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Vervanging van sulfiet als remmer van niet enzimatische
bruinverkleuring bij de verwerking van aardappelen tot
gedroogde Produkten
(Een literatuur-onderzoek)

Samenvatting
Inleiding
Sulfiet staat bekend als één van de meest effectieve remmers van de niet enzymatische
bruinverkleuring. Behalve deze functie werkt sulfiet in voedingsmiddelen ook als i)
conserveermiddel; ii) remmer van enzymatische bruinverkleuring en iii) antioxidant. Dit
maakt dat sulfiet één van meest veelzijdige additieven is in de voedingsmiddelen
industrie.
Onderzoek heeft aangetoond dat sulfiet niet teratogeen, mutageen of carcinogeen is in
proefdieren. De FDA heeft lange tijd sulfietverbindingen beschouwd als Generally
Recognized As Safe (GRAS). De Joint Expert Committee on Food Additives van de
WHO, heeft een Acceptable Daily Intake (ADI) Fvastgesteld van 42 mg/dag voor een
persoon van 60 kg.
Er zijn echter meldingen dat sulfiet astmatische reacties kan veroorzaken bij bepaalde
groepen van astmatische patiënten. In extreme gevallen kunnen zelfs heftige
anafylactische aanvallen voorkomen.
Bezorgdheid daarover heeft in 1986 geleid tot herziening (door de FDA) van de GRASstatus voor gebruik van sulfiet in vruchten en groenten, welke rauw verkocht of rauw
opgediend worden. Deze herziening heeft echter geen direct effect op het gebruik in
gedroogde aardappelproducten.
Desalniettemin is men op zoek naar adequate vervangers voor sulfiet.
De veelzijdigheid van sulfiet als voedingsmiddel additief is vrijwel niet te evenaren. De
strategie bij het zoeken naar geschikte alternatieven is dan ook vaak het vinden van een
alternatief voor het belangrijkste van de problemen dat zich in een bepaald produkt kan
voordoen: conservering, enzymatische bruinverkleuring, Maillardreactie of oxydatie.
In de aardappel droogindustrie zijn de Maillardreactie en oxydatie de belangrijkste
problemen. In dit rapport wordt verslag gedaan van een literatuurstudie naar
alternatieven voor sulfiet m.b.t. de remming van niet-enzymatische bruinverkleuring.

Niet enzimatische bruinverkleuring: De Maillardreactie
Bruinverkleuring van aardappel(produkte)en wordt onderverdeeld in A) enzymatische
bruinverkleuring en B) niet enzymatische verkleuring. Van deze is de nietenzymatische bruinverkleuring in de aardappel droogindustrie het belangrijkste probleem.
Niet-enzymatische bruinverkleuring is onder te verdelen in drie fasen:
(fase 1) reacties tussen verbindingen met vrije carbonylgroepen (fructose, gluoces) en
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a-aminozuren (b.v. lysine) tot een glycosyl-amine. Het glycosyl-amine reageert
vervolgens tot het zgn. Amadori Rearangement Product (ARP).
(fase 2) het ARP kan vervolgens diverse reacties ondergaan tot een groot scala aan
vluchtige reactieve intermediairen, zoals dicarbonyl suikerverbindingen.
(fase 3) vorming van hoog polymere componenten (zgn. melanoidinen) uit de reactieve
verbindingen uit fase 2
Het gehalte aan carbonylverbindingen en a-aminozuren in aardappelen is hoog genoeg
voor het ontstaan van een aanzienlijke mate van bruinverkleuring a.g.v. deze reacties.
Door concentratie van deze componenten a.g.v. drogen neemt in principe de potentie tot
bruinverkleuring aanzienlijk toe.

