and
temperature. Exact values of induction periods of poly-
merization under different temperatures are as follows:
220 °C/107.47 h; 230 °C/83.53 h; 240 °C/75.47; 250 °C/
31.71 h; and 260 °C/20.03 h.
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Table 2 Influence of initial oxidation of the lipid matrix on TAG
polymerization

Temperature Peroxide value IP of K°
(°C) (mmol %2 Oy/kg) polymerization® (h) )
240 2.61 16.69 0.0053
7.12 15.09 0.0069
11.53 12.72 0.0092
27.68 9.25 0.0130
260 2.61 16.47 0.0198
7.12 1591 0.0227
11.53 9.50 0.0266
27.68 5.83 0.0305

 Induction periods of polymerization reactions

® Reaction rate constants of linoleic acid decrease—first-order
reactions

3,0

—i—240 °C, PV1 = 2,61 mmol
1/2 02/kg oil

25}
—\—240 °C, PV2 = 7,12 mmol
1/2 02/kg oil

2,0 |_¢—240°C, PV3 = 11,53 mmol
1/2 02/kg oil

1.5 |-0—240°C, Pv4 = 27,68 mmol
;

polymer content [% w/w]

1/2 02/kg oil
1,0}
05}
0,0 I I I I I
0 10 20 30 40 50 60 70 80
time [hour]

Fig. 4 Increase in total polymer triacylglycerol concentration before
and during deodorization/physical refining simulation at 240 °C (time
0-75 h), affected by different peroxide values
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Fig. 5 Increase in total polymer triacylglycerol concentration before
and during deodorization/physical refining simulation at 260 °C (time
0-75 h), affected by different peroxide values

At high temperature, hydroperoxides are decomposed to
form peroxyl and alkoxyl radicals. Alkoxyl radicals are
preferred due to lower dissociation energy of RO-OH

(184 kJ/mol) in comparison with dissociation energy of
ROO-H (377 kJ/mol) [23, 24]. Hydroperoxides are a
source of radicals in the initial phase of thermally induced
isomerization, cyclization, and polymerization of unsatu-
rated fatty acids [25, 26]. This factor is important in
addition to high temperature and plays a key role during
homolytic splitting of C—H bonds. Thus, generated radicals
and their mesomeric forms enter into the above mentioned
reactions.

Thermally induced geometrical and positional
isomerization

In the studied system, geometrical isomerization proceeds
preferentially [2, 3, 5]. This type of isomerization has
critical influence on decrease in the content of original all-
cis isomers (Fig. 6) mainly of linoleic acid pentadienic
system. In the case of acid-catalyzed geometrical isomer-
ization (in equilibrium), formation of trans isomers with
lower energy (AHﬁydmg = —4.0 kJ/mol [27]) occurs. In the
studied system of sunflower oil, a presence of acid catalyst
is not expected. Reaction under heat-induced conditions is
not in equilibrium because the formed cis/trans isomers
proceed to next reactions. Geometrical isomerization is
preferred above positional isomerization or conjugation.
The main products of geometrical isomerization are cis,-
trans- and trans,cis-octadeca-9,12-dienoic acids that show
a temperature-dependent maximum (Fig. 7). trans,trans-
Octadeca-9,12-dienoic acid is a minor product and is
formed subsequently from the two previous mentioned
isomers.

The content of conjugated dienes was determined by
two methods. Higher amounts of conjugated diene contents
were determined by the spectrophotometric rather than the
CGC method. Differences of the two methods, which may
be caused by the occurrence of conjugated dienes in
structures of high molecular weight compounds that may
not be determined by the CGC method, are illustrated in
Fig. 7. Although conjugated dienes have lower energy and
thus are more energetically stable due to the bonding
interaction than dienes with isolated double bonds
(AHgydrog = —16.0 kJ/mol [28]), the extent of conjugation
was significantly lower than geometrical isomerization
(Fig. 8). Conjugated diene content was higher at both
monitored temperatures than the content of trans,trans-
octadeca-9,12-dienoic acids. all-trans-Octadecadienoic
conjugated acids were formed from the beginning of the
process. Their content increased and had a maximum at
260 °C that was shifted in time from the maximum of
cis,trans-octadeca-9,12-dienoic acids. all-trans-Octadeca-
dienoic conjugated acids participate in the other reactions
because they are essential precursors for polymer forma-
tion by the Diels—Alder mechanism.
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Fig. 6 Decrease in total cis-9-octadecenoic acid (9¢-18:1), cis,cis-
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Fig. 7 Changes in total trans-9-
octadecenoic acid (9¢-18:1),
cis,trans-9,12-octadecadienoic
acid (9¢,12¢-18:2), trans,cis-
9,12-octadecadienoic acid
(91,12t-18:2) and trans,trans-
9,12-octadecadienoic acid
(91,12¢-18:2) concentration
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240 and 260 °C (time 0-167 h)
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Polymerization of TAG

Quantitative analysis of triacylglycerol composition was
based on the internal standard method. Previous determi-
nation of linear range of detector response for selected
triacylglycerol standards was of primary importance [20].
It was found out that the detector response of pure stan-
dards of tripalmitin, tristearin, triolein, and trilinolein was
linear over the concentration range 2-3 mg/ml (Fig. 9).
Coefficients of determination of the calibration curves in
reported concentration range were following: 0.9921 for
tripalmitin, 0.9918 for tristearin, 0.9950 for triolein, and
0.9952 for trilinolein (Fig. 9). Detection limit of the
method for unsaturated TAG standards was 0.03 mg/ml.
Decrease in individual triacylglycerols by RP-HPLC/ELSD
was estimated. Concentration changes of total and selected
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triacylglycerols according to equivalent carbon number
during deodorization/physical refining simulation are
shown in Fig. 10 and 11. Quantitative analysis of TAG
polymers on HPSEC column was based on the internal
standard method with stearic acid instead of glycerol

2400
2000 - ——TAG 18:0-18:0-18:0
—e—TAG 18:1-18:1-18:1
—o—TAG 16:0-16:0-16:0
=) 1600 ——TAG 18:2-18:2-18:2
<
£ 1200
<
800
400}
0 L&
0

¢ [mg/ml]

Fig. 9 Linear range of the detector response of pure analytical
standards of tripalmitin, tristearin, triolein, trilinolein

suggested by Burkow et al. [20, 22]. Free fatty acids,
estimated as acid values of corresponding samples, coe-
luted in one peak with internal standard, were corrected.
Polymerization in connection with conditions of
deodorization/physical refining is usually not mentioned
[1-7]. If polymerization discussed, it appears that the
polymers originate mainly from raw oil and are formed with
oxygen participation [12, 13]. Decreasing content of
monomeric TAG was determined by two methods: HPSEC/
ELSD and RP-HPLC/ELSD. HPSEC/ELSD allowed
estimating of total content of triacylglycerols, whereas
RP-HPLC/ELSD enabled to determine individual triacyl-
glycerols according to ECN values. Direct estimation of
triacylglycerol species confirmed that trilinolein (ECN 42)
and dilinoleoyl-oleoyl glycerol (ECN44) participated in the
polymerization reactions. The less reactive was trioleoyl-
glycerol (ECN48) as it is shown in Figs. 10 and 11.
Polymeric reactions have an induction period. If per-
oxides are absent in the system, the induction period of
polymerization significantly increases. Increasing hydro-
peroxide content accelerates polymeric reactions and thus

Fig. 10 Decrease in total and 100
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Fig. 12 APCI-MS spectra of separated triacylglycerol (peak A) and polymerized lipid fraction (peak B)

decreases calculated induction periods of polymerization.
Induction period of polymerization is temperature depen-
dent and decreases linearly with increasing temperature at
the same hydroperoxide content (Fig. 10, 11). In the initial
phase of the polymerization reaction, the oxygen radicals
cause the reaction.

If oxygen radicals are exhausted in initial phase of
polymerization, free radical polymerization or Diels—Alder
reaction can occur. It is not known, if the thermally induced
free radical chain reaction proceeds from increasing poly-
mer content [24, 29].

The main conjugated diene found was all-trans-octa-
decadienoic isomer that is the only one of all conjugated
dienes that may enter polymerization reactions with
dienophils according to the Diels—Alder mechanism.
In previous studies, two submechanisms are discussed—
six-centered transition state without intermediate; and a
diradical intermediate path with additional cyclization
[30, 31]. Induction period was observed only in the case of
polymerization reactions of triacylglycerols. This is the
confirmation of the hypothesis that the cis/trans isomeri-
zation, positional isomerization, and polymerization are
consecutive reactions in ascending order.

@ Springer

Qualitative analysis of acylglycerol polymers
by HPSEC/APCI-MS

The qualitative analysis of polymerized compounds was
performed with the same column used for quantitative
determination of polymer content. Two peaks were detec-
ted: The first represented high molecular polymers (peak
A) and the second fraction corresponds to TAG monomers
(peak B) with enhanced mass spectra of both fractions. The
total ion chromatograms (TIC) of both fractions of sun-
flower oil (SSO) heated at 240 °C for 165 h are listed in
Fig. 12. Molecular ions were detected in the fraction A in
the following intervals: 1100-1300, 1400-1600, and
1700-1850 m/z. Direct APCI-MS analysis confirmed pre-
vious results.

The highest molecular ions in the interval
1700-1800 m/z belonged to specific TAG dimers with
different ECN values. Compounds from the other intervals
(1400-1600 and 1100-1300 m/z) can be fragments of
molecular ions of TAG dimers due to destructive condi-
tions in the MS ion source. Because the partial hydrolysis
of TAG was observed, it can be suggested that these high
molecular components can be formed after polymerization
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of TAG with di- and monoacylglycerols. The proposed
molecular weights belong to this range.

Conclusion

Initial oil oxidation influences the rate of isomerization and
polymerization during deodorization/physical refining.
Conjugation that leads to all-frans diene formation is a
significant process together with the well-described geo-
metrical isomerization during isomerization reactions. All-
trans dienes are incoming reactant for polymerization
according to the Diels—Alder mechanism. Polymerization
takes place in two phases: The initial phase conditions were
found to be 10-30 h at 240-260 °C with peroxide content
2-30 mmol %2 O,/kg. The propagation phase followed
later. Identification of molecular peaks and confirmation of
fragments were accomplished by connecting HPSEC to
APCI-MS. In the studied system, dimers of triacylglycerols
(TAG) dominated; remaining compounds were probably
formed from di- and monoacylglycerols.
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Antioxidants in Margarine Emulsions
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Abstract: The lipid oxidation in margarine takes place in continuous liquid oil phase. The extension of fat interfaces
in the system — emulsion of water in oil and the dispersion of fat crystals in liquid oil influences on the peroxidation,
decomposition of hydroperoxides to aldehydes and the oxidative stability in the comparison with oxidation in the fat
blend. Different antioxidants were used in margarine dispersions: L(+)ascorbic acid, ascorbyl palmitate and pL-a-toco-
pherol. Increasing polarity and decreasing molecular size of antioxidants have the positive influence on lipid oxidation:
DL-a-tocopherol is the least effective antioxidant of all antioxidants, ascorbic acid is the most effective antioxidant
and ascorbyl palmitate possesses similar, however, lesser effect. The combination of all three antioxidants restricts the
production of hydroperoxides, the decomposition of hydroperoxides to aldehydes and the increase of oxidative stability

was also achieved. Content of antioxidants 0.02% as ascorbic acid or ascorbyl palmitate mostly restrict the extent of

lipid oxidation in the margarine dispersion with existent content of naturally present tocopherols in fat blend.

Keywords: antioxidant; ascorbic acid; ascorbyl palmitate; emulsion; margarine; tocopherol

INTRODUCTION

Lipid oxidation in the simplest system takes place
in a liquid phase, oxygen diffuses to oil through
macroscopic interface air/oil. The situation is more
complicated in the case of food dispersions: the
lipid oxidation in o/w emulsions takes place in
droplets and on their surface. Oxygen diffuses in
this case from air through the continuous water
phase to the surface of lipid particles. The oxida-
tion in o/w emulsions is relatively well studied; it
is very often case in foods. In the margarine emul-
sion (w/o type) oxygen diffuses from air directly
to the continuous oil phase where the oxidation
takes place. Oxygen diffusion can be decreased by
an interface form: the interface o/w and oil/solid
crystal forms, presenting monoacylglycerole emul-
sifier creates a membrane on both interface and
decreases considerably the oxygen diffusion, thus,
the oxidation rate (POKORNA et al. 2004). A type
of used emulsifier determines the decrease of lipid
oxidation rate in droplets (SILVESTRE et al. 2000).
Emulsifier can also influence antioxidant distribu-
tion in the o/w emulsion (Yujr et al. 2007).

Antioxidants possess different polarity and solu-
bility in water and in oil; lipophilic antioxidants
possess surface activity and together with emulsi-
fier form interface. Interfacial phenomena are keys
to a better understanding of antioxidant action in
heterogenous foods (FRANKEL 1996). Tocopherols
are surface active substances; therefore they are
more effective than Trolox (hydrophilic analog) as
inhibitors of hydroperoxide formation and their
decomposition (HUANG et al. 1996). Ascorbic acid
acts as an antioxidant in aqueous system, a pro-
oxidant, a metal chelator, a reducing agent of heavy
metals or as an oxygen scavenger. The mixture of
tocopherols and ascorbic acid exhibits a strong
synergistic effect because ascorbic acid reduces
tocopherols radicals. This can take place also in
w/o olive oil emulsion (Mosca et al. 2008a) and
efficiency of this synergism depends on specific
surface area of aqueous dispersed phase. Ascorbyl
palmitate increases the effect of ascorbic acid as
antioxidant and also as emulsifier (MoscaA et al.
2008b). Application of antioxidants depends on
initial oxygen content in lipid system and on the
type of oxygen supply limitation in lipid system.
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MATERIAL AND METHODS

Composition of model margarine (% w/w): Fat
blend 70%; solid fat content profile (%): SFC, .. 26.8,
SFC,.. 15.1, SFC, .. 5.8, SFC,.. 4.5, SFC, .. 2.5.
Fatty acid composition: SFA 23.4%, C18:1 25.1%,
C18:2 50.2%, C18:3 0.4%, trans-FA 1.6%; content
of tocopherols 0.045%. Emulsifier D (mixture of
monoacylglycerols) — 0.02%. Sodium chloride 0.10%,
lactic acid 0.02% (adjustment of water phase pH on
4.0 £ 0.25), water up to 100% (CaO 100 mg/1). Used
antioxidants: L(+) ascorbic acid (99.7%; Merck)
— AA, ascorbyl palmitate ( > 99.0%; Fluka) — AP,
DL-a-tocopherol ( > 99.0%; Fluka) — TO. Used anti-
oxidant content — 0.01, 0.02 and 0.025% w/w.

Margarine preparation: Laboratory mixer — Ste-
phan, amount of one bath — 2.5 kg. The emul-
sification and the crystallisation — under argon
atmosphere: agitation 1500 rpm, cooling from
45°C to 20-21°C during 25 minutes. The filling
— 250 g of sample to the pot with plastic lid, no
air in the package (air could diffuse through the
lock between the lid and the pot).

Storage temperature and time — 15°C, 15 weeks.
Analytical methods: the peroxide value (PV) of mar-
garine emulsion (ISO3960/1994), the p-anisidine
value (AV) of isolated fat phase (ISO6885/1994).
The oxidation stability (induction period at 100°C
— IP) — ML-Oxidograph. The average samples
were taken from emulsion. Results are expressed
as definite integral of the measured dependence
X = X(1), where X is PV, AV or IP. Primary data
are not presented, exception to the oxidation sta-
bility. Series of margarine emulsions: A = control
emulsion; B = 0.01% of ascorbic acid; C = 0.025%
of AA; D = 0.01% of AP; E = 0.025% of AP; F =

140 ~
120 4
100 4

Integral PV

N N (o)) x
o o o (e} o
1 1 1 1

T [

A BCDETFGHTI]JKTL
Margarine

Figure 1. Integral of peroxide value of overall margarine
emulsion

S10

0.01% of TO; G = 0.025% of TO; H = 0.02% of AA
+0.02% of AP; I = 0.02% of AA + 0.02% of TO; ]
=0.02% of AP + 0.02% of TO; K = 0.01% of AA +
0.01% of AP + 0.01% of TO; L = fat blend.

RESULTS AND DISCUSSION

The extension of fat interfaces in emulsion w/o
and the dispersion of fat crystals in liquid oil (the
sample A) influences on the rate and on the extent
of oxidation, in the comparison with oxidation
in the fat blend (the sample L) from the point of
view of the formation of hydroperoxides, their
decomposition to aldehydes and the oxidative
stability. The fat blend is the simple dispersion
of fat crystals in liquid oil. The main component,
that oxidises, is linoleic acid. The definite integrals
were counted from measured dependences of the
peroxide value, the p-anisidine value and the oxi-
dative stability, because of the induction period
could not be determined (Figures 1, 2 and 4).

It is obvious, that increasing polarity and de-
creasing molecular size of antioxidants have the
positive influence on lipid oxidation in the disper-
sive system of the margarine. pL-a-tocopherol (the
samples F and G) is the least effective antioxidant
of all antioxidants. The content 0.025% of toco-
pherol has already prooxidative effect. If natural
content of tocopherols in fat blend is added up,
the total content of tocopherols (0.057%) exceeds
the limit, when tocopherol has antioxidant effect
(FRANKEL 1996). Ascorbic acid is the most effective
antioxidant, if it is used only one antioxidant (the
samples B and C) (Mosca et al. 2008b), the minimal
concentration of hydroperoxides and consequently
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100 -

Integral AV

N H> N @
o o o o O
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Figure 2. Integral of p-anisidine value of fat phase of
margarine emulsion
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Figure 3. Oxidative stability of fat phase of margarine
emulsion

of aldehydes forms at the concentration 0.02%.
Ascorbyl palmitate possesses similar, however,
lesser effect (the samples D and E). It is interesting,
that lower degree of oxidation and higher oxidative
stability are not achieved by the combination of
ascorbic acid and ascorbyl palmitate (the sample H)
as well as ascorbyl palmitate and tocopherol (the
sample J), in the comparison with only ascorbic
acid and ascorbyl palmitate. The combination of
ascorbic acid with tocopherol (the sample I) affects
positively the formation of hydroperoxides, that
decompose to aldehydes in higher rate (Figures 1
and 2), so the oxidative stability does not increase.
The combination of all three antioxidants restricts
the production of hydroperoxides, the decom-
position of hydroperoxides to aldehydes and the
increase of oxidative stability was also achieved
(Figures 3 and 4). The increase of oxidative stability
of the margarine (Figures 3 and 4) with 0.02% of
ascorbic acid (the sample C) and 0.02% of ascorbyl
palmitate (the sample E) corresponds to minimal
extent of peroxidation and minimal decomposition
of hydroperoxides to aldehydes.

CONCLUSION

Antioxidants as ascorbic acid or ascorbyl palmi-
tate mostly restrict the extent of lipid oxidation in
the margarine dispersion with existent content of
naturally present tocopherols in fat blend.
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Abstract: Natural antioxidants found in plants play an important role in food and cosmetics because there is a trend

to use this type of antioxidants. Phenolic acids (hydroxy derivatives of benzoic and cinnamic acids) are well soluble

in various systems containing water, however, in bulk oils are limited soluble. Esters of phenolic acids are suitable

antioxidants for bulk oil systems. The oxidative stability of the bulk oil systems with selected phenolic acids and their

esters was determined by method Rancimat and Oxidgraph and compared with a-tocopherol and butylhydroxytoluene

(BHT). The antioxidant activity of gentisic acid, caffeic acid and methyl caffeate is the highest and generally inversely

proportional to redox potential of phenolic acids.

Keywords: phenolic acid; antioxidant; oxidative stability

Antioxidants are widely used in many foods to
prevent lipid oxidation. However, the usage of the
synthetic antioxidants is questionable because
of possible toxic and carcinogenic components
formed during their degradation. Thus, the interest
in natural antioxidants and their application has
increased in order to avoid such negative influence
(FARHOOSH 2005; Rousis et al. 2008).

Phenolic acids are a subgroup of a large group of
secondary plant metabolites that is named pheno-
lics. They usually occur as esters of organic acids,
glycosides or are bound to protein and other cell
wall polymers. Only minority of phenolic acids
exists as free acids (SHAHIDI & NAcCzK 2004a).

The antioxidant activity of the phenolic com-
pounds in food systems depends not only on the
structure and chemical reactivity of the phenolics
but also on other factors such as their physical loca-
tion and environmental conditions (SORENSEN et
al. 2008). The phenolic acids are able to scavenge of
free radicals and chelate and/or reduce metal ions
(CHEN & Ho 1997; GULCIN 2006). The application
of phenolic acids in oil and fat systems is limited
because of their hydrophilic nature. Changes of
solubility of phenolic acids can be achieved upon
their esterification (KABOURNE et al. 2008).

MATERIAL AND METHODS

Sunflower oil (Setuza, a.s.): the fatty acids com-
position (CG-FID): C16:0 — 5.91%; C18:0 — 3.84%;
C18:1 — 19.53%; C18:2 — 61.35%; C18:3 — 0.29%;
C20:0 — 0.25%; C22:0 — 0.67%.

Phenolic acids (Figure 1): gentisic (98%, Aldrich),
protocatechuic (> 97%, Fluka), vanillic (> 97%,
Fluka), syringic (> 97%, Fluka), caffeic (99%, Alfa
Aesar), ferulic (> 98%, Fluka), sinapic (> 97%, Fluka),
p-coumaric (> 98%, Fluka) and p-hydroxybenzoic
(99%, Aldrich).

Methyl esters of phenolic acids: the phenolic
acids were esterified (70°C, 5 hours) by methanol
in the presence of p-toluenesulfonic acids.
Commercial antioxidants: DL-o-tocopherol
(98.2%, Calbiochem), butylhydroxytoluene (BHT)
(99%, Aldrich).

The concentration of antioxidant in sunflower
oil was 0.05% w/w, concentration range for phe-
nolic acids with significant antioxidant effect was
0.002-0.05% w/w.

Rancimat method (Rancimat 743, Metrohm): the
sample of oil with antioxidant was stored at 120°C
and bubbled by air. Volatile secondary oxidative
products were carried to the demineralised water
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(A) Table 1. The induction periods (IP) in hours of sunflower
X, COOH oil with the antioxidants (0.05% w/w)
X X Sample IPRancimat IPOxidograph
3 1
X, Sunflower oil 2.48 2.55
Gentisic acid 4.54 6.85
Figure 1. Used phenolic acids derived from benzoic acid ol )
(A) and cinnamic acid (B) Methyl gentisate 2.46 2.65
gentisic acid: X, = -OH, X, = -OH; protocatechuic acid: Caffeic acid 4.17 5.70
X, = -OH, X, = -OH; vanillic acid: X, = -OCH,; X, = -OH;  Methyl caffeate 4.28 6.25
syringic acid: X, = -OCH,, X, = -OH, X, = -OCH; p-hy- Vanillic acid 1.97 1.90
droxybenzoic acid: X3 = -OH; caffeic acid: Y, = -OH, Y, = ) )
-OH; ferulic acid: Y, = -OCH,, Y, = -OH; sinapic acid: y, rotocatechuic acid 255 290
=-OCH,, Y, = -OH, Y, = = -OCH,; p-coumaric acid: Y, = Methyl protocatechuate 2.72 3.40
-OH. If it is not mentioned, X and Y = -H; Syringic acid 2.02 2.20
.. Si i id 2.38 2.35
and a conductivity of water was measured. The tapiead
induction period was determined as time when #-Coumaric acid 1.89 2.10
the conductivity does not increase — IP, .. Ferulic acid 2.26 2.40
Oxidograph method (ML Oxidograph, ON[ll(rOlab p-Hydroxybenzoic acid 9,05 9.40
Aarhus): the sample was stored at 110°C under
oxygen atmosphere and the decrease of pressure ~ Methyl p-hydroxybenzoate 2.26 240
of oxygen was measured. The induction period bprL-a-Tocopherol 2.67 3.00
is time when oxygen pressure does not decrease gyt 3.02 560
- IPOxidograph'
200 ~
180 -
160 - ]
140 -
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Figure 2. The protection factor (Rancimat method) of the used antioxidants (0.05% w/w)
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Table 2. The influence of the induction period on the concentration of the phenolic acids

Concentration (% w/w) 0.002 0.004 0.006 0.010 0.020 0.030 0.040 0.050
gentisic acid 107.7 110.9 116.1 116.1 137.1 159.3 181.9 183.1
PF(%) caffeic acid 102.8 104.8 106.5 108.1 119.8 124.6 137.9 171.0
methyl caffeate 100.8 100.8 110.5 114.9 138.3 146.4 164.9 179.4
250 - ¢ PF(Oxidograph)
. y =-0.4261x +438.58 .
) X  PF(Rancimat)
200 - R*“=0.9131
” Linedrni (PF(Oxidograph))
& 150 - —~ —— = = Line4rn{ (PF(Rancimat))
& . y =-0.2609x +298.98
009 R*=0.8891
50
0 T T T T T T 1
500 550 600 650 700 750 800 850 900

Redox potential (mV)

Figure 3. The correlation of the measured protection factor and the redox potential of selected phenolic acids

(0.05% w/w)

The protection factor of antioxidants:
PF = IP( /IP( x 100 (%)

oil+antioxidant) oil)

RESULTS AND DISCUSSION

Table 1 and Figure 2 show that gentisic acid,
caffeic acid and methyl caffeate have higher anti-
oxidant effect in sunflower oil than a-tocopherol
and BHT. Protocatechuic acid and methyl proto-
catechuate have only minor antioxidant activity.
Based on the structure of benzoic acid with two
hydroxy groups (gentisic and protocatechuic acid),
as well as derivative of cinnamic acid (caffeic acid),
these phenolic acids increase the protection of oil
against lipid oxidation. If any hydroxy group in
phenolic acid is substituted by a methoxy group
(vanillic acid, ferulic acid), another methoxy group
(syringic acid, sinapic acid) or only one hydroxy
group (p-hydroxybenzoic acid, p-coumaric acid)
is contained in phenolic acid, antioxidant activity
of these substances will not be detected. In the
case of the presence of two hydroxy groups in the
molecule, the quinone structure can be formed.

The methyl esters of phenolic acids increase
their solubility in oil systems. It is obvious that
the methyl ester of caffeic and protocatechuic acid

has a higher antioxidant activity than relevant acid
(Table 1, Figure 2). The increasing content of the
antioxidants increases also the protection of oil
system against oxidation (Table 2).

The antioxidant effect of phenolic acids is related
to their redox potential. AcwoRTH and PHIL (2003)
reported that antioxidants have typical redox po-
tential about +500 mV and prooxidants more than
+600 mV. Thereby it is obvious from redox potential
of caffeic (+530 mV), syringic (+750 mV), ferulic
(+820 mV), p-coumaric (+850 mV) and vanillic
acid (+880 mV) that caffeic acid functions as the
antioxidant and other mentioned phenolic acids
as prooxidants (SHAHIDI & NAczk 2004b). The
protection factor of the phenolic acids is inversely
proportional to their redox potential (Figure 3).
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Antioxidant effect of mono- and dihydroxyphenols in
sunflower oil with different levels of naturally present
tocopherols
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Antioxidant properties of mono- and dihydroxyphenolic acids and their alkyl esters were examined, with
emphasis on the relationship between their molecular structure and antioxidant activity. Test media with
different tocopherol level were used for determining the oxidative stability: original refined sunflower
oil (total tocopherols 149.0 mg/kg), partially tocopherol-stripped sunflower oil (total tocopherols
8.7 mg/kg) and distilled fatty acid methyl esters (FAME) as a tocopherol-free medium. The chemical
reaction of tocopherols with diazomethane tested for the purpose to eliminate their antioxidant activity failed
due to the negligible degree of methylation of hydroxyl group in the tocopherol molecule. Caffeic acid and
protocatechuic acid (3,4-dihydroxyphenolic acids) and their alkyl esters were found to be more active
antioxidants than monohydroxyphenolic acid (p-hydroxybenzoic acid), 2,5-dihydroxyphenolic acid
(gentisic acid), 3-methoxy-4-hydroxyphenolic acids (vanillic and ferulic acids) and their corres-
ponding alkyl esters. Naturally present tocopherols in refined sunflower oil proved to have a synergistic
effect on gentisic acid but not on its alkyl esters. In contrast, tocopherols showed an antagonistic effect on
alkyl esters of caffeic acid, because their protection factors decreased with increasing level of tocopherols in
the test medium. Moreover, the antioxidant activity of these alkyl esters decreased with increasing length of
their alkyl chain in conformity with the polar paradox hypothesis.

Practical applications: Tocopherols as naturally present antioxidants influence considerably the
antioxidant activity of other antioxidants added to plant oils used as a test medium. Distilled fatty acid
methyl esters prepared from refined sunflower oil may serve as an optimal tocopherol-free test medium.
Some alkyl esters of phenolic acids were evaluated to be applicable as natural more lipophilic antioxidants
in comparison with phenolic acids.
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1 Introduction

antioxidants. In the last years, there is a growing interest

Lipid oxidation is responsible for a consequent decrease in
nutritional and sensory quality of lipid-containing products.
Their stability is directly associated with addition of suitable
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in natural antioxidants found in plants because of the
world-wide trend toward the use of natural additives in food
and cosmetics [1]. Phenolic acids are frequently studied
because of their anti-inflammatory, anti-allergic, antimicro-
bial, anticarcinogenic, antiviral, and antioxidant effects.
Phenolic acids occur in oilseeds (sinapic acid in rapeseed,
p-hydroxybenzoic and caffeic acid in soya beans, chloro-
genic acid in sunflower seed) [2], herbs (ferulic acid in
lavender, caffeic acid in oregano, caffeic acid in lemon balm,
rosmarinic acid in rosemary) [3], fruit (gallic and caffeic
acid in blackberries, o-, m-, and p-hydroxybenzoic acid in
cranberries), and vegetable (hydroxycinnamic acid deriva-
tives and p-hydroxybenzoic acid in carrot, chlorogenic acid
in potato) in unbound or bound forms (as glycosides or
esters) [4].
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Polarity of phenolic antioxidants influences their effect.
Potter et al. [5] reported that more polar antioxidants
are effective in nonpolar system of bulk oil and more
lipophilic antioxidants are effective in polar system of oil-
in-water emulsion. Polar antioxidant (such as Trolox
and ascorbic acid) accumulates on oil-air interfaces in non-
polar system and thus protects oil against oxidation. In
contrast, nonpolar antioxidants (such as «a-tocopherol
and ascorbyl palmitate) are dissolved in the oil phase.
This paradoxical behavior of antioxidants is known as the
polar paradox [6].

Phenolic acids act as primary antioxidants, exhibiting
antioxidative potential by donating a hydrogen atom for
breaking the free radical chain [7]. The molecular structure
(position and number of hydroxyl groups) of phenolic acids
has a considerable effect on their antioxidative properties.
Phenolic acids with two (protocatechuic acid — 3,4-dihydroxy-
benzoic acid; caffeic acid — 3,4-dihydroxycinnamic acid) and
more hydroxyl groups in a molecule (gallic acid — 3,4,5-
trihydroxybenzoic acid) are more effective antioxidants than
phenolic acids with only one hydroxyl group (3- or 4-hydroxy-
benzoic acid). The position of hydroxyl groups is also
important, for example, 2,5-dihydroxybenzoic acid has
lower antioxidant activity than 2,3-dihydroxybenzoic acid.
Methylene group (3,4-dihydroxyphenylacetic acid) or ethyl-
ene group (caffeic acid) inserted between a phenyl ring
and carboxylic group brings about the significant changes
in antioxidant activity [8]. Derivatives of benzoic acid
(p-hydroxybenzoic, vanillic, syringic, protocatechuic acid)
have weaker antioxidant properties than the corresponding
analogs of cinnamic acid (p-coumaric, ferulic, sinapic, caffeic
acid) [9].

Alkyl esters of phenolic acids are known not only as
efficient antioxidants but also as antimicrobial compounds
[10]. Alkyl esters of caffeic and dihydrocaffeic acid have
higher scavenging effects on DPPH (2,2-diphenyl-1-picryl-
hydrazyl) radicals than caffeic acid, while dihydrocaffeic acid
shows maximal scavenging activity. This can be caused by
different conformation of molecules. Dihydrocaffeic acid is
connected with an aromatic ring by single bond and phenyl
group can rotate flexibly, whereas rotation of phenyl group
with esterified carboxylic group can be restrained. Caffeic
acid has coplanar conformation [11]. Alkyl esters of rosmar-
inic and chlorogenic acid show so-called cut-off effect in oil-
in-water emulsions. Their antioxidant activity increases with
elongation of alkyl chain to critical point in homologous series
of alkyl esters. Then, antioxidant activity rapidly decreases
with further increase of the alkyl chain length due to a
decrease of antioxidant concentration in water phase.
Critical point of homologous series of alkyl esters of rosmar-
inic acid is octyl rosmarinate and chlorogenic acid is dodecyl
chlorogenate [12, 13].

Antioxidant effect can be determined by using many
accelerated methods. One group of such methods is
based on determination of oxidation stability of oil with an
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antioxidant at higher temperatures (Schaal oven-storage test
[14], active oxygen method, Rancimat test [15], Oxidograph
test [16]). These tests predict shelf-life of samples and
their results provide information about how much the
added antioxidant increases their oxidative stability at room
temperature.

If plant oil is used as the test medium, there is a problem
with the presence of naturally occurring antioxidants (especi-
ally tocopherols), which may have interactive effects on the
antioxidant activity of the antioxidants studied. Tocopherols
can be removed from plant oil by column chromatography
(adsorption on silica gel) [17, 18] or by methanolysis of
triacylglycerols and subsequent distillation of fatty acid
methyl esters (FAME) prepared from plant oil under low
pressure [19].

The objective of this study was to prepare an optimal test
medium for determination of antioxidant effect of mono-
and dihydroxyphenolic acids and their more lipophilic
esters and to examine how tocopherols naturally present
in sunflower oil may affect the antioxidant activity of the
used antioxidants.

2 Materials and methods
2.1 Test media for determining the oxidative stability

Three different lipid matrices were used as a test medium for
determining the antioxidant activity of phenolic acids and
their alkyl esters (the test media were analyzed by peroxide
value [20], p-anisidine value [21], fatty acid, and tocopherol
composition; Table 1):

Table 1. Peroxide value, p-anisidine value, fatty acid and
tocopherol composition in original sunflower oil, tocopherol-stripped
sunflower oil, and in FAME prepared from original sunflower oil.

0so? TSOY FAME

Peroxide value (meq.act.O/kg)c) 21+£02 26+01 2240.1
p-Anisidine value [1]9 44+01 49+02 4.6+0.1
Fatty acid (%)P

C16:0 6.2 6.8 6.6

C18:0 3.6 4.1 3.7

C18:1 26.4 29.1 26.6

C18:2 62.6 58.8 62.1

C18:3 1.0 0.3 0.8
Tocopherol (mg/kg)

o1 120 2.4 nd

B 10 nd nd

v 12 5.6 nd

d 7 0.7 nd

nd, not detected.

¥ Original sunflower oil.

® Tocopherol-stripped oil.

) Results are expressed as means + SD of three samples.
D % of total fatty acids.
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2.1.1 Original sunflower oil (Vegetol Gold, Oleofin
a.s., Usti nad Labem, Czech Republic)

2.1.2 Tocopherol-stripped sunflower oil

Tocopherol-stripped sunflower oil was prepared according to
the modified method of Waraho et al. [18]. Briefly, a glass
chromatographic column (internal diameter 3.0 cm, height
35 cm) was packed with 45 g of activated Silica gel 60 (Merck
KGaA, Darmstadt, Germany) dissolved in n-hexane.
Original sunflower oil (30 g) was dissolved in 30 mL of
n-hexane and passed through the column by eluting with
270 mL of n-hexane. The tocopherol-stripped sunflower
oil was obtained by solvent removing with a vacuum rotary
evaporator  (Buchi  Laboratortechnik AG, Flawil,
Switzerland) at 37°C. Traces of solvent were removed by
flushing with nitrogen.

2.1.3 FAME prepared from original sunflower oil

FAME were prepared from original sunflower oil according
to the modified method described by Rashid and Anwar [22].
Original sunflower oil was reacted with methanol in the
presence of KOH (25°C, 1 h) in molar ratio 1:10:0.14.
The phase containing FAME was separated from glycerol
phase and washed by distilled water to neutral reaction of
phenolphthalein. FAME were dried under vacuum and dis-
tilled at pressure of 3 mbar and temperature at 180°C.

2.2 Methylation (inactivation) of «-, y-, and
d-tocopherol

a-, y-, and 8-tocopherols were methylated by diazomethane
(CH2Ny).

COOH NS
HO HO
OH
(1) (2)
HO COOH COOH
OH HO

OMe

(4) ()
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Diazomethane was prepared according to Arndt [23, 24].
In the first step N-methyl urea reacted with NaNO, in the
presence of H,SO, to form N-nitroso-N-methyl urea. In the
second step N-nitroso-N-methyl urea was decomposed by
KOH solution to diazomethane.

Diazomethane was dosed to 1% solution of DL-a-toco-
pherol (98.2%, Merck KGaA), p-y-tocopherol (>96.0%,
Sigma—Aldrich Chemie, Steinheim, Germany) or D-3-toco-
pherol (>90.0%, Sigma—Aldrich Chemie) in diethyl ether in
presence of BF5 (10%) as catalyst until the solution became
yellow [25]. Reaction mixture was analyzed by GC-flame
ionization detector (FID).

2.3 Antioxidants

The following phenolic acids were used (Fig. 1): p-hydroxy-
benzoic acid = 4-hydroxybenzoic acid (99%; Merck); caffeic
acid = 3,4-dihydroxycinnamic acid (99%; Alfa Aesar,
Karlsruhe, Germany); protocatechuic acid = 3,4-dihydroxy-
benzoic acid (>97%; Sigma-Aldrich Chemie); gentisic
acid = 2,5-dihydroxybenzoic acid (>99%; Sigma—Aldrich
Chemie); vanillic acid = 3-methoxy-4-hydroxybenzoic acid
(98%; Merck); ferulic acid = 3-methoxy-4-hydroxycinnamic
acid (98%; Merck).