Vervanging van sulfiet als remmer van de niet-enzymatische bruinverkleuring
Strategieën voor vervanging van sulfiet als remmer van de Maillardreactie.
In de aardappelverwerkende industrie kunnen strategieën onderverdeeld worden in drie
categorieën.
1)
verlaging van reactanten concentratie in de verse grondstof
2)
beïnvloeding van fysische omstandigheden van het gedroogde produkt
3)
gebruik van additieven
(Strategie 1) De concentratie aan reducerende suikers en aminozuren in de verse
aardappel kan, tot op zekere hoogte beïnvloed worden door een geschikte keuze van ras,
teeltomstandigheden en bewaaromstandigheden. Het suikergehalte van aardappelen kan
bijv. door bewaring bij hogere temperaturen afnemen. Deze methode wordt in de
praktijk reeds toegepast. Deze methode gaat niet op voor aardappelen die
verouderingsverschijnselen vertonen.
Een andere methode, welke nu wetenschappelijk onderzocht wordt, is het optimaliseren
van het genetisch systeem van de aardappel zodanig dat tijdens bewaren bij lagere
temperatuur, de suikervorming niet toeneemt.
(Strategie 2) De snelheid of volledigheid waarmee Maillardreacties plaatsvinden blijkt
mede afhankelijk te zijn van: vochtgehalte, temperatuur en pH. Tussen de 3 en 8%
vochtgehalte wordt de snelheid van bruinverkleuring verdubbeld met elke 1.5 â 2%
toename van het vochtgehalte. Beneden ±20 °C vindt nagenoeg geen bruinverkleuring
plaats. Boven 20 °C neemt de snelheid van bruinverkleuring echter dramatisch toe. De
Mailliard reactie wordt versterkt door verhoging van de pH, doordat de reactanten in een
reactivere vorm komen: aminozuren worden meer basisch en de hexoses (glucose en
fructose) komen meer in de open structuur.
(Strategie 3) Mogelijke alternatieve verbindingen worden hieronder weergegeven. Echter,
alvorens toevlucht te nemen tot strategie 3 zal nagegaan dienen te worden of strategie
1 en strategie 2 optimaal benut zijn.
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Alternatieve verbindingen voor vervanging van sulfiet als remmer van de
Maillardreactie
In Tabel 1 is een overzicht gegeven van verbindingen die onderzocht zijn op renaming
van de Maillardreactie. In deze paragraaf worden ze achtereenvolgend besproken.
Glucose oxidase
Het enzym Glucose oxidase katalyseert de oxydatie van glucose door zuurstof tot
gluconzuur. De mate van effectiviteit is afhankelijk van het zuurstofgehalte, temperatuur
en reactietijd. Reductie van het suikergehalte in aardaapelpuree tot meer dan 70% is
haalbaar. Problemen bij de toepassing van GO zijn:
noodzaak van zuurstofsuppletie. Dit kan door menging tijdens incubatietijd,
maar leidt tot celdestruktie;
alleen glucose omgezet (fructose niet),
hoge kosten van het enzym ±160 hfl./kg.
Naast remming van de Maillard reactie werkt GO ook antioxydatief, doordat sporen
zuurstof uit het produkt worden verwijdert en enigszins conserverend door de vorming
van gluconzuur.
GO wordt momenteel toegepast voor verwijdering van glucose uit ei-produkten en voor
verwijdering van sporen zuurstof uit dranken.
Calcium Chloride (CaCl2)
De actieve component in CaCl2 is Ca2+ dat met aminozuren kan complexeren en zo deze
aminozuren onttrekt aan mogelijke reacties met de reducerende suikers. Tevens wordt
een rol toegeschreven aan het a^,-verlagend (aw is wateractiviteit en is een maat voor
vochtgehalte) effect van CaCl2. De effectiviteit (op molaire basis) van CaCl2 blijkt
vergelijkbaar met het effect van sulfiet. Effectieve concentraties liggen in het gebied 0.2
- 4 mg/gr. Calcium staat bekend om het textuurverstevigend effect in o.a. aardappelen.
Bij bovengenoemde gehalten mag zeker een effect op de textuur verwacht worden.
CaCl2 wordt in de aardappelverwerkende industrie als zodanig reeds toegepast.
Natrium Chloride (NaCl)
Aan NaCl wordt een remmende werking op de Maillardreactie toegeschreven. De
werking is niet bekend en de effectiviteit is gering.
Asparagine zuur en glutamine zuur
Asparagine zuur en glutamine zuur zijn in een modelsysteem (frites dippen in 0.04 M
oplossing) onderzocht op remming van de Maillardreactie. De remmende werking wordt
toegeschreven aan het pH-verlagende effect van deze verbindingen. Naast mogelijke
verandering van de smaak door verlaging van de pH worden geen negatieve effecten
verwacht. Geen informatie is beschikbaar over toepassing van deze verbindingen in de
aardappelverwerkende industrie.
Ureum, semicarbazide en aminoguanidine
De remming van de Maillardreactie door ureum, semicarbazide en aminoguanidine is
in modeloplossingen vastgesteld. De werking wordt toegeschreven aan reacties met de
carbonylgroep van glucose (ureum) of van de reactieve dicarbonyl intermediairen
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(ureum, semicarbazide en aminoguanidine). Additionele onderzoeken aan groente en fruit
Produkten is noodzakelijk om de potentie van de verbindingen goed vast te stellen. Een
mogelijk effect mag worden verwacht op de organoleptische eigenschappen van het
gedroogde materiaal. Onbekend is wat de GRAS-status van deze componenten is.
Thiofenol, mercaptoazijnzuur
Hoewel ze een hoge effectiviteit bezitten, t.o.v. niet-enzymatische bruinverldeuring,
komen deze verbindingen (thiolen), vanwege hun sterke geur en mogelijk toxische
eigenschappen niet in aanmerking voor toepassing.
Zwavel derivaten van reducerende suikers
Zwavel gederivatiseerde suikers (b.v. de thiolen 5-thio-a-D-xylopyranose, 6-deoxy-6mercapto-D-glucose) blijken op een effectieve wijze bruinverkleuring in
modeloplossingen te remmen. De werking kan toegeschreven worden aan de stabiliteit
van de met aminozuren gevormde ARP's. Deze ARP's kunnen vervolgens niet verder
reageren tot melanoidinen. M.b.t. tot deze componenten is geen onderzoek bekend aan
plantaardige materialen. Ook zijn er geen gegevens beschikbaar m.b.t. de GRAS-status.
L-Cysteïne, N-acetyl-L-cysteïne en glutathion
De zwavel aminozuren L-cysteïne, N-acetyl-L-cysteïne en glutathione behoren tot
dezelfde groep van verbindingen als thiofenol en mercaptoazijnzuur: de thiolen.
Het remmingsprincipe berust op de reactie met reducerende suikers of reactieve
intermediairen. De effectiviteit (op molaire basis) ligt in dezelfde range als dat van
sulfiet. Naast remming van de Maillardreactie vertonen deze verbindingen antioxidant
en ontgiftingsactiviteit.
L-cysteïne wordt reeds toegepast als geur- en smaakstof in de voedingsmiddelen
industrie. Dit is mogelijk de reden, dat het onderzoek zich in vergelijking met de twee
andere genoemde zwavel aminozuren, op deze verbinding heeft toegespitst.
N-acetyl-cysteïne bezit echter een hogere remmende werking en heeft een minder sterke
geur. Onlangs is aangetoond dat N-acetyl-L-cysteïne volledig wordt afgebroken door
muizen, zonder schijnbare nadelige reacties.
Combinaties van sulfiet, CaCl2, L-cysteïne en natrium pyrofosfaat
Het gebruik van combinaties van sulfiet, CaCl2, L-cysteïne en natrium pyrofosfaat als
remmer van bruinverkleuring in voedingsmiddelen is onlangs vastgelegd in een
Amerikaans patent. Toepassingen worden gezien bij o.a. de verwerking van aardappelen
tot gedroogde produkten; i.h.b. tot aardappelgranulaat en -vlokken. Als gevolg van de
synergistische werking van de diverse verbindingen kon het sulfietgehalte beperkt
worden tot 30 ppm.
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Conclusie
M.b.t. tot de vervanging van sulfiet voor remming van niet-enzymatische
bruinverkleuring in aardappelen blijken diverse verbindingen een hoge molaire
effectiviteit te bezitten.
Glucose oxidase/catalase, Calciumchloride, aspartic zuur, glutamine zuur, L-cysteïne en
N-acetyl-L-cysteïne zijn in dit opzicht potentiële alternatieven voor sulfiet.
Deze verbindingen worden alle reeds toegepast als additief in voedingsmiddelen of als
hulpstof (glucose oxidase).
Vanwege bewezen synergistische effecten is toepassing van combinaties van deze
verbindingen te verkiezen boven het toepassen van één van de verbindingen. Bij een
keuze van een bepaalde verbindingen zal tevens gekeken moeten worden in welk
stadium van het proces het additief wordt ingebracht, teneinde verliezen te voorkomen.
Intensievere studies zijn vereist om de mogelijkheden van combinaties vast te stellen.
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TABEL I: Overzicht van stoffen die Maillardreactie remmen
Component

Werkt op

• cef
[mg/gr]

Neven
effecten

Status

GRAS

Patent

antioxidant
microorga
nisme

Toepassing

ja

ja

antioxidant

Onderzoek

ja

nee

Toepassing

ja

ja

ja

nee

1) SULFIET

red. suikers
intermediairen

2) Glucose
oxidase

glucose

3) CaClj

aminozuren

0.2-4

textuur

4) NaCl

aminozuren?

?

smaak

5) Asparaginezuur

PH

0.04 M

smaak

Onderzoek

ja

nee

6) Glutaminezuur

pH

0.04 M

smaak

Onderzoek

ja

nee

7) Ureum

red. suikers

8

geur

Onderzoek

?

nee

8) Semicarbazide

intermediairen

?

geur

Onderzoek

?

nee

9) Aminoguanidine

intermediairen

?

geur

Onderzoek

V

nee

10) Thiofenol

red. suikers

?

geur

Onderzoek

nee

nee

11) mercapto
azijnz.

red suikers

?

geur

Onderzoek

nee

nee

Zwavel-suiker
derivaten

aminozuren

?

?

Onderzoek

?

nee

12) Cysteine

red. suikers
intermediairen

0.05

antioxidant
geur

Toepassing

+

ja

13) N-acetylcysteïne

red. suikers

0.2

antioxidant
geur

Onderzoek

+

nee

14) Glutathion

red. suikers

0.2

antioxidant
geur

Onderzoek

+

nee

Combinaties

diverse

diverse

antioxidant
gem-

Toepassing

+

Ja

a*

0.5

?

1,3,12,

>PPi

VAVI/ATO-DLO are owners of this research report. It is not allowed to use, copy or distribute anything without written
permission of VAVI/ATO-DLO.

page - 11 -

Anti-oxydanten in aardappelverwerkende industrie
(Een literatuur-onderzoek)

Samenvatting
Inleiding
Vet oxydatie (ranzigheid) is één van de belangrijkste oorzaken van kwaliteitsbederf in
gedroogde aardappelprodukten. De kwaliteitsbederf kan onderverdeeld worden in
smaakbederf en geurbederf, waarbij geurbederf sensorisch eerder tot uiting komt. Deze
vorm van oxydatie ontstaat door de spontane reactie van zuurstof (02) met onverzadigde
vetzuurpolymeren. De vetzuurpolymeren linoleenzuur en linolzuur vertegenwoordigen
±75% van het vetgehalte in aardappelen en zijn dan ook de belangrijkste componenten
betrokken bij de oxydatie.
Bij de oxydatie ontstaan in eerste instantie zeer reactieve verbindingen, zoals singlet
zuurstof, peroxiden, superoxide en radicalen. Deze reacties kunnen vervolgens
kettingreacties veroorzaken, waarbij vluchtige reactieprodukten (aldehyden, ketonen,
alcoholen). De oxydatieve reacties kunnen gekatalyseert worden door metalen uit de
overgangsreeks: Fe, Cu, Mg, Co, Zn.
Strategien ter voorkoming van vet-oxydatie
Evenals bij de niet-enzymatische bruinverkleuring zijn drie strategieën mogelijk:
Strategie 1: Aanpassing van grondstofsamenstelling. Geen informatie hierover
beschikbaar.
Strategie 2: Beïnvloeding van de fysische omstandigheden door verwijderen van zuurstof
is de meest effectieve methode om oxydatie van aardappelprodukten te voorkomen. De
zuurstofconcentratie kan beïnvloed worden door de fysische omstandigheden:
gassamenstelling, vochtgehalte, T, deeltjes oppervlak. Lagere zuurstofspanning, hoger
vochtgehalte, hogere T en kleiner specifiek (oppervlak/volume) verlagen de hoeveelheid
zuurstof beschikbaar voor de reactie.
De katalysator licht kan uitgesloten te worden door het produkt in het donker te bewaren
(verpakken).
Strategie 3: Toepassing van additieven; deze wordt in de volgende paragraaf besproken.

Anti-oxydanten
Anti-oxydanten die oxydatie door zuurstof remmen zijn onder te verdelen in zes
groepen:
primaire anti-oxydanten: fenolische verbindingen die reageren met radicalen en
zo de kettingreacties kunnen stoppen. Voorbeelden zijn: tocoferolen, alkyl
galaten, BHA, BHT, TBHQ.

VAVI/ATO-DLO are owners of this research report. It is not allowed to use, copy or distribute anything without written
permission of VAVI/ATO-DLO.

page - 12 -

zuurstofverwijderaars: reageren met zuurstof en verlagen dus de
zuurstofconcentratie. Voorbeelden zijn ascorbine zuur derivaten,
secundaire anti-oxydanten: reageren met de reactieve hydroperoxiden tot stabiele
Produkten. Voorbeelden zijn dilauryl thiopropionaat en thiodipropionzuur. Deze
verbindingen zijn wel door de FDA, maar niet door de EC toegestaan,
enzymen: verwijderen zuurstof of zeer reactieve zuurstof vormen. Voorbeelden
zijn glucose oxydase, superoxyde dismutase, catalase, glutathion reductase,
complexvormers: cheleren met zware metalen en voorkomen de katalytische
werking van b.v. Fe en Cu.
UV-absorbers: vangen UV-straling (300-400 nm) op; bijv. Voorbeeld zijn de
flavonoiden.
Gebruik vindt vrijwel altijd plaats door toepassing van verbindingen uit meerdere van
deze groepen, vanwege synergistische werking en vanwege het feit dat de effectiviteit
van een verbinding afhangt van de vetzuursamenstelling in het produkt.
De lijst van anti-oxydanten gebruikt in de voedingsmiddelen industrie bestaat uit meer
dan 150 verbindingen. De lijst met wettelijk toegestane verbindingen is echter
aanzienlijk korter. Deze lijst is bovendien onderhevig aan continue wijziging, waarbij
de synthetische anti-oxydanten steeds meer in de verdrukking komen.
Toelating van nieuwe anti-oxydanten vereist uitgebreide toxicologische studies (o.a. op
carcinogeniteit, mutagenitiet en teratogeniteit) en bovendien in de meeste landen een
bewijs verlangd dat de nieuwe stof beter anti-oxydant werking heeft dan reeds toegelaten
verbindingen.