2.4 Preparation of alkyl esters of phenolic acids

Used alcohols: methanol — 99.8%, Penta (Praha, Czech
Republic); ethanol — 99.8%, Merck; propanol — 99.5%,
Penta; butanol — 99.5%, Lachner s.r.o. (Neratovice, Czech
Republic); hexanol — > 98.0%, Sigma—Aldrich Chemie.
Alkyl esters of phenolic acids were prepared by esterifi-
cation of phenolic acids by relevant alcohol, p-toluenesulfonic
acid monohydrate was used as catalyst, according to Merkl

COOH COOH

HO

OH

. _COOH

HO
OMe

(6)

Figure 1. Chemical structure of p-hydroxybenzoic acid (1); caffeic acid (2); protocatechuic acid (3); gentisic acid (4); vanillic acid (5); ferulic

acid (6).
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etal. [10]. Prepared alkyl esters (>98%) were methyl-, ethyl-,
propyl-, butyl- a hexyl esters of phenolic acids (butyl ester and
hexyl ester of vanillic acid were not prepared).

The content of studied antioxidants in all test media for
determining their antioxidant activity was 3 mmol/kg.

2.5 Instrumental methods for determining
of antioxidant activity

2.5.1 Oxidograph method (ML Oxidograph, Mikrolab
Aarhus A/S, Hojbjerg, Denmark)

A sample of oil with an added antioxidant was measured at
110°C under oxygen atmosphere and the decrease in oxygen
pressure was recorded. The induction period was determined
as the time interval when oxygen pressure does not decrease —
IPoxidograph [16]. Induction period is mean value of three
replicate analyses.

2.5.2 Rancimat method (Rancimat 743, Metrohm,
Herisau, Switzerland)

A sample of oil with an added antioxidant was reacted at
120°C and air was bubbled through the sample during the
reaction. Volatile secondary oxidative products were carried
to the demineralized water and a conductivity of water was
recorded. The induction period was determined as the time
interval when the conductivity does not increase — IPrancimar
[26]. Induction period is mean value of three replicate
analyses.

The protection factor of an antioxidant was calculated
from Eq. (1):

1P
PF = <1 77"”) x 100 [%] 1)
IP0i1+anti0xidant

where PF is the protection factor, IP,; is induction period of
oil without antioxidant; IP .  antioxidant 1 induction period of
sample of oil with antioxidant.

This equation is more suitable for determination of anti-
oxidant effect than equation F = IP.; antioxidantIPoit [95> 27]
because antioxidant effect is in the range 0—100%, substances
with prooxidant effect have negative values.

2.6 Fatty acid composition by GC-FID

The fatty acid profiles were analyzed using the modified
methods ISO 5509:2000 and ISO 5508:1990, according to
Zarubova et al. [28].

2.7 Tocopherol content by GC-FID

An oil sample (1.5 g) with addition of internal standard (5a-
cholestane — 0.503 mg) and antioxidant (ascorbic acid —
0.3 g) was saponified by 70 mL of methanolic KOH solution
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(2 mol/L) for 60 min under reflux. Unsaponifiable fraction
was extracted three times by diethyl ether (100 mL), washed
three times by water (100 mL) and the solvent was evapor-
ated with vacuum rotary evaporator (Buchi Laborat-
ortechnik, Flawil, Switzerland). Two percent solution of
unsaponifiable fraction in diethyl ether was prepared and
then analyzed by GC-FID (Agilent Technologies 6890)
with column Optima 17-TG (Macherey-Nagel, Dueren,
Germany) — dimension 0.32 mm X 25 m, film thickness
0.1 pm. Helium was used as carrier gas with flow rate
1 mL/min. Sample (1 pL in split rate 1:25) was sprayed at
300°C. Analysis was isothermal (262°C). Detection was
carried out at temperature 300°C (hydrogen flow was
40 mL/min, air flow was 450 mL/min, nitrogen flow as make
up was 25 mL/min). Relative percentage was converted to
weight percentage and expressed as mg/kg. Results are mean
values of three replicate analyses.

2.8 Statistical analysis

All the values of induction periods and protection factors are
presented as mean values £+ SD, calculated from the results
of three replicate analyses. Results were analyzed by applying
a Student r-test with significance level p = 0.05. Microsoft
Office Software (Excel, version 2003) was used to evaluate a
correlation between the values of induction periods measured
by the Oxidograph and Rancimat methods.

3 Results and discussion

Original sunflower oil was used as the test medium with
higher tocopherol concentration. Tocopherol-stripped sun-
flower oil and FAME were used as test media with signifi-
cantly lower or zero tocopherol concentration. Theoretically,
methylation of pure tocopherols offered a further possibility
how to remove tocopherol activity. Antioxidant activity of
mono- and dihydroxyphenolic acids and their esters was
determined in original sunflower oil and FAME in concen-
tration 3 mmol/kg. The most effective antioxidants — methyl,
ethyl, propyl, and butyl ester of caffeic acid were tested in
original sunflower oil, tocopherol-stripped sunflower oil, and
FAME for the determination of influence of different toco-
pherol concentration on final oxidative stability of samples.

3.1 Test media for determining the oxidative stability

Refined (original) sunflower oil served as the test medium
with high concentration of linoleic acid. Naturally present
tocopherols in the oil may affect the antioxidant activity of
phenolic compounds tested (Table 1). Tocopherol concen-
tration in original sunflower oil was lower in comparison with
the data of Tasan and Demirci [29]. Tocopherol loss can be
explained by careless conditions during deodorization (such
as high temperature, heating time, pressure, and stripping
steam dosage) [30].
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Tocopherols can be removed from sunflower oil by
adsorption on silica gel using the technique of column
chromatography. Another way to remove tocopherols from
the oil is methanolysis of sunflower oil and subsequent
vacuum distillation of FAME prepared from sunflower oil
(the tocopherols remain in the distillation residue). FAME
prepared in such a manner have a similar fatty acid compo-
sition as original sunflower oil, but tocopherols are com-
pletely removed.

3.1.1 Tocopherol-stripped sunflower oil

Removing of tocopherols by adsorption chromatography led
to oxidation of tocopherol-stripped sunflower oil. The
decrease of linoleic and linolenic acids (Table 1) was evident
from fatty acid composition. The total tocopherol content
was considerably reduced from 149.0 to 8.7 mg/kg (Table 1).
Oxidative stability of tocopherol-stripped sunflower oil
(IPRanCimat = 2.51 h, IPOXidograph =2.0 h) decreased in
comparison with that of the original sunflower oil
(IPrancimar = 2.94 h; IPoxidograph = 3.3 h) due to a decrease
in the level of naturally present tocopherols. This method of
removing of tocopherols from oil is not suitable for two
reasons: relatively high amounts of the residue remains in
test medium and some oxidation changes of test medium can
be assumed, in contrast with the argument of Waraho et al.
[18].

3.1.2 FAME prepared from sunflower oil

Fatty acid composition of FAME was nearly equal to
the original sunflower oil but the tocopherol content was
found to be zero (Table 1). Oxidative stability of FAME
(IPrancimar = 0.82 h; IPoxidograph = 0.1 h) decreased signifi-
cantly in comparison with that of the original sunflower oil
(IPrancimar = 2.94 h; IPoxidograph = 3.3 h) due to the com-
plete removal of naturally present tocopherols from original
sunflower oil. This method of removing of the tocopherols is
optimal as it results in zero tocopherol concentration and
insignificant oxidation changes.

3.2 Methylation of a-, y-, and 3-tocopherol by
diazomethane (CH:N,)

There is a hypothesis that a hydroxyl group in the tocopherol
molecule could be protected by methylation [25] and thus the
antioxidant effect of naturally present tocopherols might be
eliminated.

It was found by GC-FID (Table 2) that d-tocopherol
reacts with CH,N, more readily in comparison with
v- and a-tocopherol. This fact can be explained by the
positive inductive effect of substituents in the tocopherol
molecule (three methyl groups in the case of a-tocopherol
and two methyl groups in the case of y-tocopherol). Methyl
groups (mainly in ortho position to the hydroxyl group)
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Table 2. Conversion of tocopherol (TO) to tocopherol methyl ether
(TO—CHg3) determined in the 1% reaction mixture after chemical
reaction of tocopherols with diazomethane.

Tocopherol TO (%) TO-CH; (%)
a 99.90 £+ 0.10 0.10 £ 1073
Y 99.80 £ 0.10 0.20 + 1072
d 99.00 £+ 0.10 1.00 £ 1072

decrease the reactivity of the hydroxyl group. Nevertheless,
because the degree of tocopherol methylation was found to be
negligible, this method (tested for the purpose to eliminate
the antioxidant activity of naturally present tocopherols in
sunflower oil) failed.

3.3 Comparison of two different methods used for
determining the oxidative stability

Oxidograph and Rancimat methods are screening methods
with shorter analysis time, the results relate with traditional
parameter of lipid oxidation such as peroxide value at
20°C [31]. Introduction of these methods brought about
a significant progress in prediction of induction periods
during lipid autoxidation and in antioxidant research at the
end of 20th century. Especially, the Rancimat method dis-
placed the previously widely used and normalized Schaal
oven test.

There are some differences between the Oxidograph and
Rancimat methods. During the Oxidograph method the oil
sample is measured at 110°C and oxygen atmosphere is
formed over the sample (oxygen concentration is high and
interface between the sample and the oxygen atmosphere is
small), whereas during the Rancimat method the oil sample is
measured at 120°C and bubbled by air (oxygen concentration
is lower and interface between sample and air is large). The
Rancimat temperature of 120°C was chosen according by
Mateos et al. [32] in order to obtain similar values of induc-
tion periods (to shorten analysis time) as in the case of
Oxidograph method.

Despite of the different principles and conditions of both
instrumental methods, a linear correlation was evaluated
between induction periods determined by both the
Oxidograph and Rancimat method (Fig. 2) in the same lipid
matrix. On the basis of this correlation it is suggested that the
used antioxidants have very low or no volatility at Rancimat
method conditions. The antioxidant volatility significantly
decreases the induction period [33].

3.4 Antioxidant effect of phenolic acids and their alkyl
esters

When measured in original sunflower oil containing the
common levels of natural tocopherols (Fig. 3), caffeic acid

www.ejlst.com



752 |. Hradkova et al. Eur. J. Lipid Sci. Technol. 2013, 115, 747-755
12
10 A
8

IP Oxidograph [h]
o

0 T T T

0 1 2 3

IP Rancimat [h]

Figure 2. Linear correlation between the induction periods determined by Rancimat method (IPrancimat) @nd by Oxidograph method
(IPoxidograph) — P oxidograph (N) = 1.6433 IPrancimat (N) — 1.4122; r = 0.890 (p<0.05). Data used were obtained as results of all experiments.
Regression analysis was carried out considering all the data (n = 68). Error bars express SD (n = 3).
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Figure 3. Oxidative stability of phenolic acids and their alkyl esters expressed as induction periods measured in original sunflower oil (total
tocopherols 149.0 mg/kg) using the Oxidograph method (IP of original sunflower oil as a blank = 3.3 h). Error bars express SD (n = 3).

findicates significant difference (p<0.05).
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and its alkyl esters exhibited significant antioxidant activity,
while the antioxidant activity of protocatechuic acid and its
alkyl esters was lower. In the case of both 3,4-dihydroxyphe-
nolic acids (caffeic and protocatechuic acids), no statistically
significant differences were found between antioxidative
properties of acids and their alkyl esters. The antioxidant
effect of gentisic acid alone (2,5-dihydroxyphenolic acid)
was the greatest of all studied antioxidants. In contrast, alkyl
esters of gentisic acids showed lower antioxidant activity. The
explanation for this behavior might be that the strong anti-
oxidant effect of gentisic acid is caused either by synergism
with naturally present tocopherols in the original sunflower
oil or by the formation of hydrogen bonds between the
carboxylic group and hydroxyl group in position 2 in the
molecule of gentisic acid.

When measured in tocopherol-free FAME prepared from
original sunflower oil (Fig. 4), caffeic acid and its alkyl esters
had the highest antioxidant activity of all studied antioxi-
dants. Caffeic acid showed a similar antioxidant effect as
its methyl, ethyl, and butyl esters, whereas propyl and hexyl
esters of the caffeic acid had significantly lower effects. In
emulsion systems a cut-off effect was reported. Antioxidant
effect of phenolipids with different chain length is changed
nonlinearly which is explained by different antioxidant
location [12, 13]. In FAME (a nonpolar system) antioxidants
with shorter chain length occur on oil-air interface (the
critical point is butyl ester of caffeic acid), while antioxidants
with longer chain length are dissolved in the oil phase.

Antioxidant effect of mono- and dihydroxyphenols 753

Generally, the antioxidant activity of alkyl esters of caffeic
acid decreased with increasing length of their alkyl chain
in conformity with the polar paradox hypothesis [5].
Protocatechuic acid and its alkyl esters exhibited a consider-
able but much lower antioxidant activity. The antioxidant
activity of protocatechuic acid, as opposed to caffeic acid, was
observed to be higher than that of its alkyl esters, the anti-
oxidant activity of which increased with increasing length
of their alkyl chain. Gentisic acid had a similar antioxidant
effect as its alkyl esters. Based on the results obtained, it can
be concluded that there is a significant synergistic effect
between gentisic acid and naturally present tocopherols in
the original sunflower oil, which is evident in Fig. 3, where
the extraordinarily high antioxidant activity of gentisic acid
can be seen.

Methyl, ethyl, propyl, and butyl esters of caffeic acid
were chosen as the most effective antioxidants of all anti-
oxidants studied. Their protection factors were determined
using the Rancimat method in original sunflower oil (toco-
pherol content 149.0 mg/kg), in tocopherol-stripped sun-
flower oil (tocopherol content 8.7 mg/kg) and in FAME
prepared from original sunflower oil (tocopherol-free
medium). Protection factors of all alkyl esters of caffeic acid
decreased with increasing concentration of tocopherols in
the respective test medium (Fig. 5), which indicates that
naturally present tocopherols in sunflower oil have an
antagonistic effect on the antioxidative properties of alkyl
esters of caffeic acid.
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Figure 4. Oxidative stability of phenolic acids and their alkyl esters expressed as induction periods measured in FAME prepared from original
sunflower oil (tocopherol-free test medium) using the Oxidograph method (IP of FAME as a blank = 0.1 h). Error bars express SD (n = 3).
abgifferent letters in the same group indicate significant differences (p<0.05).
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Figure 5. Protection factors of methyl, ethyl, propyl, and butyl esters of caffeic acid measured in FAME prepared from original sunflower oil
(tocopherol-free test medium), in tocopherol-stripped sunflower oil (total tocopherols 8.7 mg/kg) and in original sunflower oil (total toco-
pherols 149.0 mg/kg) using the Rancimat method. Error bars express SD (n = 3). 2PCdifferent letters in the same group indicate significant

differences (p<0.05).

4 Conclusions

Distilled FAME prepared from original sunflower oil may
serve as an optimal tocopherol-free test medium for deter-
mining the antioxidant activity of various antioxidants. The
chemical reaction of tocopherols with diazomethane tested
for the purpose of eliminating their antioxidant activity failed
due to the negligible degree of methylation of hydroxyl groups
in the tocopherol molecules.

3,4-Dihydroxyphenolic acids (caffeic and protocatechuic
acids) were evaluated to be more active antioxidants
than monohydroxyphenolic acid (p-hydroxybenzoic acid),
2,5-dihydroxyphenolic acid (gentisic acid), and 3-methoxy-
4-hydroxyphenolic acids (vanillic and ferulic acids).

Naturally present tocopherols in the original refined sun-
flower oil proved to have a synergistic effect on gentisic acid,
whereas gentisic acid measured in tocopherol-free FAME
had insignificant effect.

On the other hand, tocopherols appeared to have an
antagonistic effect on alkyl esters of caffeic acid, because their
protection factors decreased with increasing concentration of
tocopherols in the respective test medium. Moreover, their
antioxidant activity decreased with increasing length of alkyl
chain in conformity with the polar paradox hypothesis.
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Mechanism Controlling High-Temperature Degradation of
Sunflower Oil Triacylglycerols in the Absence of Oxygen

Jan Kyselka,* Kldra Cihelkovd, Daise Lopes-Lutz, Josef Chudoba, Tereza Vdchalovd,
Katsiaryna Alishevich, Iveta Hrddkovd, Markéta Bercikovd, Monika Mikoldskovd,

and Vladimir Filip

The aim of the present study is to describe the mechanism controlling
heat-induced formation of sunflower oil triacylglycerol and fatty acid methyl
ester oligomers. The unique combination of high-performance size-exclusion
chromatography with hyphenated electrospray ionization mass spectrometry
(MS), atmospheric pressure chemical ionization-MS, and high-temperature
gas chromatography-MS techniques allows differentiating between radical
coupling species and Diels—Alder cycloadducts. Targeted analysis of thermally
degraded sunflower oils confirms the exact structures of various acyclic
oligomers accompanied by less-abundant products of pericyclic
transformations. A series of model experiments simulate the impact of
dienophile nature on the course of Diels—Alder reactions. Thus,
a-tocopherylquinone, 8-tocopherylquinone, and
methyl-(E)-11-oxoundec-9-enoate are synthesized as naturally occurring
dienophiles bearing electron-withdrawing groups. The geometry of poor
dienophiles does not affect concerted cyclization, while the structure of
electron deficient dienophiles can overcome low reactivity.

Practical Application: In the absence of oxygen, heat-induced degradation of
polyunsaturated triacylglycerols proceed predominantly via a radical pathway,
whereas concerted reactions represent minor mechanisms. Sunflower oil
triacylglycerol molecules in the system without propagation stage can be
effectively protected by natural and/or synthetic antioxidants. Application of
chelates is also recommended. However, antioxidant-derived quinones, such
as a-tocopherylquinone, can enter the Diels—Alder reaction even more easily
than dienophiles without electron-withdrawing groups. Unsaturated core
aldehydes possess the same reactivity. Examination of the mechanism
controlling high-temperature degradation of triacylglycerols is especially
important for processing engineers in edible oil refineries and food
technologists. New perspective may help them to minimize undesirable
changes in polyunsaturated species.

1. Introduction

Numerous side reactions of polyunsatu-
rated fatty acids (PUFAs) occur at high
temperatures in the practical absence of air.
Industrially relevant edible-oil-processing
technologies involve deodorization
(220-240 °C, 2—4 mbar), deodorization—
deacidification (240-260 °C, 1-2 mbar), and
vacuum frying applications.['?] The final
refining stage almost completely removes
undesirable volatile compounds (low M,
carbonyls, free fatty acids) and significantly
reduces the level of triacylglycerol (TAG)
hydroperoxides to yield high-quality veg-
etable oils, that are bland-tasting, odorless,
and acceptable to consumers.[>3! High tem-
peratures also accelerate the formation of
new polyunsaturated TAG artifacts, which
definitely remain in edible oils.>*l Among
the PUFA and TAG degradation products,
oligomers, cyclic fatty acid monomers
(CFAMs), and geometric and positional
fatty acid isomers are quantitatively the
most abundant.>’ The formation of arti-
facts is strongly dependent on the refining
conditions, the level of crude oil oxidation,
and the number of methylene interrupted
double bonds of polyunsaturated TAG
molecules.??]  Heat-induced alteration
of TAG in the system without oxygen
and thus a propagation stage for radical
reactions is significantly different from
the well-known autoxidation mechanism.
Moreover, thermal degradation of TAG is
far from monomechanistic.l>”!
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In the initial phase of high-temperature treatment,
TAG hydroperoxides rapidly decompose to alkoxyl (BDE
= DH,(RO-OH) = 184 kJ mol') and peroxyl (BDE =
DH,(ROO-H) = 377 k] mol™) radicals, which cause ho-
molytic splitting of bis-allylic and allylic C-H bond of PUFA. It
is an essential step for heat-induced geometric and positional
isomerization as well as other alterations.>*% Although hy-
droperoxides accelerate the isomerization, high temperatures
employed during deodorization/deacidification more than fulfil
the energy requirements for C-H bond dissociation of PUFA
(BDE = DH,qg(bis-allylic C-H) = 327-335 k] mol!).5611 An
addition—elimination mechanism has been proposed to describe
the formation of PUFA geometrical isomers by radical species.
By geometric isomerization of linoleic and linolenic acids,
three and seven thermodynamically stable trans isomers can be
formed.[>!?] The consumption of trans fatty acid monoenes can
increase the risk of cardiovascular disease, while trans octadeca-
dienoic acid isomers can promote inflammation by inhibiting
eicosanoid metabolism.[¥ Positional isomerization of PUFA
is associated with the formation of a conjugated double bond
system. It can proceed by a free radical chain mechanism, while
an antarafacial [1,3]-sigmatropic rearrangement is less favored
for steric reasons (Mobius topology). At temperatures above
200 °C, conjugated linoleic acid (CLA) isomers can undergo a
suprafacial [1,5]-hydrogen shift.>1214

The last category of monomeric PUFA artifacts is represented
by CFAMs with a wide variety of cyclopentyl, cyclopentenyl, cy-
clohexyl, and cyclohexenyl ring structures. Intermolecular cy-
clization of polyunsaturated fatty acyl moieties proceeds signif-
icantly at temperatures above 210 °C and is enhanced by the
presence of unstable a-linolenic acid.'>!’! Based on the current
state of knowledge, the intermolecular cyclization can involve
free radical allylic intermediates as well as a concerted cycliza-
tion mechanism providing five- or six-membered ring structures.
Cyclopentyl CFAM are considered to be more abundant.l'>15]
Although isomerization and polymerization reactions of fatty
acids predominate, the formation of CFAM is not a negligible
(£0.7 wt%) phenomenon since CFAM are highly absorbed in the
intestine, but their potential toxicity is questionable.[2>1>10]

Nonpolar TAG polymers are in fact a heterogeneous group
of TAG dimers, trimers, and oligomers with a typical molecular
weight of TAG dimers ranging from 1700 to 1900 g mol™.
Similar to CFAM and trans fatty acids, they do not cause sensory
adverse effects. If accumulated, they accelerate the develop-
ment of heat-induced alterations and undesirable deepening
of color, increased viscosity, and reduced heat transfer.[217:18]
On the other hand, their detrimental effects for humans are
negligible since the rate of absorption of TAG polymers in the
gastrointestinal tract is very slow.l”] The free radical chain mech-
anism and Diels—Alder reaction are mainly used to describe
the formation of either acyclic or cyclic TAG polymers.[1217]
Intra- and intermolecular couplings of two allyl radicals provide
prevailing/predominating acyclic dehydrodimers achieved by
—C—C- linkage. In a medium without oxygen, the Diels—Alder
reaction represents a parallel concerted mechanism involv-
ing a conjugated double bond system and a dienophile.[®712]
Heat-induced isomerization results in all-trans CLA (s-cis
conformation), an essential reactant for consecutive oligomer-
ization. The concerted cyclization yields cyclohexene derivatives
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Table 1. Physicochemical properties of starting sunflower oil.

Fatty acid content [%] Triacylglycerol profile [%)]

C16:0 6.04 ECN 42 (LLL) 20.44
ci6:1 0.12 ECN 44 (LLO, PLL) 36.52
C18:0 3.32 ECN 46 (OLO, POL, SLL) 19.82
C18:1 31.62 ECN 48 (OO0, SOL) 4.29
C18:1 trans 0.07 ECN 50 (SOO, SOP, SLS) 0.43
C18:2 56.77 ECN 52 (SOS, SSP) 0.17
C18:2 trans 0.27 RBD sunflower seed oil characteristics

C18:3 0.06 Saponification value (mg KOH g™) 195.1
C20:0 0.25 lodine value (g linoleic acid (1,) per 100 g) 110.1
C22:0 0.73 Acid value (mg KOH g™) 0.07
C24:0 0.29 Peroxide value (meq.act. O kg™") 0.65

according to normal electron demand in the Diels—Alder
reaction.l>1]

Polyunsaturated TAGs are affected considerably in the course
of edible oil processing or deep-fat frying treatments. The heat-
induced degradation of TAGs is far from monomechanistic and
produces various reaction products. In the first part of this work,
we investigated the predominant pathway for the formation of
TAG oligomers and CFAM in the absence of oxygen. In the sec-
ond part, the impact of dienophiles on the course of the Diels—
Alder reaction has been studied. Our conclusions may help to
reduce the formation of potentially detrimental compounds in
commercially produced vegetable fats and oils.

2. Experimental Section

2.1. Reagents and Materials

Methyl heptadecenoate, methyl linoleate, 3-pyridylcarbinol,
Wilkinson’s catalyst, tin(II) chloride dihydrate, anhydrous
ethanol, 1-butyl-3-methylimidazolium bis(trifluoromethylsul-
phonyl)imide (BMIM), a-tocopherol, iron(III) chloride hexahy-
drate, tetrahydrofuran (THF), 9-decenoic acid, acrolein dimethyl
acetal, dichloromethane, second-generation Hoveyda—-Grubbs
catalyst, methyl oleate, methyl elaidate, methyl stearate, and
palladium on activated charcoal (Pd/C, 5% Pd basis) were
purchased from Sigma-Aldrich. Merck precoated silica gel F,,
plates were used for thin-layer chromatography. Spots were
detected by heating after spraying with 5% phosphomolybdic
acid in EtOH. All other reagents and solvents were of analytical
grade. Sample of sunflower oil was purchased from ADM, Czech
Republic. Physicochemical properties of starting material are
summarized in Table 1.

2.2. High-Temperature Degradation of Sunflower Oil TAGs in the
Absence of Oxygen

Heat-induced degradation of sunflower 0il TAG in the absence of
oxygen was performed in the isomerization tube (height 254 mm,
inner diameter 25 mm). A 50.0 g sample of sunflower oil was
loaded into the apparatus through which a stream of argon
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(Ar 4.8; purity 99.998 %) was passed upwards (1 dm® h™) by
means of a glass capillary. The batch was subsequently heated in
a thermostat (modified oven of a Chrom 4 gas chromatograph,
LP Prague) to a temperature of 240, 250, or 260 °C, monitored
with a digital thermometer (F200, Automatic Systems Laborato-
ries, Croydon, UK). At given intervals, aliquots (0.5 g) were taken
through Teflon septum for analysis of fatty acid methyl esters
(FAMES), and measurements of TAG monomers and polymers,
and CFAMs, using glass syringe flushed with argon prior sam-
pling. Detailed reaction scheme is provided in Figure S1, Sup-
porting Information. Controlled TAG degradation was carried
out over a period of up to 170 h.

2.3. Determination of Positional and Geometric Isomers of
Unsaturated Fatty Acid Isomers and CFAM by GC-FID and
GC-Ms

Positional and geometric unsaturated FAME isomers were deter-
mined according to AOCS Official Method Ce 1-96.2°1 Methyl
heptadecanoate was used as an internal standard. The analysis
was performed on an Agilent 6890N gas chromatograph (Agi-
lent Technologies, USA) coupled with a flame-ionization detec-
tor (FID) and SP 2560 capillary column (Supelco, Bellefonte)
0.25 mm X 100 m, and film thickness of 0.2 pm. The conditions
of analysis were as follows: hexane solution of FAME (1%) was
used for the injection (1 pL), split injection (1:50) at 220 °C; carrier
gas flow (He) 1 mL min™!; analysis at 175 °C for 120 min; FID de-
tection at 250 °C, flow of H, 40 mL min™', air flow 450 mL min™!
and make-up gas (N,) flow, 45 mL min~'. Determinations were
performed in duplicate.

Qualitative and quantitative analyses of CFAMs in the form
of methyl esters and 3-pyridylcarbinol ester were carried out by
GC-FID and GC-MS. In brief, hydrogenation of FAMEs was
carried out in a 50 mL round-bottom flask equipped with a
magnetic stirrer, thermometer, reflux condenser, and connected
to a hydrogenation manifold. The reactor was charged with
FAME (0.5 g) and 15 mg of Pd/C (5% Pd basis) in 24 mL of
heptane/isopropanol (2:1 v/v), and the system was flushed three
times with hydrogen. The reaction mixture was hydrogenated in
an excess of hydrogen at 70 °C for 24 h. Spent palladium catalyst
was filtered off and the solvent was evaporated to dryness. At
this point, urea fractionation afforded CFAMs as well as fatty
acid oligomers in the form of methyl esters. Preparation of 3-
pyridylcarbinol esters was done according to Christie and Han.[?!]
GC-MS (EI) was recorded on an Agilent 7820A GC system and
5975 Series MSD (Agilent Technologies, Santa Clara, CA, USA).

2.4. Qualitative and Quantitative Analyses of TAG Oligomers by
HPSEC-ELSD, APCI-MS, and ESI-MS

Heat-induced formation of TAG dimers, trimers, and higher
oligomers was determined by high-performance size-exclusion
chromatography with evaporated light-scattering detector
(HPSEC-ELSD) according to ISO method 16931:2009.122) The
amount of oligomeric TAGs was quantified using the external
standard method. Fresh refined, bleached, and deodorized (RBD)
sunflower oil was used as the external standard. Quantitative
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analysis was carried out using an Agilent 1100 Series HPLC
chromatograph (Agilent Technologies, Palo Alto, CA, USA) with
a 5 pm PLgel column (7.5 mm X 300 mm, Agilent Technologies).
The parameters of the analysis were as follows: THF solution
of polymerized oils (3-5 mg mL™) was used for the injection
(20 pL); THF mobile phase flow 0.6 mL min™'; analysis at 25 °C
for 15 min. The temperature of the ELSD was 50 °C. Each sample
was run in triplicate. The error bars in scatter plots represent
standard deviations.

Qualitative analysis of TAG oligomers was carried out at the
University of Alberta using a 4000 QTRAP LC-MS/MS mass
spectrometer (Applied Biosystems, Streetsville, ON, Canada) af-
ter previous separation of oligomer fractions by HPSEC-RID (Ag-
ilent Technologies) at UCT Prague. For direct atmospheric pres-
sure chemical ionization (APCI-MS) in the positive ion mode, the
conditions were as follows: ion source—heated nebulizer with
high-purity nitrogen (99.995%) with values 15 (GS1), 0 (GS2),
curtain gas 10 psi, nebulizer current 3 kV, temperature of source
400 °C, unit mass resolution for Q1 and Q3, and scan range
50-2800 m/z in 3 s. The fragmentation values as CE, DP, EP, and
CCexP were 10-60 eV, 115, 10, and 10 V, respectively. The mass
spectrometer was also equipped with an electrospray ion source
(ESI-MS). For direct ESI-MS operating in the positive ion mode,
the conditions were as follows: nitrogen gas was used as nebuliz-
ing (GS1) and collision gas (GS2). The values for optimum spray
voltage, source temperature, GS1, GS2, and curtain gases were
4.5 kV, 400 °C, 15, 15, and 10 psi, respectively. The declustering
potential was 115.0 V, the collision energy was 25.0 eV, and the
collision exit potential was 10.0 V. The spectra were obtained
over a mass range of m/z 50-2000. All MS measurements were
processed using Analyst 1.5 program (Applied Biosystems).

2.5. Qualitative and Quantitative Analyses of FAME Oligomers
by HTGC-FID, HTGC-MS, HPSEC-ELSD, APCI-MS, and ESI-MS

Quantitative analysis of FAME oligomers was carried out us-
ing HPSEC-ELSD as described in Section 2.4. The amount
of oligomeric FAME was quantified using the external stan-
dard method. Methyl heptadecenoate was used as the exter-
nal standard. Simultaneous high-temperature gas chromatogra-
phy (HTGC) analysis was performed on an Agilent 6890n gas
chromatograph (Agilent Technologies) coupled with a FID and
an Optima-17-TG capillary column (Macherey—Nagel, Germany)
0.32 mm X 30 m, film thickness 0.1 pm. The conditions of the
analysis were as follows: isooctane solution of FAME oligomers
(1%) was used for the injection (1 pL), split injection (1:50) at
320 °C; flow of carrier gas (He) 1.5 mL min™'; the temperature in
the oven was programmed as follows: 80 °C (1 min); 80-250 °C
(20 °C min™1); 250-370 °C (5 °C min™'); 370 °C (12 min); FID de-
tection at 380 °C, flow of H, 40 mL min™', air flow 450 mL min™!
and make-up gas (N,) flow 45 mL min~!. Determinations were
performed in duplicate.

Qualitative analysis of FAME oligomers was carried out
using a 4000 QTRAP LC-MS/MS mass spectrometer (Applied
Biosystems). Mass spectra of the compounds were obtained in
positive-ion mode using both the ESI and the APCI ion sources.
In the positive-ion mode experiments, the compounds were
typically detected as either proton (M + H)*, sodium (M + Na)*,
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or ammonium (M + NH,)* adducts. The spectra were obtained
over a mass range of m/z 50-2000. All MS measurements were
processed using the Analyst 1.5 program (Applied Biosystems).
HTGC-MS (EI) was recorded on Agilent 7820A GC system
and 5975 Series MSD (Agilent Technologies) under the same
conditions used for HTGC-FID.

2.6. Qualitative and Quantitative Analyses of TAG Monomers by
RP-HPLC-ELSD, APCI-MS, and ESI-MS

Degradation of individual TAG species was determined quanti-
tatively by reversed phase HPLC with an ELSD according to the
DGF Standard Method C-V 13a.[3 TAG/equivalent carbon num-
ber (ECN) 38 (sn-1,2-didodecanoyl-3-tetradecanoylglycerol; purity
>98 %) was used as an internal standard. The separation of TAGs
according to ECN was carried out using an Agilent 1100 Se-
ries HPLC chromatograph (Agilent Technologies) with a Separon
SGX C18 5 pm pre-column (30 mm X 3.3 mm,; Tessek) and Nucle-
osil 120-5-C18 column (250 mm X 4 mm, 5 pm; Watrex). The pa-
rameters of the analysis were as follows: acetone solution of TAG
was used for the injection (50 pL); acetone/acetonitrile/methanol
(4:2:1) mobile phase flow 1 mL min™!; analysis at 40 °C for 55 min.
The temperature of the ELSD was 90 °C. Each sample was run in
triplicate. The error bars in scatter plots represent standard de-
viations. Qualitative analysis of TAG monomers was carried out
using a 4000 QTRAP LC-MS/MS mass spectrometer (Applied
Biosystems). Mass spectra of the compounds were obtained in
positive-ion mode using both the ESI and the APCI ion sources.
In the positive-ion mode experiments, the compounds were typ-
ically detected as either proton (M + H)*, or ammonium (M +
NH,)* adducts. The spectra were obtained over a mass range
of m/z 50-2000. All MS measurements were processed using
the Analyst 1.5 program (Applied Biosystems). The content of
tocopherols in selected samples was determined quantitatively
according to ISO method 9936:2016.12¢]

2.7. Synthesis of Diene Component: Conjugated Isomers of
Methyl Linoleate (1)

Homogeneous isomerization of methyl linoleate was carried out
as previously described using a jacketed glass reactor equipped
with sintered glass at the bottom.[?] The stream of nitrogen
passed upwards to agitate the reaction mixture thoroughly. The
reactor was charged with methyl linoleate (13.58 mmol, 4.0 g),
Wilkinson’s catalyst (0.07 mmol, 63 mg), and SnCl,-2H,0
(0.17 mmol, 38 mg) in 3 mL of anhydrous ethanol and 5 mL
of ionic liquid (BMIM). The reaction mixture was isomerized at
60 °C for 90 min, after which time the solution was allowed to
cool. After evaporation of ethanol, purification by column chro-
matography (silica, hexane/ethyl acetate, from 100:0 to 90:10) af-
forded 3.884 g (13.19 mmol) of CLA isomers.

2.7.1. Conjugated Isomers of Methyl Linoleate (1)
The mixture of 9cis,11trans-18:2 (46.1%), 10trans,12cis-18:2

(48.2%), all-trans-CLA isomers (1.7%), and other cis,trans and
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trans,cis-CLA isomers (4.0%) determined by GC-FID was ob-
tained in 97.1% yield as a colorless liquid. Ry = 0.55 (hex-
ane/diethyl ether/formic acid, 40:10:1); '"H NMR (500 MHz,
CDCl,): mixture of geometric and positional isomers, some hy-
drogen atoms gave more than one signal 5 0.88 (3H, t, ] =5.2 Hz,
CH,), 1.25-1.37 (18H, m, CH,), 2.00-2.15 (4H, m, 8-CH, and
13-CH,), 2.30 (2H, t, ] = 7.5 Hz, 2-CH,), 3.66 (3H, s, COOCHj),
5.26-5.34 (1H, m, 9-CH and 13-CH), 5.61-5.68 (1H, m, 12-CH
or 10-CH), 5.94 (1H, t, ] = 10.9 Hz, 10-CH or 12-CH), 6.28 (1H,
t, J=13.5 Hz, 11-CH); *C NMR (126 MHz, CDCl,): mixture of
geometric and positional isomers, the assignment of 9cis,11trans-
18:2 carbon atoms determined as: § 14.10 (C-18), 22.63 (C-17),
24.95 (C-3), 27.66 (C-8), 28.92 (C-15), 29.05 (C-4), 29.10-29.75
(C-5/C-6/C-7), 29.43 (C-14), 31.75 (C-16), 32.90 (C-13), 34.10 (C-
2), 51.42 (COOCH,), 125.57 (C-11), 128.71 (C-10), 129.91 (C-9),
134.77 (C-12), 174.30 (C-1); carbon atoms of 10trans,12cis-18:2 de-
termined as: 6 27.64 (C-14), 32.86 (C-9), 125.66 (C-11), 128.57 (C-
12), 130.15 (C-13), 134.58 (C-10); high-resolution APCI-MS m/z
294.2509 [M + HJ*.

2.8. Synthesis of Dienophiles with an Electron-Withdrawing
Groups: para-a-Tocopherylquinone (2a),
para-8-Tocopherylquinone (2b), and
Methyl-(E)-11-oxoundec-9-enoate (3)

Synthesis of tocopherylquinones was carried out as described
previously.[?] In brief, to a stirred solution of a-/§-tocopherol
(5.69 mmol) in diethyl ether (22 mL) was added dropwise
FeCl;-6H,0 (16.6 mmol, 4.5 g) in 34 mL of aqueous methanol
(1:1 v/v) until the reaction mixture turned to a final orange color.
After the mixture was stirred for 60 min at 25 °C, it was taken up
in 50 mL of diethyl ether and washed with a saturated solution
of NaCl (3 mL x 50 mL). The solvent was evaporated under re-
duced pressure to achieve a lipophilic residue, which was purified
by flash chromatography on a silica gel (70-230 mesh) column to
yield the fraction of a-tocopherylquinone or §-tocopherylquinone
(eluted with hexane/ethyl acetate, from 100:0 to 50:50 v/v).