Anti-oxydanten toegepast in gedroogde aardappelprodukten
De volgende anti-oxydanten worden momenteel toegepast in gedroogde
aardappelprodukten:
sulfietverbindingen: naast hun functie als remmer van de Maillardreactie, werkt
sulfiet in aardappelprodukten ook als anti-oxydant. De werking berust op o.a.
reactie met zuurstof.
fenolische verbindingen waarvan de belangrijkste zijn: butylated hydroxy
tolueen (BHT), butylated hydroxy anisole (BHA), ethyl protocatechoaat (EP),
tert-butyl hydroquinone (TBHQ), propyl gallate (PG). Deze verbindingen zijn
vanwege hun gezondheidsrisicos aan het verdwijnen als toegelaten verbindingen.
ascorbine zuur en derivaten: L-ascorbine zuur, D-isoascorbine zuur, ascorbyl
palmitaat, ascorbyl stearaat. Ascorbyl palmitaat en ascorbine zuur hebben een
hoge effectiviteit in aardappel vlokken en als zodanig goede vervangers van de
synthetische fenolysche anti-oxydanten. In combinatie met tocoferol en
citroenzuur werden de beste resultaten verkregen. Ascorbine zuur werkt
synergistisch op de anti-oxydant activiteit van BHA en BHT; lagere
concentraties van de laatste zijn dan mogelijk.
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Natuurlijke anti-oxydanten
Natuurlijke anti-oxydanten zijn te verdelen in:
fenolische zuren (o.a chlorogeenzuur, caffeine zuur). Deze verbindingen, blijken
een hoge effectiviteit te hebben. In aardappelen is chlorogeenzuur (±60%) het
belangrijkste fenolzuur, gevolgd door caffeine zuur. Aardappelschillen blijken
een hele goede bron voor winning extractie van een fenolisch mengsel met hele
goede anti-oxydant werking. De fenolische zuren uit aardappelschillen bleken
ook uitstekend te werken in o.a. brood, zonder nadelige sensorische effecten.
tocoferolen (a-, ß-, y-, ö-tocoferol) komen voor in eetbare oliën maar kunnen
ook synthetisch gemaakt worden. In aardappelvlokken hadden tocoferolen geen
anti-oxydant effect. Integendeel, produkten met a-tocoferol werden ranzig en
hooiachtig gevonden. Op aardappel chips gebakken in dierlijk vet en palmolie
hadden a-, y-, 5-tocoferol wel respectievelijk geen anti-oxydant effect. In geval
van het dierlijk vet hadden mengels het beste effect.
flavonoiden (quercitine, rhamnetine, kamferol, ritine, quercitrine): De antioxydant activiteit wordt toegeschreven aan enerzijds de complexvorming met
metalen en anderzijds aan de potentie radicalen weg te vangen. In
aardappelvlokken bleek de effectiviteit van quercitine minder dan TENOX 5
(een mengsel van BHA en BHT). Quercitine met TENOX 5 had een hogere
effectiviteit dan TENOX 5 alleen.
kruiden extracten: kruiden extracten blijken componenten te bevatten met antioxydant werking. De belangrykste daarvan zijn carnosine zuur en rosmarijn
zuur. Rosmarijn extract (300 ppm) bleek een anti-oxydant werking te hebben
vergelijkbaar met een BHA/BHT-mengsel. Een belangrijk problemen bij de
toepassing van kruiden extracten zijn de sterke geur en smaak.
Aminozuren, peptiden en proteinen: De effectiviteit van deze groep is dermate
laag dat voor toepassing hoge gehaltes (tot 25%) moeten worden toegepast. Dit
maakt hun gebruik als zodanig niet interessant.

Conclusie
Een sterke tendens is waar te nemen in de richting van natuurlijke antioxydanten ter
vervanging van BHA, BHT, TBHQ. Enkele verbindingen met hoge antioxydant
activiteit zijn geextraheerd uit rosemarijn, aardappelschillen en thee bladeren. De
toepassing van sommige van deze extracten wordt momenteel nog belemmerd door hun
sterke geur.
Onderzoek is gaande om de sensorische karakteristieken van de extracten te verbeteren
en om andere grondstoffen te vinden ter winning van natuurlijke anti-oxydanten.
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TABEL II: Overzicht van stoffen die "lipid auto-oxidation" remmen
Component

Werkt op

cef
PPm

Neven
effecten

Status

GRAS

Patent

1) SULFIET

zuurstof

40

remming
Maillardreactie
antimicrobieel
remming PPO

Toepassing

ja

ja

2) Glucose
oxidase

zuurstof

ja

nee

3) Phenolen:
-BHA
-BHT
-TBHQ
-Propyl
gallaat
4) Ascorbinezuur
Ascorbyl
palmitaat

remming
Maillardreactie

vrije radicalen
vrije radicalen
vrije radicalen
synergistisch

50
50
50
50

smaak

Toepassing

ja

ja

- reactieve 02moleculen
- reductie vrije
radicalen
- synergistisch

250

remming
Maillardreactie

Onderzoek

ja

nee

Onderzoek

ja

nee

250

emulgator

ja

nee

5) Tocopherolen

- radicalen

400

smaak
geur

Onderzoek

6) Phenolische
zuren
extracten
van:
a) aardappel
schil
b) thee
bladeren

- vrije
radicalen

200

smaak
kleur

Onderzoek

7) Flavonoiden

- bind metalen
- vrije
radicalen

250

smaak
kleur

Onderzoek

?

nee

8) Kruiden
extracten
(rosemarijn)

- radicaal
ver wijderaar

300

geur
smaaak

Onderzoek

ja

nee

9) Aminozuren,
peptiden,
eiwitten

- bind metalen
- vrije
radicalen

remming
Maillardreactie

Onderzoek

+

nee

?

nee
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Introduction
Dehydration of products of plant origin is one of the oldest methods used for preserving
the food destined for longer storage. Preservation by means of dehydration processes
inhibits adverse chemical and biological changes occurring in plant tissues after the
cellular structure has been damaged by its own enzymes.
As is well known in the food industry, most produce, i.e. fruits and vegetables, such as
potatoes, and particularly dehydrated potatoes, have a pronounced tendency to discolour
to greyish-brown upon prolonged storage. This discolouration phenomenon is commonly
referred to as a "browning reaction". Although the discoloured produce is not toxic, the
discolouration nevertheless gives the produce an objectionable appearance and flavour
which makes the produce unacceptable to a majority of prospective consumers. The
various causes for browning reactions have been the object of considerable study over
the years, and it is generally agreed that there are two primary reactions responsible for
such discolouration of produce, i.e., enzymatic reaction, and non-enzymatic processes.
With respect to the enzymatic reactions, i.e., enzymatic browning, it is believed that the
deleterious changes manifested in stored produce are attributed to various chemical
reactions catalysed by the enzymes naturally present in the plant material. As a result,
the produce tends to suffer deteriorative changes including the development of dark
colours, after the disorganization of the natural structure. Disruption of the natural
segregation of substrates and enzymes permits the enzyme to contact various substrates
with the previously-mentioned results. In general, for these reactions to occur in fruits
and vegetables, enzyme, substrate and oxygen must be present.
In potato processing, it has been observed that substantial enzymatic browning occurs
if the surface of potatoes is exposed to oxygen prior to blanching. In potatoes, it is
believed that polyphenol oxidase, i.e. phenolase, catalyses the breakdown of phenols, i.e.
chlorogenic acid and tyrosine, to quinones and other compounds which can react with
amino acids in a similar manner as sugars to produce Maillard reaction products.
Over the years, various techniques have been used for preventing or inhibiting enzyme
activity. For example, common practice in the food industry is to subject raw fruit or
vegetable to blanching with steam or hot water so as to inactivate the enzyme. The
effectiveness of blanching depends on the intensity of the heat treatment applied. In
addition, the blanching may also cause leaching of valuable nutrient materials from the
produce.
The use of sulphiting agents, such as sulphur dioxide and sodium bisulphite, to
inactivate enzymes is also well known in industry. Indeed, sulphite is believed to be the
most effective chemical used to prevent enzymatic discolouration in most produce, and
particularly potatoes. In addition to sulphiting agents, other chemical preservation agents
have been used for this purpose. Examples of such chemical preservation agents include
discolouration inhibitors such as ascorbic acid, citric acid, sorbic acid and malic acid,
in addition to other additives such as salt, EDTA, dextrose, calcium chloride, sodium
acid pyrophosphate and sodium citrate. Use of these reagents, however, has the
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disadvantage in that the flavour of the food is typically affected to some degree and at
times in an adverse, objectionable manner.
Notwithstanding effective treatment to inhibit enzymatic browning in produce, the potato
products, which contain sugars and amino compounds, still suffer from browning,
particularly in the dehydrated state. This is of paramount concern for the potato
processor, because certain types of potatoes tend to brown more than others.
In this regard, one of the most studied chemical changes in food products is the reaction
of amino acids and sugars, first observed and described by Louis Camille Maillard, for
whom the Maillard reaction is named. The Maiilard reaction begins with sugars and
amino compounds forming a reactive intermediate, i.e. 1-amino-l-deoxy-2-ketose, which
breaks down by several alternative pathways to form brown polymers, i.e., melanoidins.
This type of non-enzymatic browning is one of the major causes of off-flavour in
dehydrated potatoes.
Prior attempts to combat the discolouration of potatoes include pre-treatments with a
sulphiting agent, such as sulphur dioxide, sodium bisulphite and/or sodium sulphite. It
has also been proposed to protect produce against such browning reactions by treatments
with other chemical agents and preservatives including sodium dithionite, sulphur,
bromine, potassium bromate, furfuryl mercaptan, 2-mercaptoacetic acid, 3mercaptopropionic acid, 4-mercaptobutiric acid, 1-propanethiol, ethanethiol, 2mercaptoethanol and iso-amyl nitrite. It is believed that these compounds exhibit an
effect in preventing the formation of 1-amino-l-dioxy-2-ketose in the Maillard reaction.
Sulphur dioxide is believed to accomplish this by attacking the double bonds of
fructosamino acid.
The dehydrated potato industry uses sulphiting agents to inhibit both enzymatic and nonenzymatic browning. Notwithstanding the various alternatives which have been
suggested and tried over the years to find effective anti-browning agents and
preservatives, sulphite continues to be generally recognized as the most effective
chemical agent useful for minimizing discolouration of fruits and vegetables, and notably
potatoes, processed by commercial production methods. However, sulphites have been
associated with severe allergy-like reactions in some asthmatics and as a result, the Food
and Drug Administration banned the use of sulphite preservatives in fresh vegetables and
fruits in 1986. Potatoes were not covered in this ban but remained under investigation
by FDA. The restriction in the use of sulphite resulted in an increase in searching for
alternatives to the use of sulphiting agents to prevent browning in foods.
Because sulphites serve multiple functions in foods, e.g., inhibiting enzymatic browning,
inhibiting non-enzymatic browning, and controlling growth of microorganisms, a
sulphite replacement is likely to contain several components having different and
complementary functions. The greatest need at this time is for the development of more
effective inhibitors of non-enzymatic browning, since there are fewer effective options
than with enzymatic browning. The compatibility of such formulations with the product
must be considered carefully when designing sulphite alternatives. Current alternatives
to sulphites are not always equivalent to sulphites in effectiveness, cost or functionality.
However, the food industry can adapt to the use of sulphite alternatives by modifying
processing conditions, product distribution, shelf-life specifications or pricing. Such
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compromises eventually may be obviated by new developments and improvements in
sulphite alternatives.
Apart from browning due to Maillard-type reactions, potato products are subject to grey
discolouration (after-cooking blackening). This defect appears when cooked potatoes
(boiled, backed or steamed) are exposed to air. The discolouration also shows up in
frozen french fries, chips, canned potatoes and even dehydrated potato products. The
grey discolouration is due to the formation of a chelate between iron and phenolic
compounds present in potato tuber, such as chlorogenic acid. Exposure to air induces
the pigment formation by oxidation of iron(II), which gives a colourless chelate with the
phenol, to iron(III), and which in turn gives a coloured complex with chlorogenic acid.
Sulphite was reported effective in reducing this darkening. In practice, the grey
discolouration in potato products is prevented by addition of sequestering agents such
as citric acid and sodium pyrophosphate.
During storage of dehydrated potato products, deterioration due to oxidation of
unsaturated fatty acids may occur, resulting in undesirable change of product quality
(rancidity and unpleasant off-flavours). Sulphite, phenols, carotenes and other
compounds which are all known as antioxidants, can retard the oxidative rancidity
caused by atmospheric oxidation in the dehydrated product.
Part I of this report presents an overview of the literature on the non-enzymatic
browning of dried potato products, with emphasis on the mechanism and the inhibition
of the non-enzymatic browning reactions, and on the alternatives for sulphite as inhibitor
of the non-enzymatic browning.
Part II of this report presents literature data about artificial and natural antioxidants that
are or may be used in the potato drying industry.
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1.

Alternatives for sulphiting agents as inhibitors of nonenzymatic browning in dehydrated potato products

1.1.

Non-enzymatic browning in dehydrated potatoes

A general outline of a process for manufacture of dehydrated potatoes is presented in
Scheme 1.1.