2.8.1. para-a-Tocopherylquinone (2a)

The product was obtained in 92% yield as a yellow oil. R; = 0.64
(hexane/ethyl acetate, 1:1); UV (ethanol) 4,,, 262 nm (19500
L mol™ em™); 'H NMR (500 MHz, CDCl;) 6 0.81-0.82 (12H,
m; 13a, 17a, 21a, and 22-CH,), 1.19 (3H, s, 9a-CH,), 1.03-1.48
(23H, m, complex), 1.96 (6H, s, 2a, and 3a-CH;,), 1.99 (3H, s, 5a-
CH,), 2.49-2.52 (2H, m, 7-CH,); 13C NMR (126 MHz, CDCL,) 6
11.91 (C-5a), 12.24 (C-2a), 12.32 (C-3a), 19.64 (C-13a), 19.72 (C-
17a), 21.31 (C-7), 21.40 (C-11), 22.59 (C-21a), 22.69 (C-22), 24.46
(C-19), 24.76 (C-15), 26.56 (C-9a), 27.93 (C-21), 32.73 (C-17), 37.25
(C-12), 37.38 (C-16), 37.65 (C-18), 39.33 (C-20), 40.16 (C-8), 42.26
(C-10),72.51 (C-9), 140.13 (C-5), 140.36 (C-3), 140.46 (C-2), 144.46
(C-6), 187.15 (C-1), 187.57 (C-4); HRESI-MS mj/z 445.3686 [M —
HJ*.

2.8.2. para-6-Tocopherylquinone (2b)

The product was obtained in 40.8% yield as a red oil. R; = 0.65
(hexane/ethyl acetate, 1:1); UV (ethanol) 4., 276.5 nm; 'H NMR

max
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(500 MHz, CDCL,) 5 0.82-0.85 (12H, m; 13a, 17a, 21a, and 22
CH;,), 1.19 (3H, s, 9a-CH;,), 0.99-1.55 (23H, m, complex), 2.09
(3H, s, 3a-CH,), 2.49 (2H, m, 7-CH,), 6.55 (1H, m, CH), 6.65 (LH,
m, CH); 3C NMR (126 MHz, CDCL,) 6 19.62 (C-13a), 19.76 (C-
17a), 22.63 (C-21a), 22.74 (C-22), 24.47 (C-19), 24.80 (C-15), 27.98
(C-21), 32.73 (C-17), 37.30 (C-12), 39.38 (C-20), 40.12 (C-8), 42.40
(C-10),72.58 (C-9), 128.01 (C-3), 133.59 (C-5), 145.73 (C-2), 148.17
(C-6), 185.50 (C-1), 186.46 (C-4); HRESI-MS m/z 419.35304 [M +
HJ*.

For the synthesis of methyl-(E)-11-oxoundec-9-enoate, cross-
metathesis was employed according to Globisch et al.?”) In brief,
to a stirred solution of methyl dec-9-enoate (3.26 mmol, 0.6 g) and
acrolein dimethyl acetal (9.79 mmol, 1.0 g) in dichloromethane
(25 mL) purged with nitrogen was added the second-generation
Hoveyda—Grubbs catalyst (41.3 pmol, 25.9 mg). After the mix-
ture had been stirred for 5 h at room temperature, fresh catalyst
(41.3 pmol, 25.9 mg) was added and the reaction continued for
another 20 h. After evaporation to dryness, purification by col-
umn chromatography (silica, diethyl ether/pentane (50:50) with
0.1% triethylamine) yielded dimethyl acetal of methyl-(E)-11-
oxoundec-9-enoate. The reaction intermediate was deprotected
in the presence of hydrochloric acid (0.01 mol L™). The product
was taken up in 20 mL of CH,Cl, and washed with a saturated
solution of NaCl (2 mL x 10 mL). The solvent was evaporated
under reduced pressure and the residue was worked up by silica
gel chromatography (eluted with hexane/ethyl acetate, from 95:5
to 50:50 v/v) to afford methyl-(E)-11-oxoundec-9-enoate.

2.8.3. Methyl-(E)-11-oxoundec-9-enoate (3)

The product was obtained in 36% yield as a colorless oil. Ry =
0.53 (hexane/ethyl acetate, 1:1); UV (hexane) A,,., 233 nm; 'H
NMR (500 MHz, CDCL,) § 1.29-1.51 (8H, m, CH,), 2.23 (2H, t, ]
=7.4Hz, 2-CH,), 3.57 (3H, s, COOCH;,), 6.03 (LH, m, CH), 6.96
(1H,dt, J=7.9,15.5 Hz, CH),9.53 (1H,d, ] = 7.9 Hz, 11-CH); 1’C
NMR (126 MHz, CDCl,) 6 24.60, 27.56, 28.67, 28.72, 31.98, 32.43,
33.75,51.19 (COOCH,), 132.72 (C-9), 158.83 (C-10), 174.04 (C-1),
193.02 (C-11); HRESI-MS m/z 235.1318 [M + Na]*.

2.9. Examination of the Diels—Alder Reaction Mechanism
between the Diene Component and Various Dienophiles

Model experiments simulating Diels—Alder reactions between
conjugated FAMEs and selected dienophiles were performed in
a special reactor (RTP-15, IOCB Prague) at 260 °C for 10 h as
shown in Figure S2, Supporting Information. To the conjugated
isomers of methyl linoleate (0.68 mmol, 200 mg) and methyl
stearate (0.68 mmol, 203 mg) as internal standard in ACE con-
ical reaction vials equipped with magnetic “V” stirrers was added
0.68 mmol of selected dienophile (methyl oleate, methyl elai-
date, a-tocopherylquinone, or methyl-(E)-11-oxoundec-9-enoate).
All reactions were performed strictly under an argon atmosphere
to avoid autoxidation. At the given intervals, aliquots (10 mg) were
taken through a Teflon septa by Hamilton syringe flushed with
argon for the analyses of FAMEs, APCI-MS, and ESI-MS exper-
iments. ESI-MS and APCI-MS spectra of Diels—Alder products
were measured with LC-MS LTQ-Orbitrap Velos (Thermo Fisher
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Scientific, Waltham, MA, USA) and LC-MS TSQ Quantum Ac-
cess MAX triple quadrupole mass spectrometer (Thermo Fisher
Scientific) in Central Laboratories of UCT Prague. Electron im-
pact mass spectrometry (EI-MS) spectra were also recorded.

3. Results and Discussion

3.1. Examination of Sunflower Oil TAG Degradation and the
Formation of TAG Oligomers by RP-HPLC-ELSD/APCI-MS,
HPSEC-ELSD, and HPSEC-RID Coupled with ESI-MS

Despite the number of articles related to TAG oligomers, a de-
tailed structural analysis and the mechanism of their formation
have not been investigated extensively. Our study focuses on
sunflower oil TAGs with an examination of the mechanism of
heat-induced degradation. High-temperature experiments were
simulated in the isomerization tube at 240, 250, and 260 °C
and oxygen was fully excluded by a stream of argon. Specific
formation pathways of TAG oligomers and their structural com-
plexity were analyzed by a unique combination of preparative
HPSEC-RID coupled with ESI-MS.

Physicochemical properties of starting material are summa-
rized in Table 1. Refined sunflower oil had a peroxide value of
0.65 meq.act.O kg™! and an acid value of 0.07 mg KOH g!, indi-
cating that the sunflower oil was of good RBD quality. The pro-
file of sunflower oil TAGs was determined by RP-HPLC-ELSD.
TAG monomers with ECN values from 42 to 52 accounted for
81.67% with trilinoleoylglycerol (LLL), LLO, OLO, OOO, PLL,
POL, SLL, and SOL being the most abundant. APCI-MS/MS anal-
ysis of the most important TAG, OLO (M,, = 883.42 g mol™),
and LLO (M,, = 881.40 g mol™') was used as a diagnostically use-
ful tool for the determination of fatty acyls esterified in the sn-2
position. APCI-MS/MS spectra were found to contain abundant
parent [M + H]* and daughter [M+H-R,COOH]* ions. Predom-
inating diacylglycerol-like fragment ions at m/z 600.0 and 602.0
corresponded to the neutral loss of oleic acid. Thus, linoleic acid,
which was attached preferentially to the sn-2 position, was only
poorly displaceable.

The fate of polyunsaturated TAG monomers at 260 °C is shown
in Figure 1. Within 35 h, sunflower oil samples were thermally
stable, after which time the content of TAGs dropped sharply. At
35 h, the function had an inflection point and the degradation
of TAG reached the so-called induction period. The number of
double bonds clearly defined thermal stability of individual TAG
species as follows: ECN48 (00O, SOL; k; = 0.007 h™') > ECN46
(OLO, POL, SLL; k, = 0.009 h') > ECN44 (LLO, PLL; k, = 0.013
h!y > ECN42 (LLL; k, = 0.021 h™!). Three bis-allylic positions
in the molecule of LLL tripled the rate of TAG degradation. The
formation of dimers and trimers from TAG is already known to
occur in oils and fats, while the direct coupling of two dimers
was observed in vegetable oils for the first time. This was a novel
finding (Figure 2). It was confirmed that higher temperatures fa-
vored oligomerization. Moreover, degradation of polyunsaturated
TAGs at 260, 250, and 240 °C exhibited clear induction periods of
35, 50, and 75 h, respectively.

A sunflower oil sample heated for 165 h at 240 °C was selected
for the preparative HPSEC fractionation of pure TAG dimers
(dTAG). A direct infusion ESI-MS technique was used to gener-
ate ammoniated TAG dimer ions [M + NH,]* by the addition of
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Figure 1. Heat-induced degradation of sunflower oil TAG species at 260 °C.

excess ammonium acetate, as shown in Figure 3. Targeted analy-
ses of dTAG adduct ions confirmed the high diversity of isolated
species in the region of m/z values from 1700 to 1900. The wide
variation of [M + NH,]* ions could be explained by diverse in-
coming TAG reactants as well as multiple mechanisms involved
in TAG dimerization. Moreover, TAG dimers could be ionized
differently based on ECN values under the conditions of ESI-MS
experiments. The most intense adduct ion of the m/z value of
1781.0 was suggested to be a dimer of TAGs (C,;,,H,,,0;,N) LOL
54:5 (ECN 44) and LOO 54:4 (ECN 46) formed by a radical cou-
pling reaction. If we take into account the number of possible
radical species formed and the number of sn positions, the mass
of 1781.0 represented dozens of acyclic dehydrodimers achieved
by —C—C- linkage. However, the mass of 1781.0 could also be
assigned to cyclohexene derivatives of two LOL 54:5 formed by
a concerted cyclization according to normal electron demand
Diels—Alder reaction. Ammoniated parent ions in the region of
the m/z values 1728.0 (C,,,H;430;,N) and 1754.0 (C;;,H,(, O, N)
corresponded to TAG dimers with one or two molecules of es-
ter bound palmitic acid, whereas peaks above 1800.0 m/z con-
tributed to dTAG with arachidic, behenic, and lignoceric fatty
acyls. MS/MS spectra of selected [M + NH,]* ions, including the
mechanism of fragmentation, are shown in Figure S3, Support-
ing Information.

The results presented in Figure 3 also demonstrated that
collision-induced dissociation provided diacylglycerol-like frag-
ment ions [M+NH,-NH;-R,COOH]* derived from TAG dimers
after the neutral loss of free fatty acids from sn-1 and sn-3 po-
sitions. The most intense dTAG diacylglycerol-like product ion
of m/z 1482.7 was assigned to the neutral loss of oleic acid and
ammonia from the TAG dimer C;;,H,,,0,,N adduct. Further
collision-induced dissociation of DAG-like fragment ions yielded
several peaks at m/z 1121.4, 1146.5, 1195.4, and 1220.5, which
corresponded either to the neutral loss of ketene R,—CH=C=0
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or R,COOH (R,COOH = linoleic acid) with 74 m/z as a part of
the glycerol backbone. The same fragmentation pattern was ob-
served for TAG monomers.[?8]

3.2. Examination of the Predominant Formation Pathway for TAG
Oligomers in the Absence of Oxygen

An intermolecular and intramolecular Diels—Alder reaction used
to be the guiding concept in understanding various aspects of
heat-induced oligomerizations of TAG. It was the object of our
study to confirm or reject pericyclic pathways. However, in the
previous chapter, we demonstrated that direct resolution of TAG
dimers was not entirely sufficient while searching for concerted
cyclization. The exact structure of sunflower oil FAME oligomers
was, therefore, shown to definitively explain thermal degradation
from a mechanistic point of view.

The transformation of PUFAs, which is illustrated in Figure
4, involved induction periods similar to polyunsaturated TAG
species (Figure 2). Geometric and positional isomerization of
fatty acyls was an essential transformation proceeding via the rad-
ical pathway. At the beginning, the lifetime of radicals was very
short due to the high content of tocopherols (%550 mg kg™).
However, during the induction period, antioxidants were fully
consumed and the lifetime of radicals was prolonged; a dynamic
equilibrium was, thus, established between various fatty acid iso-
mers. Geometric and positional isomers reached a clear maxi-
mum after 50, 100, and 165 h at 260, 250, and 240 °C, respectively.
The sum of conjugated fatty acid isomers, including all-trans CLA
(s-cis conformation) derivatives, did not exceed 2.36-3.21 wt%.
Contrary to previous reversible steps, fatty acid oligomerization
was essentially nonreversible at high temperatures. As shown in
Figure 4, FAME oligomers were formed to a significant extent
(8.25-56.67 wt%), reaching a maximum after 165 h.
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Figure 2. Impact of a prolonged heating of sunflower oil on the formation of TAG oligomers.

Complete structural information about the origin of FAME
oligomers was provided by transesterification, preparative
HPSEC-RID techniques coupled with hyphenated ESI-MS,
APCI-MS, and HTGC-MS. ESI-MS results (Figure 5, upper im-
age) demonstrated the presence of protonated parental ions with
m/z values of 588.0 and 882.3, corresponding to FAME dimers
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and trimers accompanied by less-abundant FAME tetramers
(m/z 1176.6) and pentamers (m/z 1480.2). The most intense
adduct ions were proposed as acyclic oligomers formed by cou-
pling reactions of radical species. Compound structures pre-
sented in Figure 5 (upper image) could be considered as illus-
trative, since the distribution and stereospecificity of products
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Figure 3. ESI-MS spectrum of TAG dimers [M + NH,]* isolated by HPSEC and their collision-induced dissociation fragmentation pattern.

formed was statistically random. APCI-MS results shown in Fig-
ure S4, Supporting Information, demonstrated the presence of
adduct ions [M + Na]* with m/z values of 611.8, 906.1, and
1195.5 corresponding to sodiated parental ions of FAME dimers,
trimers, and tetramers. Targeted HTGC-MS analysis was applied
while searching for Diels—Alder cycloadducts. Here, we present
detailed EI-MS spectra of cycloadducts formed by the Diels—Alder
reaction of methyl octadeca-10,12-dienoate with methyl octadec-
9-enoate. The mass spectrum of the selected compound (Fig-
ure 5, lower image) exhibited an intense molecular ion at m/z
590 accompanied by direct loss of a methoxy group (m/z 559)
via a-cleavage. Fragments at m/z 519, 505, 491, and 477 origi-
nated from the loss of 5, 6, 7, and 8 carbon atoms, respectively,
from the aliphatic chain, while the base peak (m/z 433) was de-
rived from cleavage of the C11 fragment. The EI-MS spectrum
of 3-pyridylcarbinol derivatives of FAME dimers showed a sim-
ilar fragmentation pattern shifted to m/z 667 (M**- pyridine),
596 (M**- pyridine—C4 fragment), 553 (M**- pyridine—CS8 frag-
ment), and 510 (M**- pyridine—C11 fragment).

CFAMs were the last category of linoleic acid artifacts that
definitely remained in thermally degraded sunflower oil. Com-
bined hydrogenation, urea fractionation, and adequate derivati-
zation techniques successfully afforded enriched CFAM in the
form of 3-pyridylcarbinol esters. Resolution of their structure
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and identification of specific ring positions was carried out us-
ing GC-MS. Among CFAM, the picolinyl ester of 7-(2-hexyl-1-
cyclopentyl)heptanoic acid predominated, as shown by the EI-
MS spectra in Figure S5, Supporting Information, (upper image)
with a unit gap between m/z 220 and 288. Sunflower oil sam-
ples were subjected to prolonged heat treatments at 240, 250, and
260 °C for 165 h, resulting in the formation of 0.19, 0.40, and
0.60 wt% of CFAM, respectively. Thus, each temperature incre-
ment of 10 °C caused a twofold increase in the formation of total
cyclopentyl and cyclohexyl fatty acid alteration products (Figure
S5, Supporting Information, lower image).

3.3. The Impact of Poor Dienophile Geometry on the Course of
the Diels—Alder Reaction

The first series of model experiments simulated Diels—Alder re-
actions between conjugated FAMEs and dienophiles without spe-
cial activating groups. Methyl esters of oleic and elaidic acids
were selected deliberately as poor dienophiles because their ge-
ometries were significantly different. All experiments were per-
formed strictly under an argon atmosphere to avoid autoxidation.
Moreover, reactions proceeded in the absence of residual catalysts
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Figure 4. Impact of a prolonged heating of sunflower oil on the formation of FAME oligomers after transesterification of heated sunflower oils.

such as free fatty acids and Lewis acids to be strictly thermally ac-
tivated.

In our study, we employed homogeneous isomerization of
methyl linoleate by Wilkinson’s catalyst in the presence of an
ionic liquid ((BMIM]*[(CF,S0,),N]") and SnCl,-2H,0 at 60 °C
for 90 min. This was an attractive, fast, and green approach for
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the preparation of conjugated isomers of methyl linoleate, with a
final isolation yield of 97.1%. The exact structural elucidation of
synthesized product was based on the comparison of retention
characteristics and 1D-NMR spectra with literature.[?>2%30113C
APT spectra showed intense -CH= and allylic CH, signals at
5 27.66 (C-8), 129.91 (C-9), 128.71 (C-10), 125.57 (C-11), 134.77
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Figure 5. ESI-MS spectrum of protonated FAME oligomers isolated by HPSEC (upper image). Detailed EI-MS spectrum of the Diels—Alder cycloadducts
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(C-12), and 32.90 (C-13) typical for 9cis,11trans-18:2, while APT  Quantification of individual geometrical and positional isomers

carbon signals at 6 32.86 (C-9), 134.58 (C-10), 125.66 (C-11),
128.57 (C-12), 130.15 (C-13), and 27.64 (C-14) were assigned to
the 10trans,12cis-18:2 CLA isomer. Furthermore, the 'H NMR
and APCI-MS results were in accordance with literature data.!*"!

Eur. J. Lipid Sci. Technol. 2020, 2000228
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was carried out by GC-FID analysis using an SP 2560 capillary
column. The mixture of reaction products contained 9cis,11trans-
18:2 (46.1%), 10trans,12cis-18:2 (48.2%), all-trans-CLA isomers
(1.7%), and other cis,trans or trans,cis-CLA isomers (4.0%).
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Figure 6. The impact of poor dienophile geometry on the course of the Diels—Alder reaction.

Pericyclic construction of six membered rings required the for-
mation of trans,trans-CLA isomers with a cisoid conformation. As
shown in Figure 6, key derivatives were formed to a significant
extent (27.3-27.8 wt%), reaching a maximum after 10 h of model
experiments. However, [1,5]-sigmatropic rearrangements were
identified as the prevailing pericyclic reaction at 260 °C in the
absence of catalyst, as illustrated by the decrease in 9cis,11trans-
and 10trans,12cis-CLA isomers. For thermal [1,5]-sigmatropic mi-
grations of hydrogen, the conjugated fatty acid derivatives must
also be able to adopt the cisoid conformation.[3!] Destaillats
and Angers suggested that cis-C,, trans-C,,, and trans-C,,,cis-C, ,
CLA isomers with a s-cis conformation were suitable reactants
for the pericyclic [1,5]-sigmatropic mechanism, while trans,trans-
CLA isomers represented dead-end products.*) In our study,
predominant 9cis,11trans- and 10trans,12¢is-CLA isomers also
underwent extensive suprafacial [1,5]-hydrogen migrations, but
the profile of observed reaction products was rather complicated.

Eur. J. Lipid Sci. Technol. 2020, 2000228
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We have found that different rotamers of cis-C, trans-C, ., and
trans-C,,,cis-C,,, CLA isomers could provide more than one geo-
metric isomer. If we take into account thermal [1,5]-sigmatropic
migrations of hydrogen along the molecule of the 9cis,11trans-
CLA isomer, this could lead to the formation of major 8t,10c-
C18:2 accompanied by 8¢,10c-C18:2 due to steric reasons. These
products took place in further and/or reversible [1,5]-hydrogen
shifts. However, a steep increase in trans,trans-CLA isomers could
not be explained by a [1,5]-sigmatropic mechanism with suprafa-
cial (allowed) geometry. Reactions nevertheless occurred (Fig-
ure 6) and thus a stepwise radical mechanism was preferred
rather than involving antarafacial (forbidden) pathways.

With respect to high temperature, duration, and the compo-
sition of reactants, model oligomerizations were performed in
favor of concerted [4+2]-cycloadditions. trans,trans-CLA isomers
with a cisoid conformation were believed to react 100 times
faster compared to cis-C,,trans-C,, and trans-C,cis-C,,, CLA

© 2020 Wiley-VCH GmbH
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Figure 7. ESI-MS spectrum of model system with methyl elaidate and FAME oligomers in the form of sodium/potassium adducts.
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Figure 8. Organic synthesis of naturally occurring dienophiles bearing EWG.

isomers, which had to adopt the conformation by rotation.!]
In fact, higher molecular weight compounds and other artifact
were formed to a substantial extent (20.7-21.9%) as shown in
Figure 6, but concerted Diels—Alder pathway products were less
abundant. Figure 7 illustrates the ESI-MS spectrum of FAME
oligomers. The most intense Na*/K* adduct ions of the m/z
611.50482 ([C;3H 5O, Na]*) and 627.49953 ([CsHs0,K]") were
suggested to be dimers of methyl elaidate and conjugated methyl
linoleate, formed by radical coupling reactions. Adduct ions of
613.52125 ([C45H,,0,Na]*) and 629.51541 ([Cy3H,,0,K]*) rep-
resented dozens of pericyclic products achieved by the Diels—
Alder reaction. Concerted [4+2]-cycloaddition of methyl octadec-
9-enoates was under geometric control, since stereospecific syn
addition of methyl elaidate was slightly favored. In the case of
methyl oleate, Diels—Alder cycloadducts comprised 24%, while
syn addition of methyl elaidate reached 31%.

Eur. J. Lipid Sci. Technol. 2020, 2000228
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yield 36%

3.4. The Impact of Dienophile-Activating Groups on the Course
of the Diels—Alder Reaction

It was the aim of the second model series to investigate the
reactivity of naturally occurring dienophiles towards conju-
gated linoleate. In edible fats and oils, tocopherylquinones,
volatile aldehydes, and core aldehydes were particularly com-
mon dienophiles-bearing COR and CHO electron-withdrawing
groups (EWG). para-a-Tocopherylquinone (a-TQ) (2a), para-6-
tocopherylquinone (5-TQ) (2b), and methyl-(E)-11-oxoundec-
9-enoate (3) were synthesized in good-to-quantitative yields
(36-92%), as shown in Figure 8. The presence of the by-
product, ortho-6-tocopherylquinone, was excluded by combined
1D-NMR analysis and HRESI-MS techniques. Preparation of
the representative unsaturated core aldehyde was based on
cross-metathesis of methyl dec-9-enoate and acrolein dimethyl

© 2020 Wiley-VCH GmbH
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Figure 9. The impact of dienophile EWG group on the course of the Diels—Alder reaction.

acetal, catalyzed by a second-generation Hoveyda-Grubbs  of concerted cyclization. The best dienophile was surprisingly
catalyst. the most substituted a-TQ. In the presence of a-TQ, the sum of

The impact of dienophile EWG on the course of the Diels—  CLA isomers decreased by 74.3%, and after 8 h of the model ex-
Alder reaction is summarized in Figure 9. All experiments ex-  periment, positive APCI-MS results exhibited protonated [4+2]-
hibited a sharp decline in CLA derivatives providing products  cycloadducts of conjugated methyl linoleates and a-TQ of the m/z

Eur. J. Lipid Sci. Technol. 2020, 2000228 2000228 (13 of 15) © 2020 Wiley-VCH GmbH
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741.65810 and their dehydration products of the m/z 723.62695
accompanied by dimers (m/z 893.71689) of a-TQ. Reactions
of 6-TQ and methyl-(E)-11-oxoundec-9-enoate were rather com-
plicated because a competitive oligomerizetion of §-TQ was
highly involved as shown in Figure S6, Supporting Informa-
tion, while core aldehyde (enophile) underwent ene (Alder-ene)
reactions. Nevertheless, protonated [4+2]-cycloadducts of conju-
gated methyl linoleates with §-TQ and methyl-(E)-11-oxoundec-
9-enoate were clearly identified at m/z values of 714.61370 and
507.36915, respectively.

4, Conclusions

Heat-induced degradation of sunflower oil TAGs at 240-260 °C
exhibited clear induction periods, after which time original to-
copherols were fully consumed and thus the formation of ar-
tifacts was dramatically accelerated. In the practical absence of
oxygen, geometric and positional isomerization preceded both
TAG oligomerization and PUFA cyclization. The exact struc-
tures of sunflower oil TAG and FAME oligomers were success-
fully elucidated by preparative HPSEC with hyphenated ESI-MS,
APCI-MS, and HTGC-MS techniques. The most intense ammo-
niated parent ions [M + NH,]* in the region of the m/z values
1728.0 (C,,,H;430;,N) and 1781.0 (C;,,H,,,0,,N) were assigned
to acyclic dehydrodimers of TAG achieved by —-C—C- linkage. Di-
rect infusion ESI-MS and APCI-MS techniques demonstrated
the presence of protonated parent ions (m/z values of 588.0 and
882.3) and sodium adducts (m/z values of 611.8 and 906.1) of
FAME dimers and trimers. Although coupling reactions of radi-
cal species prevailed, concerted cyclization was not fully excluded.
Finally, targeted HTGC-MS results confirmed the exact structure
of Diels—Alder cycloadducts formed by the reaction of methyl
octadeca-10,12-dienoate with methyl octadec-9-enoate.

Oligomerization of TAGs was widely described by the Diels—
Alder reaction and thus concerted cyclization represented the
guiding theory. However, in the absence of oxygen and an-
tioxidants, radical pathways represented the real mechanism
behind heat-induced formation of TAG and FAME oligomers.
The first series of model experiments shed light on the reac-
tivity of conjugated methyl linoleate with poor dienophiles.
Concerted [4+2]-cycloaddition of methyl octadec-9-enoates was
under geometric control, since stereospecific syn addition of
methyl elaidate was slightly favored. Moreover, synthesized CLA
isomers (9cis,11trans-18:2, 10trans,12¢is-18:2), which adopted the
cisoid conformation, underwent extensive suprafacial (allowed)
[1,5]-hydrogen shifts, while the formation of trans,trans-CLA
isomers was a consecutive radical reaction. Antarafacial (for-
bidden) pathways were fully excluded and thus a stepwise
addition—elimination mechanism was proposed as the correct
one. Electron-deficient dienophiles helped to a significant extent
to overcome the low reactivity of conjugate dienes.

Abbreviations

a-TQ, para-a-tocopherylquinone;  6-TQ, para-5-tocopherylquinone;
APCI, atmospheric pressure chemical ionization; BMIM, 1-butyl-3-
methylimidazolium bis(trifluoromethylsulphonyl)imide; CFAM, cyclic
fatty acid monomers; CLA, conjugated linoleic acid; ECN, equivalent
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carbon number; EI-MS, electron impact mass spectrometry; ELSD,
evaporative light-scattering detector; ESI, electrospray ionization; FAME,
fatty acid methyl ester; GC-FID, gas chromatography coupled with flame-
ionization detector; GC-MS, gas chromatography coupled with mass
spectrometry; HPSEC, high-performance size-exclusion chromatography;
HTGC, high-temperature gas chromatography; PUFA, polyunsaturated
fatty acids; RBD, refined, bleached, and deodorized; TAG, triacylglycerol;
TLC, thin-layer chromatography
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Abstract

MERKL R., HRADKOVA 1., FiLip V., SMIDRKAL J. (2010): Antimicrobial and antioxidant properties
of phenolic acids alkyl esters. Czech J. Food Sci., 28: 275-279.

Some phenolic acids alkyl esters (methyl, ethyl, propyl, butyl and hexyl) and determine their antioxidant and antimi-
crobial activities were prepared. The antimicrobial activity against the tested microorganisms Escherichia coli DMF
7503, Bacillus cereus DMF 2001, Listeria monocytogenes DMF 5776, Fusarium culmorum DMF 0103, and Saccharo-
myces cerevisiae DMF 1017 was investigated and expressed by minimum inhibitory concentration (MIC) in the range
of 1.2-20mM. The inhibitory activity of phenolic acids butyl esters was found to be higher than that of methyl esters
(MIC below 1.25mM). The antioxidant activity of the selected phenolic acids alkyl esters was investigated by Rancimat
method. The esters of 3,4-dihydroxyphenolic acids (protocatechuic and caffeic acids) exhibited higher antioxidant

activities in comparison with the respective phenolic acids. The highest antioxidant activity was found in the case of

caffeic alkyl esters.

Keywords: phenolic acid; antioxidant properties; antimicrobial properties

The selected phenolic compounds are plant
secondary metabolites naturally present in almost
all plant materials, including food products of
plant origin and other substances such as propo-
lis. Many biological effects of these compounds,
such as anti-inflammatory, antiviral, antibacterial,
antiatherogenic, and anticarcinogenic properties
have already been reported. These compounds are
considered to be an integral part of human food
(Psomiapou & Tsimipou 2002). Phenolic acid
derivatives are often isolated and applied as a blend
of plant species extracts. An exception is phenethyl
ester of caffeic acid which has been identified as
one of the major components of honeybee propolis.
Biological activities are well known in the group of
alkyl esters for p-hydroxybenzoic acids (parabens)

(GRUNBERGER et al. 1988). They are used widely
as antimicrobial preservatives in pharmaceuticals,
cosmetics, foods, and beverages and their poten-
tial toxicity and pharmacological activities have
been evaluated. Each phenolic derivative has a low
acute toxicity, which increases with the increasing
length of the alkyl chain. Butyl ester is approxi-
mately three times more toxic than methyl ester.
It appears that the methyl, ethyl, and propyl esters
of p-hydroxybenzoic acid can be safely applied
in food and drug preservatives, which have been
recommended by MATTHEWS et al. (1956). The
maximum daily intake of parabens is 0.42 mg/kg,
as reported by SoN1 et al. (2005). Carcinogenicity
and estrogenicity of phenolic derivatives, however,
have been little studied (SoTo et al. 1991). The

Supported by the Ministry of Education, Youth and Sports of the Czech Republic, Project No. MSM 6046137305.

275



Vol. 28, 2010, No. 4: 275-279

Czech J. Food Sci.

correlation between the molecular structure and
antioxidant activity of phenolic substances has
been described by CUVELIER et al. (1992). Mono-
phenols were found by them to be less effective
than polyphenols. Moreover, they found that the
second hydroxyl group at either ortho or para
position increases the antioxidant activity, and the
activity of monophenols increases considerably
with one or two methoxylic substituents.

In this work, the alkyl esters studied were synthe-
sised from pure acids to reduce the polarity of the
final substances, which increases the solubility in
oil and also facilitates the access to the lipophilic
cell wall of microorganism.

MATERIALS AND METHODS

Chemicals. Sigma-Aldrich Chemie GmbH (Stein-
heim, Germany): protocatechuic acid (3,4-di-
hydroxybenzoic acid), = 97%; gentisic acid
(2,5-dihydroxybenzoic acid), = 99%; p-hydroxy-
benzoic acid (4-hydroxybenzoic acid), 99%;
Merck (Hohenbrunn, Germany): vanillic acid
(4-hydroxy-3-methoxybenzoic acid), = 98%; ferulic
acid (4-hydroxy-3-methoxycinnamic acid), > 98%;
p-toluenesulfonic acid, = 98%; ethanol, 96%; Alfa
Aesar (Karslruhe, Germany): caffeic acid (3,4-di-
hydroxycinnamic acid), 99%; Penta (Strakonice,
Czech Republic): propanol, = 99.5%, methanol
> 99.8%; Lachema (Strakonice, Czech Republic):
butanol, = 99.5%; Fluka (Steinheim, Germany):
hexanol, > 98%

Phenolic acid alkyl esters. Phenolic acid alkyl
esters were obtained by the reaction of phenolic
acid (commercial source) with the respective al-
cohols. The acid was firstly dissolved in alcohol
and the catalyst (p-toluenesulfonic acid in the
ratio of 0.3-1:1 w/w of phenolic acid) was then
added. The reaction was carried out continuously
under reflux (2—6 h; 65-95°C) (ETZENHOUSER et
al. 2001). The isolation of the phenolic acid deriva-
tives was performed by the method described by
SiLva et al. (2000) with a little modification. After
cooling, the solvent was evaporated. The mixture
was dissolved in ethyl acetate and neutralised with
8.4% w/w Na,CO, and subsequently washed with
1% w/w NaCl solution. The organic phase was
separated and dried overnight over Na,SO,. The
products were purified by flash-chromatography
(silica gel, hexane/ethyl acetate 7:3) or by crystal-
lisation in benzene with a small addition of the

276

appropriate alcohol. All compounds were obtained
with a high yield and their purity was confirmed
by TLC-FID. The purity of the compounds was
greater than 98%. Thin-layer chromatography
(TLC) was carried out on silica gel 60 F254 and
cellulose plates (Merck, Hohenbrunn, Germany).
The mobile phase was chloroform/methanol (9:1).
The spots were visualised under UV (254 nm)
(NAGAOKA et al. 2002).

Antioxidant activity. The antioxidant activities of
the phenolic acid derivatives (36mM) prepared were
determined using the Rancimat apparatus (Rancimat
743, Metrohm, Ltd., Herisau, Switzerland). The
principle of this method is to bubble air through
heated sunflower oil (Table 1) and monitor con-
tinuously the conductivity of demineralised water
containing volatile secondary oxidative products.
The analysis was performed at the temperature of
120°C with air flow of 20 l/h. The protection fac-
tor of antioxidants was calculated using Rancimat
software according to the equation:

PF (%) = IP (oil + antioxidant)/IP (oil) x 100

where:

PF — protection factor

IP — duration of the induction period (HRADKOVA et al.
2009)

Antimicrobial activity. Antimicrobial activ-
ity of phenolic derivatives against Gram-positive
and Gram-negative bacteria, yeast, and fungi was
measured by means of the minimum inhibitory
concentration (MIC). The MIC was defined as
the lowest concentration of phenolic acid alkyl
esters which would inhibit the visible growth of
the microorganism after the respective incubation
(Table 2) (ANDREWS 2001).

The antibacterial effect of phenolic acid deriva-
tives was followed in microtitration plates. The

Table 1. Characterisation of sunflower oil

AV (mg KOH/g) 0.16

PV (meq. act. O/kg) 3.28

IV (g 1,/100 g) 122.06

Tocopherol content (mg/kg) 120.00
C14:0 0.07 C18:3 0.04

Composition C16:0 6.12 C20:0 0.30

of fatty acids C18:0 4.05 C20:1 0.02

(% wiw) Ci8&1 2662 C220  0.82
C18:2 61.71 C24:0 0.25
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Table 2. Conditions of incubation

Organism

Incubation conditions

Escherichia coli DMF 7503

Bacillus cereus DMF 2001

Listeria monocytogenes DMF 5776
Saccharomyces cerevisiae DMF 1017

Fusarium culmorum DMF 0103

37°Cin air for 20 h
30°C in air for 20 h
37°Cin air for 20 h
25°C in air for 48 h
20-23°C in air for 72-120 h

culture grew at the corresponding temperature
under aerobic conditions for 20-120 hours. The
bacterial cultures used in the experiment were
prepared freshly in nutrient broth, while yeast and
fungi were prepared in malt extract. The initial
density of bacterial strains was approximately
107 CFU/ml (CFU = colony-forming unit). In the
case of Fusarium species, their spores were diluted
to 10* CFU/ml. In each well of the microtitra-
tion plates, a volume of 50 pl suspensions of the
microorganisms was mixed with 200 pl nutrient
broth containing phenolic acid alkyl esters. The
amount of antimicrobial agent was diluted with
30% ethanol. The final concentration of ethanol
in the test broth was not above 2.5% because at
this level the concentration has no influence on
the growth of microorganism. The controls inocu-
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lated without antimicrobial agent were processed
simultaneously (BARTOSOVA et al. 2004).

Statistical analysis. All experiments were per-
formed in three replications. The results were
expressed as mean values + SD (the corresponding
error bars were displayed in the graphical plots).
All statistical tests were performed at a confidence
level of 95% (P = 0.05).

RESULTS AND DISCUSSION

The MIC values of the phenolic acids alkyl es-
ters prepared are shown for each microorganism
strains tested in Table 3. The MIC values of phe-
nolic acids and alkyl esters determined for yeast
(E) and fungi (D) were significantly different.
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Figure 1. Protection factor (PF) of sunflower oil with phenolic acid and their alkyl esters (36mM), Rancimat method
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Table 3. The minimum inhibitory concentrations (MIC) in mM of phenolic acid and their alkyl esters against tested
microorganisms (A) Escherichia coli DMF 7503, (B) Bacillus cereus DMF 2001, (C) Listeria monocytogenes DMF 5776,
(D) Fusarium culmorum DMF 0103, and (E) Saccharomyces cerevisiae DMF 1017

Acid

Methyl
ester

Ethyl
ester

Propyl
ester

Butyl
ester

Escherichia coli DMF 7503 (A)
p-Hydroxybenzoic acid
Protocatechuic acid

Gentisic acid

TSI

Vanillic acid

Ferulic acid

i I
A,

Caffeic acid

ND ’
A

Bacillus cereus DMF 2001 (B)

p-Hydroxybenzoic acid

IS IS,

Protocatechuic acid

IS S S S

Gentisic acid

PSS IS A IS

Vanillic acid

IS II SIS

Ferulic acid

ND

Caffeic acid

IS SIS ASS Ao

Listeria monocytogenes DMF 5776 (C)

p-Hydroxybenzoic acid

AN

Protocatechuic acid

SIS L A SSIS,

Gentisic acid

.
A A

Vanillic acid

IS NS I Ao

Ferulic acid

A

Caffeic acid

d
IS SIS NS TI,

Fusarium culmorum DMF 0103 (D)

p-Hydroxybenzoic acid
Protocatechuic acid

Flf
i

Gentisic acid

Vanillic acid
Ferulic acid

IIINY,
[/

ND

Caffeic acid

Saccharomyces cerevisiae DMF 1017 (E)
p-Hydroxybenzoic acid

1SS S

Protocatechuic acid

Gentisic acid

Vanillic acid

Ferulic acid

Caffeic acid

MIC (mmol/l): >20.00 [ ] 20.00 HHH 10.00 [] 5.00 250 [T <125 |l ND - not determined

Possible explanation may reside in the higher
proportions of lipids and phospholipids contained
in the cell walls of the former. It can be seen most
evidently in the case Fusarium. Significant dif-
ferences between MIC values for Gram-negative
(Escherichia) and Gram-positive (Bacillus and
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Listeria) bacteria were observed. Moreover, the
sensitivity of Gram-positive bacteria was higher
even in the case of phenolic acids and their methyl
or ethyl esters.