POTATOES
*

wash i n g / p e e I i n g / c u t t i ng
i
DICES

4
b l a n c h l n g / c o o I Ing
4
cook ï ng/rrashlng
t
dryi ng
*
GRANULES/FLAKES

WET SANCKS

\

extrusI on

PUREE

PELLETS
•

fry i ng
+
DRY SNACKS

Figure 1.1. Schematic outline of a process to manufacture dehydrated potatoes.
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During processing and storage of dried potato products deterioration may occur due to
the development of brown discolouration, as a result of chemical reactions of the
components present in potato. In addition to causing discolouration, non-enzymatic
browning reactions also result in destruction of nutrients such as essential amino acids
and ascorbic acid, reduced protein digestibility, inhibition of digestive enzymes and
interference with mineral metabolism through metal ion complexation. The extent of
non-enzymatic browning in dehydrated potato products depends on the composition of
the potato tuber, water activity, exposure to oxygen and storage time and temperature.

1.1.1.

Chemical composition of potatoes

Hie chemical composition of potato tuber varies with the cultivar and growing
conditions [1-3]. The tuber contains 63 to 87% water, 13 to 37% carbohydrates, 0.7 to
4.6% protein, 0.02 to 0.96% fat and 0.445 ash (Table 1.1, [1]).
Table 1.1

Average composition of fresh potato tuber

Constituent

Average value (%)

Range(%)

water

77.5

63.2 - 86.9

dry matter

22.5

13.1 - 36.8

carbohydrates

19.4

13.3 - 30.5

proteins

2.0

0.7 - 4.6

lipids

0.1

0.02 - 0.96

ash

1.0

0.44 - 1.9

Starch, sugars, nonstarch polysaccharides, proteins, ascorbic acid and other vitamins,
phenolic substances and nucleic acids are present (Table 1.2, [1]).
Starch is the major component in the potato tuber; potato starch contains amylose and
amylopectin with 0.093% phosphorus. The sugar content ranges from traces to as high
as 10% of the dry weight of the tuber. Sucrose, glucose and fructose comprise the major
sugars of potato. Traces of ketoheptose, melibiose, melezitose and raffinose have also
been detected in the potato tuber. Potatoes contain also nonstarch polysaccharides, such
as cellulose, pectic substances, hemicellulose, to the extent of about 0.2 to 3.0%.
Hemicellulose contains glucuronic acid, xylose, galacturonic acid and arabinose. The
nitrogen content in the potato ranges from 1 to 2% of dry weight and it consists of a
protein fraction and a non-protein fraction. The non-protein fraction which constitutes
from one half to two thirds of total nitrogen is present as free amino acids. Almost all
the 20 natural a-amino acids are present in potato. Asparagine and glutamine are present
in approximately equal amounts and together constitute about one half of the total amino
acids. Methionine and cystine/cysteine are limiting amino acids in potatoes. Potato
contains all the essential amino acids, in various concentrations (Table 1.3, [1]). The
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following amino acids have also been detected: y-aminobutiric acid (about 5% of the
total), a-aminobutiric acid, ß-alanine and methionine sulphoxide.
Table 1.2

Chemical composition of potato tuber (Dry matter basis)
Reported range (%)

Average range (%)

starch

60 - 80

70

sucrose

0.25 - 5

0.5 - 1.0

reducing sugars

0.25 - 3.0

0.5 - 2.0

total N

1.0 - 2.0

1.0 - 2.0

protein N

0.1 - 1.0

0.5 - 1.0

fat

0.1 - 1.0

0.3 - 0.5

dietary fibber

3-8

6- 8

minerals

4-6

4-6

Constituent

Table 1.3

Relative amounts of amino acid found in potato

Amino acid
Methionine sulphoxide
Aspartic acid
Threonine
Serine
Asparagine —|
Glutamine —1
Proline
Glutamic acid
Glycine
Alanine
Valine
a

Amount"
7
298
17
21
4170
12
495
12
280
610

Amino acid
Methionine
Isoleucine
Leucine
Tyrosine
Phenylalanine
ß-Alanine
y-Aminobutyric acid
Ornithine
Lysine
Histidine
Arginine

Amount
16
264
107
264
280
41
673
10
298
140
630

Arbitrary units

The amount of lipids in the potato is small, approximately 0.1% on fresh weight basis.
The polyunsaturated linoleic and linolenic acids together account for about three-quarters
of the lipids in the potato tuber [4, 5], Potatoes also contain ascorbic acid, thiamine,
niacin, pyridoxine and its derivatives and minerals (Table 1.4, [1]).
Fresh potatoes may contain 30 mg or more ascorbic acid per 100 g when newly
harvested. This value declines when potatoes are stored, cooked or processed [1], The
vitamin C in the potato tuber is present in both the reduced (ascorbic acid) and oxidized
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state (dehydroascorbic acid), but the content of the latter is usually low. The presence
of phenolic compounds in the potato tuber has also been reported. These are monohydric
phenols, coumarins, anthocyanins and flavones, and polyphenols. Tannins are mostly
localized in suberized tissue of the potato and impart tan coloration to the skin.
Coumarins have been implicated in discolouration of cooked potato. Tyrosine constitutes
0.1 to 0.35% of the dry weight of the potato, whereas chlorogenic acid constitutes 0.025
to 0.15% of the dry weight of the potato tuber.
Table 1.4

Mineral and vitamin contents in potato tubers (100 g edible portion)

Constituent

OO
Ö

Vitamins
Thiamine
Riboflavin
Niacin
Ascorbic Acid

7- 9
50 - 53
Ö

Minerals
Calcium
Phosphorus
Iron

Content (mg)

0.09 - 0.10
0.03 - 0.04
1.5
16 - 20

From the above mentioned components, the sugars (and especially glucose and fructose),
proteins and free amino acids, ascorbic acid, unsaturated carboxylic acids (fats) and
phenols can participate in different reactions resulting in brown colour formation.
Phenolic compounds can complex with iron, inducing a grey discolouration in potato
products after exposure to air. This type of discolouration, which is controlled in practice
with sequestering agents such as citric acid and sodium pyrophosphate, is not discussed
in detail in this report.
Browning of both enzymatic and non-enzymatic type is caused by the formation of
unsaturated, coloured polymers of various composition. Compounds that engender
browning usually contain carbonyl or potential carbonyl groups. The naturally occurring
compounds from which browning originates usually contain, not only one, but a
multiplicity of potential carbonyl groups.
The non-enzymatic browning reactions can be summarized as follows:
1. Carbonyl-amino reaction, that includes the reactions of aldehydes, ketones and sugars
with amines, amino acids, peptides and proteins (Maillard reaction);
2. Sugar caramelization: occurs when polyhydroxycarbonyl compounds (sugars) are
heated to relatively high temperatures (above their melting point) in the absence of
amino compounds [6 - 11], Due to the high activation energy, this reaction takes
place at very high temperatures and therefore browning of potatoes due to
caramelization is not likely to be of great importance;
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3. Browning reactions of ascorbic acid, that is the oxidative degradation of ascorbic
acid and further reaction of the carbonyl compounds formed via aldol condensation
or reaction with amino groups [12 -17];
4. Non-enzymatic oxidation of phenolic compounds to yield brown pigments [18, 19];
5. Lipid browning, which is a result of oxidation of unsaturated glyceride components
to aldehydes and ketones by a radical chain mechanism; the browning reaction is
accelerated by the presence of ammonia, amines or proteins [20 - 23].
The concentration of ascorbic acid and unsaturated fatty acids in the potato tuber is,
however, never high enough to cause an unacceptable level of browning. Therefore, it
can be concluded that discolourations resulting from the reaction of carbonyl and free
amino groups that lead to the formation of brown melanoidin pigments, - i.e. the classic
Maillard reaction - limit the quality and shelf life of dehydrated products. To control
these reactions it is important to understand the mechanism involved.