Table 3 is arranged in the order from the lightest
shade (the highest amount of the tested substance)
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to the darkest one (the lowest amount of tested
substance). Propyl ester of ferulic acid was not
obtained in suitable purity, therefore its antioxi-
dant activity was not determined.

Antioxidant properties of the substances, ex-
pressed as protective factors (PF), are shown in
Figure 1. It is obvious that some compounds show
pro-oxidation activity (ferullic acid, all deriva-
tives of vanillic acid and some derivatives of p-
hydroxybenzoic acid). Gentisic acid exhibited
approximately doubled PF, whereas its ester forms
exhibited considerably low PF as a result of los-
ing their antioxidant properties. MASUDA et al.
(2008) described the antioxidant mechanisms
of polyphenols (caffeic acid) as quinone form of
dihydroxylbenzene that is much more easily oxi-
disable than the biological material.

CONCLUSION

Generally, the antimicrobial effect of phenolic
acids derivatives increases with the increasing length
of the alkyl chain. Butyl esters of phenolic acids ef-
fectively inhibit the growth of Bacillus cereus DMF
2001 and Saccharomyces cerevisiae DMF 1017.

Caffeic acid, its esters, and gentisic acid (only) show
significant PFs (higher than 150%). Protocatechuic
acid and its esters also possess antioxidant activity
but their protection factor does not exceed 120%.
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Lipid Oxidation in Margarine Emulsions
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Abstract: Influence of different storage atmosphere (argon and oxygen atmosphere) and influence of monoacylglycerol’s
emulsifier (with the carbon chain containing 10, 12, 14, 16, 18 carbon atoms and commercial emulsifier D and a
model mixture of monoacylglycerols with the carbon chains containing 10, 12, 14 carbon atoms) on lipid oxidation
in margarine emulsions were observed. The rate of lipid oxidation in emulsion with oxygen atmosphere depends
on oxygen diffusion through the emulsion layer, while lipid oxidation in emulsion with inert atmosphere is influ-
enced by initial oxygen concentration in water and fat phase. Lipid oxidation in emulsion also depends on acyl
combination and the acyl length in emulsifier. Emulsions with monostearoylglycerol oxidized minimally while

emulsions with a mixture of monoacylglycerols oxidized maximally.

Keywords: emulsifier; emulsion; lipid oxidation; margarine; monoacylglycerol

INTRODUCTION

Lipid oxidation in emulsion systems is a very
complex feature which is usually influenced by
many factors, for example the technological history
of fat blend, the presence of oxygen in the package,
the initial concentration of oxygen in the water
phase and in the fat blend, the storage conditions
of emulsions, the presence of prooxidants, antioxi-
dants and the structure of interface [1, 2].

Technological fat blend history means previous
oxidation of fats and oils of the blend before the
emulsification. There is an effort to keep the mini-
mal oxygen content in the fat blend which is close
to zero after physical refining or deodorization.

During the storage of margarine emulsions the
oxygen diffuses from the atmosphere to the fat
blend and together, if the oxygen is presented
in water phase, from the water phase to the fat
blend.

Monoacylglycerol’s emulsifier forms interface of
emulsion. Type of emulsifier and its concentration
also influence the rate of lipid oxidation [3, 4].

EXPERIMENTAL

Margarine composition. Fat phase: fat blend:
69.6%. Emulsifier — monoacylglycerol (MAG): the

140

concentration of MAGs in emulsifier was 98.4 to
99.9%. The concentration of MAGs in emulsions
was 0.4%.
Synthesized MAG — Monocaprinoylglycerol
(MCQG) = 1-decanoylglycerol
— Monolauroylglycerol (MLG) = 1-dodecanoyl-
glycerol
— Monomyristoylglycerol (MMG) = 1-tetrade-
canoylglycerol

— Monopalmitoylglycerol (MPG) = 1-hexade-
canoylglycerol

— Monostearoylglycerol (MSG) = 1-octadecanoyl-
glycerol

— A model mixture of monocaprinoylglycerol,
monolauroylglycerol, monomyristoylglycerol

(in the ratio of 1:8:1).

Commercial emulsifier D (the mixture of mono-
palmitoylglycerol, monostearoylglycerol and mo-
nooleoylglycerol), the concentration of MAGs
was 94%.

Water phase: distilled water (29.9%), NaCl (0.1%),
lactic acid (0.02%).

Storage conditions. The initial oxygen concentra-
tion was defined in emulsion. First type of emul-
sions: 250 ml of emulsions were stored under the
oxygen atmosphere (oxygen volume was 450 ml,
oxygen purity was >84% v/v) in glass jars (700 ml)
with Twist-Off lids. Second type of emulsions:

Proc. Chemical Reaction in Food V, Prague, 29. 9.-1. 10. 2004
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250 ml of emulsions were stored under the argon

atmosphere (argon volume was 10 ml, argon pu-

rity was < 99.9% v/v) in glass jars (260 ml) with

Twist-Off lids. The precondition: Twist-Off lids

would not allow gas exchange between outside

and inside atmosphere of the glass jar. The storage
temperature was 15°C.

Analytical methods used in this research.

— Peroxide value (PV) — IUPAC 2.501 (1987)

— Conjugated diens content (CD) — IUPAC 2.206
(1987)

— Anisidine value (AV) — IUPAC 2.504 (1987)

—Acid value = free fatty acid content (FA) - IUPAC
2.201 (1987)

- Oxidative stability of isolated fat blend from
emulsion under the conditions of Schaal oven
(the storage time at 60°C which is necessary to
increase in peroxide value of fat blend to 10 mil-
liequivalents of active oxygen per kg).
Emulsion sample. Figure 1(a) shows how the

emulsions under the oxygen atmosphere were

stored. Samples were taken from the surface (A),

the core (B) and the bottom (C) for peroxide value

determination and from the surface (A) and the
bottom (C) for other analytical determinations.

The rate of lipid oxidation in the different layers

was limited due to oxygen diffusion through the

emulsion.

Figure 1(b) shows how the emulsions under
the argon atmosphere were stored. Samples were
taken from the core of emulsion. Lipid oxidation
in this system depends only on the initial oxygen
concentration in the water and the fat blend.

RESULTS AND DISCUSSION

The oxygen diffusion through emulsion layer
and comparison of different storage atmosphere

During storage period the oxygen diffuses from
the oxygen atmosphere to the emulsion surface

iy grn
atroiphere

—
~  aumosphers

Hl—— ihe core

A (the narface)
B (the coge)
C (the hottom)

(a) [
Figure 1. Samples of emulsion stored under oxygen (a)
and argon atmosphere (b)

and then through the emulsion layer. The oxygen
dissolves in fat phase and reacts with fatty acids to
hydroperoxides (Figure 2). Samples stored under
the oxygen atmosphere were oxidized faster on
the surface (A) than on the bottom (C). The rate
of lipid oxidation depends on the rate of oxygen
diffusion through the layer of the emulsion in
the propagation phase of the reaction (between
10 and 15 weeks). Samples stored under the argon
atmosphere oxidized only slightly. The range of
oxidation changes depends on initial concentration
of oxygen in both phases of emulsion.

The same results were obtained in the determi-
nation of conjugated diens content.

The anisidine value (Figure 3) and the free fatty
acid content did not change during the whole stor-
age period at 15°C. It means that the secondary
oxidative products did not form from hydroper-
oxides under storage temperature (15°C).

Determination of oxidative stability of isolated
fat blend

The determination of oxidative stability of iso-
lated fat blend represents another approach to
testing the changes in lipid oxidation in emulsion
during storage period at 15°C (Figure 4).

Figure 2. The depend-

25 —@— A-oxygen atm. —— B-oxygen atm.
ED 20 4 —h— C—oxygen atm. —*— argon atm.
z 151
()
£ 10 -
< m
0 T

0 5
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20 -
—&— A-oxygen atm.

15 A

—— C-oxygen atm.

Figure 3. The depend-
ence of anisidine value
(emulsifier D) on the
time at 15°C

—X— argon atm.

>
< 10 N .
5 -
0 T T 1
0 5 10 15
Time (weeks)
g::/ 40 7 —— oxygen atm.
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£ 30 8
.%
"i 20 Figure 4. Oxidative sta-
= bility of isolated fat blend
3 10 4 of emulsion (MMG) un-
5 0 der conditions of Schaal
' ' oven during storage pe-
0 10 15 tiod at 15°C

Time (weeks)

Oxidative stability of isolated fat blend of emulsion
stored under oxygen atmosphere decreased to the
zero during 15 weeks while oxidative stability of fat
blend of emulsion stored under argon atmosphere
decreased from 100% to 60%. We can suppose that it
depends on the initial oxygen content in emulsion
and the technological history of fat blend.

Influence of emulsion interface on lipid
oxidation (Figure 5)

Emulsions containing emulsifier D or a model
mixture of monoacylglycerols were oxidized to the

greatest extent. The interface was heterogeneous
and the oxygen diffusion was increased through
this interface because three different acyl chains
were presented on the interface in both cases.
The emulsion with monostearoylglycerol had
the lowest oxidation level of all emulsions. The
interface of this emulsion was very compact. The
carbon chain consisting of 18 carbon atoms was
the longest carbon chain of all monoacylglycer-
ol’s emulsifiers. The oxygen diffusion decreased
through this interface and the lipid oxidation was
minimal. The interactions are possible between
monostearoyglycerol and fat blend crystals too.

30
’s —— MCG
= 7 —&— MMG
é 20 - —¥— MSG
g 15 4 —+— emulsifier D
R23 —{+—MLG
> 10 A
e —*— MPG
5 4 —&— a model mixture of MAG
0 1

Time (weeks)

15 20

Figure 5. The dependence of peroxide value (on the surface) of emulsion with oxygen atmosphere on time at

15°C. Influence of the emulsifier type
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CONCLUSIONS

The rate of lipid oxidation in the emulsions stored
under oxygen atmosphere depends on the oxygen
diffusion through the emulsion layer. The range of
oxidation changes in the emulsions stored under
inert atmosphere depends on initial oxygen con-
centration in both phases of emulsion.

Lipid oxidation in emulsion depends on acyl
combination and the acyl length in emulsifier.
Emulsion containing only monostearoylglycerol
oxidized minimally while emulsion where the
interface was created by a mixture of monoacyl-
glycerols (such as emulsifier D or a model mix-
ture of monocaprinoylglycerol, monolauroylgly-

Proc. Chemical Reaction in Food V, Prague, 29. 9.-1. 10. 2004

cerol and monomyristoylglycerol) oxidized to the
maximum.

The content of secondary oxidative products did
not change during whole storage period at 15°C.
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Abstract: Model fat blends with a monoacylglycerol emulsifier with different acyl chain (C10, C12, C14, C16, C18,
C18:1, C20, C22) were prepared and stored under oxygen atmosphere 8 weeks at temperature 20°C. Influence of

monoacylglycerol on oxidation and oxidation stability of the model fat blends was studied. The model fat blends were

prepared by mixing of fully hydrogenated structured fats that contained only palmitic and stearic acid (fully hydro-

genated zero-erucic rapeseed oil and fully hydrogenated palmstearin) and half-refined soybean oil. Lipid oxidation

was measured by determination of the peroxide value. Volatile oxidation products were detected by the solid phase

microextraction in connection with gas chromatography-mass detector (SPME/GC-MS). The oxidative stability was

measured by the Rancimat method. Lipid oxidation in model system with 1-octadecenoylglycerol (MAG18:1) was the

most extended. On the other hand minimal lipid oxidation was found out in the presence of 1-tetradecanoylglycerol

(MAG14) and 1-hexadecanoylglycerol (MAG16).

Keywords: lipid oxidation; fat blend; emulsifier; monoacylglycerol

INTRODUCTION

Oxidation is the most important reaction that
leads to increase of oils rancidity, viscosity and vola-
tility because the low-molecular weight off-flavor
compounds are formed. The off-flavor compounds
do oil less acceptable or unacceptable to consumers
or for industrial use as a food ingredient. Oxida-
tion of oil also destroys essential fatty acids and
forms toxic compounds and oxidised polymers
(ASHAVARYU et al. 2000; CHOE & MIN 2006).

Lipid oxidation in liquid oils and O/W emulsions
is described very well. However, the lipid oxida-
tion in dispersive systems as W/O emulsions and
fat crystals in liquid oil is not described enough
(FRANKEL 2001).

It has been found out that monoacylglycerols of
saturated fatty acids retarded lipid oxidation in
margarine emulsion. The emulsifier in emulsion
can be accumulated at three various interfaces
— emulsion/air, water/oil and liquid lipid/solid
lipid of the fat blend (crystals triacylglycerols). The
question is: Is the lipid oxidation influenced on

monoacylglycerol emulsifier in fat blends, where
the emulsifier can be accumulated at two interfaces
— fat blend/air and liquid lipid/solid lipid (crystal
network of the structured fat) (GARTI et al. 1998;
POKORNA et al. 2004).

The aim of this study was to find out the influ-
ence of the monoacylglycerol with different acyl
chain on the rate of lipid oxidation of liquid phase
in dispersive system.

MATERIALS AND METHODS
Fat blend composition

Structured fat: 19.7% w/w fully hydrogenated zero-
erucic rapeseed oil (FH ZERO) or fully hydrogen-
ated palmstearin (FH PST) (Table 1 shows fatty
acid composition of structured fat).

Liquid oil: 79.7% w/w half-refined soybean oil.
Emulsifier: 0.6% w/w monoacylglycerols (MAGs),
1-decanoylglycerol (MAG10), 1-dodecanoylgly-
cerol (MAG12), 1-tetradecanoylglycerol (MAG14),
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Table 1. Fatty acid composition of structured fat (g FA/
100 g =FA)

Fatty acid (FA) FH ZERO FH PST
C16:0 5.53 54.91
C18:0 91.04 42.43
C18:1 0.12 0.09
C18:2 0.00 0.24.
Others 3.31 2.33

1-hexadecanoylglycerol (MAG16), 1-octade-
canoylglycerol (MAG18), 1-octadecenoylglycerol
(MAG18:1), 1-eicosanoylglycerol (MAG20), 1-
docosanoylglycerol (MAG C22) were synthesised
(MARTIN 1953), purity > 95%.

Storage conditions

250 ml of fat blends were stored under
the oxygen atmosphere (oxygen volume was
450 ml, oxygen atmosphere was > 84% v/v)
in glass jars (700 ml) with Twist-Off lids. The
storage temperature was 20°C.

Analytical methods used in this research

= Peroxide value (PV) — CSN ISO 3960:1994.

= Solid phase microextraction in connection with gas
chromatography-mass detector (SPME/GC-MS)
— detection of volatile oxidation products (ad-
sorption at 20°C), GC conditions: column HP5
(max. temperature 325°C, 0.25 mm x 30 m, thick-
ness of stationary phase 0.25 um, carrier gas He
0.9 ml/min), SPME fibre: Divinylbenzen/Car-
boxen/Polydimethylsiloxan (DVB/CAR/PDMS)
50/30 pm, length of fibre 1 ¢cm, pH 2-11, max.
temperature 270°C.

400 A
FH ZERO - the surface

300 -
200 -
100 4

IIUN0L

Area PV (meqv.O/kg.8 weeks)-

= Oxidation stability was estimated on the Ran-
cimat instrument (conditions: air flow 20 1/h,
temperature 120°C) and evaluated as time of
induction period (h).

* Methods used for data processing — rectangle
method (calculation of areas under the curves)
and Student’s ¢ test at significance level a = 0.05
(ECKSCHLAGER ef al. 1980).

Fat blends samples

Fat blend was separated to three layers: the
surface, the core and the bottom. Samples were
taken from the surface, the core and the bottom
for the peroxide value determination. Samples
for Rancimat method were taken from the core.
Lids of the glass jars were equipped with septum
to take directly sample of volatiles above the fat
blend for SPME/GC-MS.

RESULTS AND DISCUSSION

Primary products of lipid oxidation

Oxygen diffuses from the oxygen atmosphere to
the fat blend, dissolves in the fat blend and reacts
with fatty acids to hydroperoxides. The amount of
hydroperoxides decreases from the surface to the
bottom. Figures 1 and 2 show the areas under the
curves, which correspond with total content of hy-
droperoxides in 1 kg sample for 8 weeks. Fat blend
(with FH ZERO as well as FH PST) with MAG18:1
had the highest content of hydroperoxides and was
statistically significant different from the others
fat blends. The lowest content was detected in
fat blends with FH ZERO with MAG10, MAG14,
MAG16 and MAG22 (Figure 1) and in fat blends
with FH PST with MAG14 and MAG16 (Figure 2).

Figure 1. Areas under
the curves of the perox-

MAGI0 MAG12 MAG14 MAGI6

$170

MAGI18 MAGI18:1 MAG20
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Differences between fat blends with these emulsi-
fiers were not statistically significant.

Secondary products of lipid oxidation

Volatile oxidation products (hexanal, 2,4-hepta-
dienal and nonanal) were detected by the method
SPME/GC-MS. The maximal amount of all vola-
tile products was detected in the second week
of storage. Lower concentration was determined
in fat blends with MAG12 and MAG18. Higher
concentration was found out in fat blend with
MAG18:1.

Oxidative stability by the Rancimat method

Oxidative stability is represented by the time
(induction period — IP or induction time) in which
an oil sample resists to oxidation at specific tem-
perature. The sample was heated at 120°C and
conductivity of volatile products of oxidation in
the solution was measured. The oxidative stability
decreases during the storage. The minimal oxi-
dation stability had the fat blend with MAG18:1
and the maximal oxidation stability was extended
in the fat blend with MAG16 (Figures 3 and 4).
Statistically significant difference of areas under
the curves was found out in the fat blend with
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MAG18:1, which was significantly different from
the fat blends with the others MAGs.

Lipid oxidation in model system with MAG18:1
was the most extended. On the other hand minimal
lipid oxidation was found out in the presence of
MAG14 and MAG16 at the both structured fats.
Adsorption of monoacylglycerols on the crystal
network with the tightest arrangement of emulsi-
fier molecules can be expected. The presence of a
cis-double bond in oleic acid of monoacylglycerol
caused less tight adsorption of the emulsifier on
the interface. Hence oxygen diffusion through the
interface depends on the type of acyl chain of the
monoacylglycerol emulsifier.
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Abstract

SPEVACKOVA V., HRADKOVA 1., SMIDRKAL J., FILIP V. (2012): Lipid oxidation of fat blends modified by
monoacylglycerol. Czech J. Food Sci., 30: 527-533.

Model dispersions of fat blends (FBs) with monoacylglycerols (MAG) of saturated fatty acids with different lengths
of the acyl chain (MAG10-MAG18) and 1-octadecenoylglycerol and without MAG (as blank) were prepared. We find
out the influence of the addition of monoacylglycerol on oxidation of the fat dispersion. Trihexadecanoylglycerol
(tripalmitoylglycerol — TAG48) was used as the dispersive phase and soybean oil was used as the dispersive medium.
Primary (conjugated diens) and volatile secondary (by SPME in connection with GC-MS) lipid oxidation products
and oil stability index (OSI) were measured during autoxidation of the fat blends in storage conditions. MAGs with
a shorter (or the same) acyl chain length (MAG10-MAG16) than the acyl chain length of the structured fat (TAG48)

arrange tightly on the interface oil/crystals of structured fat, thus prevent lipid oxidation.