1.1.2. The mechanism of the Maillard reaction
The formation of brown pigments and melanoidins was first observed by the french
chemist Louis Maillard (1912) [24] following the heating of a solution of glucose and
lysine. This reaction was subsequently referred to as the Maillard reaction and essentially
covers all those reactions involving compounds with amino groups and carbonyl groups
present in foods. These include amines, amino acids and proteins interacting with sugars,
aldehydes, and ketones, as well as with products of lipid oxidation [25-36], The general
mechanism of browning was first proposed by Hodge [37] and subsequently reviewed
by Ellis [38], Heyns and Klier [10], Reynolds [39-41], Baltes [42] and Eskin [43, 44],
Most of the work presented can be divided in two categories; on the one hand are
studies concerned with examining relatively simple model systems which attempt to
establish individual reaction routes in the Maillard cascade of reactions; on the other
hand are investigations focused on the formation and identification of volatiles [46 - 50].
From both types of studies it is well established that the Maillard reaction can be
subdivided into three different stages [37, 45, 46]:
1. Maillard early stage, in which the carbohydrate and nitrogen source initially interact,
resulting in the formation of a glycosyl-amine. These thermally labile compounds
which are subjected to what is called Amadori Rearrangement, are converted into the
corresponding Amadori rearrangement product (ARP), the 1-amino acid-1deoxyfructose. In this stage the reaction is rather straightforward, which accounts for
in the fact that this part of the reaction mechanism is well documented.
2. In the advanced stage, sugar fragmentation, condensation, elimination, dehydration
and cyclization reactions take place simultaneously, resulting in the formation of a
huge diversity of heterocyclic volatiles. Among the numerous important flavour
precursors being generated are very reactive dicarbonyl sugar derivatives.

VAVI/ATO-DLO are owners of this research report. It is not allowed to use, copy or distribute anything without written
permission of VAVI/ATO-DLO.

page - 24 -

3. In the final stage, many of the functional groups generated in the second stage
interact, yielding highly polymeric, brown coloured water soluble materials called
melanoidins (characteristic of the non-enzymatic browning process).
The mechanism of sugar-amine browning reactions proposed by Hodge [37], which
reveals seven different types of reaction which are known to occur during browning, is
presented in Scheme 1.2. The first products of the Maillard reaction are the unsaturated
carbonyl compounds which are converted into complex melanoidins through a series of
reactions involving conjugation followed by polymerization. The magnitude of
pigmentation produced depends not only upon the amount of sugars and amino acids
present, but also on the type of the chemical reactions leading to the development of
chromophore, which are influenced by both pH and temperature. The detailed
mechanism of the Maillard reaction will be presented in Appendix 1.

1.1.3.

Conditions for the Maillard reaction

1.1.3.1. pH and Buffers.
The carbonyl-amino reaction can develop in acidic or alkaline media, although it is
favoured under alkaline conditions, where the amine groups of the amino acids, peptides
and proteins are in the basic form. Increasing the pH also ensures that more of the
hexoses are in the open chain or reducing form [51]. Several studies have reported an
increase in reaction rate as the pH increases [52, 53], Thus foods of high acidity are less
susceptible to these reactions. An exception to this, however, is the involvement of
sucrose in the Maillard reaction. Sucrose, as a nonreducing sugar, will only participate
when the glycosidic bond is hydrolysed and the reducing monosaccharide constituents
released. Hydrolysis of the glycosidic bond in sucrose is facilitated by a low pH and
high moisture levels, resulting in an increase in the Maillard reaction rate in proteinsucrose systems [54],
The role of buffers in non-enzymatic reactions has been shown to increase the rate of
browning for sugar-amino acid systems as a result of their influence on the ionic
environment in which the reaction takes place. Studies of the formation of the Amadori
compounds monofructosyllysine (MFL) and difructosyllysine (DFL) in glucose-lysine
mixtures at different temperatures and pH [55] indicate pseudo-first order plots for MFL
and DFL formation (Figure 1.1), which increased from pH 4 to 8.
This pattern was similar to that observed for pigment formation. A plot of pigment
formation as a function of pH, however, showed a parabolic curve with break points at
pH 6 and 5 for systems heated at 100 and 110°C, respectively (Figure 1.2).
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Scheme 1.2. Nonenzymatic browning reaction (Maillard Reaction)
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Reaction time (min)

Figure 1.1. Formation of MFL ( — ) and DFL (--) as
a function of reaction time at various temperatures and
pH. All lines were drawn for best fit of data points
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Figure 1.2. Changes in pigment formation as a
function of pH
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1.1.3.2.

Temperature

The effect of temperature is observed mainly on the reaction rate, which increases
exponential with temperature (Figure 1.3, [60]). The non-enzymatic browning reaction
has been considered to follow zero-order kinetics, after an initial induction period, and
the temperature dependence has been modeled with the Arrhenius equation [52, 56-60],
An activation energy of 29 cal/mole was determined for the reaction between a-amino
group and glucose in the casein-glucose system while an increase in activation energy
from 26 to 36 cal/mole was noted during the browning of dehydrated potato products
with increased humidity [61]. The rates of browning of unsulphited dried potato products
have a Q10 of 6.2-7.6 at moisture contents of 5.3-8% [2]. No development of brown
colour in mashed potato powder stored at 20°C and below was observed, even if the
powder had its moisture content raised to 12% to accelerate browning. At this moisture
content, slight colour development and a charred taste were noticed after 10 months'
storage at 25°C. Raising the storage temperature from 25°C to 28°C approximately
halved the storage life; whilst at temperatures of 37, 47 and 57°C the acceptable storage
life was terminated by this form of deterioration after, respectively, 6-7 weeks, 2 weeks
and 3 days [2], The times given are those determined on a particular sample of potato
powder, and are of course subject of variation with sugar and moisture content. Similar
results have been obtained on other forms of dried potatoes [2].