Keywords: conjugated diens; secondary oxidation products; oil stability index — OSI; structured fat; trihexadecanoylg-

lycerol; tripalmitoylglycerol

Oxidation of lipids is one of the major reactions
resulting in the decrease of food quality and accept-
ability, because it reduces the nutritional value and
generates rancidity, causing undesirable flavours.
Primary oxidation products are hydroperoxides
which have no effect on flavour quality of foods.
Hydroperoxides are unstable being decomposed to
secondary oxidation products, a complex mixture
of volatile (aldehydes, methyl ketones, hydrocar-
bons) and non-volatile compounds under storage
temperatures. The extent of oxidation, formation
of oxidation products, and oxidative stability are
primarily dependent on the degree of unsaturation
of the fatty acids present in triacylglycerols and on
the structural differences beween the various tria-
cylglycerols. Double bonds and methylene groups
near to double bonds in unsaturated fatty acids

are the active sites for free radicals formation and
oxidation reaction is subsequently started (SHAHIDI
1998; CHOE & MIN 2006; LAGUERRE et al. 2007).
Lipid oxidation in oils and in emulsions of oil-
in-water (O/W) type has been well described in
many publications (VELASCoO & DOBARGANES
2002; ANWAR et al. 2003; OSBORN & AKOH
2004; BELTRAN et al. 2005; HAIYAN et al. 2007).
Nevertheless the information on the oxidation of
lipids in emulsions of water-in-oil (W/O) type or
dispersive systems like fat blends is not sufficient
(FRANKEL 2001; POKORNA et al. 2004).
Oxidation and oxidative stability of lipids in
model fat blends—fat dispersions were studied in
this work. The simple fat dispersion consists of fat
crystals and/or their clusters which create three-
dimensional network as the dispersive phase and

Supported by the Ministry of Education, Youth and Sports of the Czech Republic, Project No. MSM 6046137305, and
by Specific University Research, Project No. MSM 21/2011.
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liquid oil as the dispersive medium (NARINE &
MARANGONTI 1999). High melting fat crystals such
as fully hydrogenated fats can exhibit gel-like be-
haviour in fat blends. Three-dimensional fat crystal
network then exhibits the properties of organogel
(Higaxi et al. 2004). Liquid triacylglycerols closed
in three-dimensional network are oxidised. The
network itself can make a specific barrier against
oxygen diffusion and adsorbed emulsifiers can
intensify this barrier (SPEVACKOVA et al. 2009). It
has been found out that monoacylglycerols retarded
lipid oxidation in margarine emulsion, a system of
three phases (two limitation miscibility liquids and
solid phase) (POKORNA et al. 2004). In margarine
emulsions the emulsifier is adsorbed not only on
the interfaces emulsion/air and water/oil but also
on the interface liquid lipid/solid lipid of the fat
blend (GARTI et al. 1998). In the shortenings the
emulsifier can be accumulated on the interfaces
fat blend/air and liquid lipid/solid lipid. Emulsi-
fiers such as monoacylglycerol can improve their
physicochemical properties in two main ways.
The first function of an emulsifier is to enable the
formation of two distinct phases (formation of a
stable pseudo-homogenous state) and the second
one is to modify the behaviour of continuous oil
phase (MARTINI & HERRERA 2008).

This issue has been studied in a simple system of
fat dispersions with fully hydrogenated zero-erucic
rapeseed oil (containing more then 90 % (w/w) of
stearic acid) as a structured fat. Positive barrier ef-
fect of 1-hexadecanoylglycerol was determined in
these fat blends (SPEVACKOVA et al. 2009). The aim
of this paper was to study the influence of mono-
acylglycerol emulsifiers (with naturally occurring
fatty acids) on lipid oxidation of model fat blends
(FBs) with trihexadecanoylglycerol (TAG48).

MATERIAL AND METHODS

Chemicals. Glycerol (purity > 99.5%; Sigma-Al-
drich, Darmstadt, Germany), hexadecanoyl chloride
(palmitoyl chloride, purity > 98%; Sigma-Aldrich,
Darmstadt, Germany), pyridine (purity = 99.8%;
Fluka, Germany), chloroform (purity > 99.5%; Lach-
Ner, Brno, Czech Republic), 3-dimethylamino-
1-propylamine (purity = 98%; Fluka, Germany),
hydrochloric acid (purity = 35%; Lach-Ner, Brno,
Czech Republic), calcium chloride (purity > 96 %;
Lach-Ner, Brno, Czech Republic), n-hexane (purity
> 99 %, Penta, Prague, Czech Republic).
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Synthesis of trihexadecanoylglycerol (tripalmi-
toylglycerol — TAG48). TAG48 was synthesised by
the reaction of glycerol with hexadecanoyl chloride
by the modified method (SiDHU & DAUBERT 1947;
TAUFEL et al. 1960). The reaction was stopped
after 12 h by the addition of 3-dimethylamino-
propylamin. The reaction mixture was rinsed with
5% (w/w) aqueous solution of hydrochloric acid
and subsequently with distilled water to neutral
pH, and then the organic fraction was dried over
calcium chloride. The chloroform was evaporated
and the product was purified by crystallisation in
n-hexane (two-times). The purity of TAG48 was
higher than 98 % by HTGC/FID analysis while the
contents of FFA, MAG and DAG were negligible.

FBs composition. 19.7 % (w/w) structured fat
— TAG48; 79.7% w/w liquid oil — half-refined soy-
bean oil (Setuza a.s., Usti n. L., Czech Republic)
(characterisation and fatty acids composition in
Table 1); 0.6% w/w monoacylglycerol emulsifier.
The emulsifiers 1-decanoylglycerol (MAG10), 1-do-
decanoylglycerol (MAG12), 1-tetradecanoylgly-
cerol (MAG14), 1-hexadecanoylglycerol (MAG16),
1-octadecanoylglycerol (MAG18), 1-octadecenoyl-
glycerol (MAG18:1) were synthesised (MARTIN
1953). Purity of all MAGs was higher than 95%.

FB without emulsifier (WE) was prepared as a
blank sample (20% w/w structured fat and 80%
w/w liquid oil).

FBspreparation and storage conditions. FBs were
prepared in duplicate vessels in argon atmosphere

Table 1. Characterisation and fatty acids composition [%
w/w] of soybean oil

AV (mg KOH/g) 0.12
PV (meq. act. O/kg) 1.03
IV (g1,/100 ) 130.4
CD (% w/w) 0.350
IP Rancimat (h) 4.06
IP Oxidograph (h) 3.60
C16:0 10.9
C18:0 4.5
C18:1 23.4
C18:2 53.0
C18:3 7.1
Others 1.1

AV — anisidine value; PV — peroxide value; IV — iodine value;
CD - conjugated diens content; IP — induction period



Czech J. Food Sci.

Vol. 30, 2012, No. 6: 527-533

(P1ska et al. 2006). The mixture of structured fat,
liquid oil and emulsifier was heated to 80°C. The
liquid mixture was emulsified during 5 min with an
emulsifying stirrer (1000 min™'). FBs were stored
over a long term in the darkness under an oxygen
atmosphere (oxygen atmosphere was > 84% (v/v)
— sensor CellOx 325, WTW; Weilheim, Germany)
at temperature 20 + 1°C.

Determination of conjugated diens content.
Conjugated diens (CD) content was determined
by the standard IUPAC 2.206 method (IUPAC
1987) every two weeks.

Measurement of oxidative stability. The
oxidative stability of FBs was determined by the
instruments Rancimat 743 (Metrohm Ltd, Herisau,
Switzerland) and Oxidograph™ (Mikrolab Aarhus
A/S, Hojbjerg, Denmark) every two weeks.

Rancimat procedure: 2.5 g of FB in the reac-
tion vessel were bubbled through with air flow of
20 I/h at a temperature of 120 + 1.6°C (Oil Stabil-
ity Index method — OSI; AOCS Official Method
Cd12b-92 1997).

Oxidograph procedure: 5 g of FB in the reaction
vessel under oxygen atmosphere (filling of vessel
by oxygen: flow of O, was 2—4 1/min for 20 s) were
heated to 110°C (VELASCO et al. 2004; NOGALA-
KALuUCKA et al. 2005).

Analyses of volatile compounds. The volatile
compounds were extracted by the headspace-solid
phase extraction (HS-SPME) and determined by
gas chromatograph Agilent Technologies 7890
(Agilent Technologies, Santa Clara, USA) with
mass detector Agilent Technologies 5975C (Agilent
Technologies, Sant Clara, USA) (GC/MS). GC/MS
with HP-5MS column (max. temperature 325°C,
0.25 mm x 30 m, thickness of stationary phase
0.25 pm; J&W Scientific, St. Louis, USA) was used.

HS-SPME procedure: SPME manual holder (Su-
pelco, Bellefonte, USA) with 50/30 um DVB/CAR/
PDMS 1 cm fiber (Supelco, Bellefonte, USA). The
fiber was conditioned for 60 min at 270°C as rec-
ommended by the manufacturer. 5.6 g of FB were
capped with PTFE/Silicone septa in 15 ml vial

(Supelco, Bellefonte, USA). The fiber was exposed
to the sample headspace for 20 min at 20°C.

HS-SPME/GC/MS: The fiber was desorbed for
7 min in the splitless injection port at 240°C. The
column temperature program was 40°C for 7 min
and was followed by anincreased to 200°C at 5 K
per minute. The flow rate of helium carrier gas
was 0.9 ml/minute. The temperatures of the ion
source and quadrupole were 230 and 150°C, re-
spectively. The mass spectrometer operated in
the electron impact (EI) ionisation mode at 70 eV
and mass spectral data were acquired in the range
25-400 amu. The scan and selected ion monitor-
ing (SIM) were used as the data acquisition mode,
the chosen ions were 44 and 56 for hexanal and
44 and 58 for pentanal. The identification of the
compounds was carried out by comparing their
spectra with those of the NIST Mass Spectra library.

Calibration curves were prepared for two major
volatile products — pentanal (valeraldehyde, purity
> 97%) and hexanal (purity = 98%; both Fluka,
Taufkirchen, Germany). These aldehydes were
analysed in oil without volatile compounds. The
calibration data were obtained under the same
analysis conditions as were those for the samples
and they are listed in Table 2.

Calculation of the area under the curve (AUC).
The area under the curve for the individual MAGs
was calculated from: the dependence of the CD
content (expressed in % w/w) on storage time
(expressed in weeks) — AUC_,, the dependence of
the oxidative stability (expressed in h) on storage
time (AUCRancimat, AUCOXi dograph), the dependence of
the pentanal/hexanal concentration (expressed in
pmol/kg) on storage time (AUCpentaml, AUC, )
by trapezoid method. The AUC correlated with the
effects of MAGs on the formation of CD, pentanal,
hexanal, and oxidation stability during storage.

Statistical analysis. The results were expressed
as mean * standard deviation (the corresponding
error bars were displayed in the graphical plots).
Statistical data analysis was performed by using Stu-
dent’s t-test at a confidence level of 95% (P = 0.05).

Table 2. The calibration data of standard volatile compounds by HS-SPME/GC/MS

Parameter Hexanal Pentanal
Average of retention time £, (min) 9.123 5.169
Calibration curve y =205.1x y = 2838.8x
Correlation coefficient (R?) 0.9760 0.9626
Range of concentration of standard solution (pmol/kg) 1.14-1022.74 1.16-51.32
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RESULTS AND DISCUSSION

The influence was studied of monoacylglycerol
emulsifier type on the extent of oxidation and
oxidative stability in model fat blends. Oxidative
changes of model fat blends were investigated and
the selected oxidation products were determined
over 16-week period.

Primary oxidation products

Primary oxidation products are hydroperoxides.
The polyunsaturated fatty acids have pentadiene
system of double bonds. During oxidation, the
conjugated system of double bonds is formed due
to the rearrangement of double bonds (energy of he
system is lowered). Thus, conjugated diens content
correlates with the peroxide value (SHAHIDI 1998;
SPEVACKOVA et al. 2009).

The conjugated diens content increases with
time (Figure 1). The areas under the curves of the
dependence of CD content on time are presented
in Table 3. Fat blends with MAG18, MAG18:1
and fat blend without emulsifier had the highest
contents of conjugated diens and were statistically
significantly different from the other fat blends.

Oxidative stability

Oxidative stability is an important factor for the
prediction of fat/oil quality. It is represented as the
resistance to oxidation under defined conditions
and is expressed as the induction period (IP). The
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Figure 1. Conjugated diens content of FBs with MAGs
during storage time
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Table 3. The area under the curve of dependence of CD

content on time (AUC_))

AUC_, AUC_,
MAGI10 6.812 £ 0.037 MAG16  6.892 +£0.079
MAGI12 6.268 + 0.074 MAG18 8.449 £ 0.057
MAG14 6.524 £+ 0.005 MAG18:1 9.634 +0.236
WE 9.458 +£0.238

induction period was determined by two different
methods: in the first one, Oil Stability Index method
was measured by Rancimat, and in the second one,
the decrease of oxygen pressure in the headspace
was monitored by Oxidograph (VELASCO et al.
2004; NoGgAaLA-KALUCKA et al. 2005).

Oxidative stability of FBs decreased during stor-
age (Figure 2). The results obtained from Rancimat
and Oxidograph are related, the IP determined
by Rancimat instrument is higher than IP deter-
mined by Oxidograph instrument. The minimum
oxidative stability was determined in fat blends
with MAG18, MAG18:1 and in the fat blend with-
out emulsifier by both methods (Table 4). These
three FBs were statistically significantly different
from the other FBs. Oxidative stability of FBs with
MAG10, MAG12, MAG14, and MAG16 was gener-
ally higher. The differences in oxidative stability
were not significant in this group.

Volatile secondary oxidation products

Volatile oxidation products were detected and
the major products were quantified by HS-SPME/

D
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Figure 2. Oxidative stability of FBs with MAGs determined
by Rancimat (A) and Oxidograph instrument (B) during
storage time
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Table 4. The area under the curve of dependence of IP,

Table 5. The area under the curve of dependence of pentanal

cimat ANd TP dograph O time (AUCRancimat, AUC, . dc)gmph) and hexanal concentration on time (AUCpemaml, AUC,
AUCrncimat AUCOXidograph SPME AUC,anal AUC, s anal

MAGI10 44.71 + 0.33 39.10 £ 0.26 MAGI10 182.73 £10.96 2233.96 + 63.81
MAGI12 45.59 + 0.46 39.20 £ 0.36 MAGI12 121.51 +7.29 888.05 + 26.64
MAG14 44.83 + 0.06 38.60 + 0.05 MAG14 166.86 + 8.34 1389.08 £+ 64.75
MAG16 45.02 + 0.77 35.10 + 0.62 MAG16 182.88 + 14.63 1226.56 £ 79.81
MAG18 33.49 + 1.11 29.60 + 0.09 MAGI18 213.98 £ 12.84 1781.49 + 83.47
MAG18:1 28.85 + 0.16 20.30 + 0.13 MAG18:1 129.61 + 6.48 1784.03 £103.27
WE 97.57 + 0.98 19.40 + 0.79 WE 186.66 + 13.07 3919.39 + 75.39

GC/MS. The major volatile compounds, as we had
expected, were hexanal and pentanal because the
liquid oil in the fat blends was soybean oil with a
high content of linoleic acid (Table 1). Hexanal is
formed from (92, 11E)-13-hydroperoxyoctadeca-9,
11-dienoic acid and pentanal is formed from (9Z,
12Z)-14-hydroperoxyoctadeca-9, 12-dienoic acid.
The formation of pentanal from w-6 polyunsatu-
rated fatty acids may be also explained by the
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Figure 3. Hexanal concentration of FBs with MAGs deter-
mined by HS-SPME/GC/MS during storage time

hexanal decomposition (FRANKEL 1993). Pentanal
and hexanal were quantified using the calibration
curve. These two compounds were detected at the
beginning of storage. The content of hexanal stighly
increased during storage (Figure 3). The areas
under the curves of the dependence of pentanal
and hexanal concentration on time in fat blends
are shown in Table 5. The lowest concentration of
both aldehydes was determined in fat blends with
MAG12, MAG14, and MAG16. FB with MAG10
gave rise to a higher content of hexanal. On the
other hand, the highest concentration of aldehydes
(especially hexanal) was detected in the fat blend
without emulsifier (blank — WE). This fat blend
was statistically significantly different from the
other fat blends (Tables 5 and 6).

CONCLUSION

The aim of this study was to find out the influ-
ence of MAG addition on the oxidation changes of
model fat blends. A homological group was used of
MAGs with saturated fatty acids (from MAG10 to

Table 6. Volatile secondary oxidation products of model fat blends by HS-SPME/GC/MS

FB with emulsifier

Volatile compounds

MAG10 pentanal hexanal
MAG12 pentanal hexanal
MAG14 pentanal hexanal
MAG16 pentanal hexanal
MAG18 pentanal hexanal
MAG18:1 pentanal hexanal
s e

(Z2)-2-heptenal

(Z2)-2-heptenal
3,5-octadien-2-one 2,4-undecadien-1-ol

3,5-octadien-2-one

3,5-octadien-2-one

(Z)-2-heptenal

3,5-octadien-2-one

3,5-octadien-2-one
(Z)-2-heptenal
(Z)-2-heptenal

2,4-heptadienal ~ 3,5-octadien-2-one

2,4-heptadienal ~ 3,5-octadien-2-one

2,4-octadiene
(E,E)-2,4-decadienal

2,4-heptadienal

2-nonenal
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MAG18) and MAG18:1 (as a member of a homo-
logical group of MAG with unsaturated fatty acids).

From the point of view of primary oxidation
products, volatile aldehydes (representing sec-
ondary oxidation products) and oxidative stabil-
ity it is possible to split up the obtained results
in three groups. The first one, FB without MAG
(blank — WE) oxidises to the greatest extent in all
monitored parameters. The second group, FBs
with 1-octadecenoylglycerol (MAG18:1), 1-octa-
decanoylglycerol (MAG18), is a typical case of
longer acyl chain length of MAG than the acyl chain
length of the structured fat used. Primary oxidation
products are formed to the greatest extent and their
decomposition to secondary oxidation products is
minimal in this group of FBs. Oxidative stability of
this group of FBs is insufficient. The third group,
FBs with MAG10, MAG12, MAG14, and MAG16
is a typical case of a shorter or the same acyl chain
length of MAG as compared to the acyl chain length
of the structured fat used. FBs of this group oxidise
to the minimal extent in all monitored parameters.

There is a hypothesis that monoacylglycerols
as surface active agents adsorb on the interfaces
fat blend/air and oil/crystals of structured fat.
MAGs with a shorter (MAG10-MAG14) or the
same acyl chain length (MAG16) arrange on the
interface oil/crystals of structured fat tightly and
therefore the oxygen diffusion through the fat
blend layer is retarded. MAGs with 18 carbon
atoms in the acyl chain or with 18 carbon atoms
and cis double bond in the acyl chain arrange on
the interface oil/crystals of structured fat not so
tightly and therefore the oxygen diffusion through
the fat blend layer is accelerated.

In a previous paper (SPEVACKOVA et al. 2009),
where fat blends with different structured fats were
studied, similar results were found out.
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