T-TgfC)

so

Figure 1.3. Temperature dependence of the nonenzymatic
browning rate of the maltodextrine-based food model,
with xylose and lysine (7% of solids, 1:1) as reactive
compounds

The temperature also affects the reversibility of the reaction and the type of products
that are formed [38], It was observed that the brown pigment isolated from the reaction
of D-glucose with glycine at 100°C contains a higher proportion of carbon than that
obtained at 56.5°C. Moreover, different products may be formed at different
temperatures, as was shown by a chromatographic study of the D-glucose-glycine
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reaction at 56.5°C and 100°C. The temperature also has an effect on the reversibility of
the reaction; for example, the reaction of D-glucose with glycine in dilute aqueous
solution at 25°C is reversible, but at 100°C is irreversible. However, the reversibility of
the aldose-amino acid reaction may depend on the pH as well as on the temperature
[38],

1.1.3.3. Moisture content.
Maillard's reaction in foods and model systems of varied water activities a„ has been
widely investigated [52, 58-66, 86]. The Maillard reaction proceeds rapidly in solution,
although complete dehydration or excessive moisture levels inhibit this process. The
reaction rate at intermediate water contents, with a corresponding water activity below
0.9 has been shown to be strongly moisture dependent. Dehydrated foods have a slow
browning rate at low water activities; the maximum browning rate occurs at the a,^, range
typical of intermediate-moisture food. The rates of browning in dehydrated vegetables
approximately doubles with each increase of 1.5-2% moisture content over the range 38%. The results of a study of browning of a potato powder with a hexose content of
2.96%, held at a temperature of 57°C for nine days (colour intensity is given in arbitrary
tintometer units) illustrates the marked effect of the moisture content on the rate of
browning (Figure 1.4, [2]).

Figure 1.4. The effect of moisture content on the
rate of browning of potato powder
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In order to explain the dependence of the rate of browning with the water activity,
it was proposed that at low water contents the reaction is controlled by diffusion of the
reactants. At water contents above that for maximum browning, the rate of the reaction
decreases due to the dilution of the water-soluble reactants [62], In the intermediate
water activity, a balance exists between viscosity-controlled diffusion, dilution and mass
action effects.

1.1.3.4. Sugars
The most important parameter that influences the Maillard reaction is the concentration
of the initial reagents. According to the studies on model systems, the rate of browning
depends upon alpha- amino acids present, and not on sugar, but in practice alpha amino
acids (which are present in excess) are rarely limiting and so it does not usually
determine the rate of reaction or the colour developed. The initial rate of the reaction
is dependent on the rate at which the sugar ring opens to the oxo or reducible form. The
concentration of the oxo form of sugars increases with increase in pH [51]. The amount
of the oxo form is much higher for pentoses than hexoses, thus explaining the greater
reactivity of pentoses in browning systems. This was confirmed by Spark [67] who
found that the order of reactivity was greater for aldopentoses than aldohexoses while
reducing disaccharides were considerably less reactive. Of the hexoses examined,
reactivity decreased in the order:
D-galactose > D-mannose > D-glucose,
corresponding to the decreasing rate of ring opening. D-Fructose has been reported to
brown at a much faster rate than glucose during the initial stages of the ùrcwning
reaction, but it than falls behind [63-70] (Figure 1.5, [70]). The difference was attributed
to the greater polymerization of the glucose-derived melanoidins as measured by the
formation of a haze after 240 h of storage compared to the fructose system, which
remained essentially clear. A similar haze formation was noted for a sucrose-glycine
system (1:1 molar ratio) resulting from the hydrolysis of sucrose and the release of
glucose.
The extent of browning is thus largely controlled by the amount of reducing sugars
present in potatoes, except at high temperatures when sucrose hydrolyses to sugars, and
then the disaccharide content may control the browning. However, the correlation
between browning and reducing sugar content has been found to vary considerably
(from 0.32 to 0.99). The acceptable upper limits of reducing sugar, so as to obtain
processed potato products that are fairly free from browning, is usually about 0.10 %
on a fresh weight basis (2% based on dry weight), but levels up to 0.25% or higher may
sometimes be accepted. The sugar content in potato depends on the age of the tuber and
the storage conditions (temperature and duration). It has been reported that the contents
of the reducing sugars and sucrose were at high levels at tuber initiation, which then fell,
more rapidly for sucrose, as the potato tubers grew. These rose again towards harvest,
the reducing sugars increasing more than sucrose, possibly due to promotion of invertase
activity.
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Time (hr)

Figure 1.5. Consumption of glucose and fructose in
the glucose and fructose-glycine systems (1:1 molar
ratio) during storage at 60°C and pH 3.5
The reducing sugar content of potatoes at harvest is influenced by the environment,
especially the temperature, but significant varietal differences in the content of reducing
sugars and their levels at harvest have been reported. It has been demonstrated that
potato varieties with consistently good processing qualities depleted their reducing sugar
content more rapidly during growth of the crop than those of poor processing
performance. Good processing performance of potato varieties after a period of storage
was found to be related to low sucrose content at harvest. The relation of levels of
sucrose and reducing sugars at harvest and after a period of storage has been
investigated. Although invertase activity is important in causing increased reducing sugar
levels at harvest, it does not appear to be so important during storage.
Other sugar derivatives that may participate in non-enzymatic browning reactions and
can contribute to the discolouration of final products are uronic acids (glucuronic acid,
galacturonic acid). Reactions between uronic acids and amino groups follow the same
course as reactions between aldoses and amines since both type of compounds contain
an aldehydic (or hemiacetal) group. It was shown that solutions of D-galacturonic acid
and glycine (0.1 M with respect to both components) browned more rapidly at 98°C
than did similar solutions containing glucose. The colour value for galacturonic acid
after 4 h was 20.3, compared with zero for glucose, 1.3 for galactose and 1.5 for xylose
[40], The uronic acids occur in potatoes in a combined form, in hemicellulose or
pectinic and alginic acid, and they are linked through the glycosidic hydroxyl group.
Little browning would be expected with these compounds. Some brow ni nf was observed
when a solution of heat degraded pectinic acid was heated at 98°C. Therefore, we may
conclude that the uronic acids that may be formed by heat degradation during the heat
treatment could affect the initial rate of browning and the final colour of the dehydrated
potato product.
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1.1.3.5.

Metals

The formation of metal complexes with amino acids can influence Maillard reaction.
The Maillard reaction is catalysed by copper and iron, while manganese, tin and calcium
inhibit the reaction [38, 71-78], The alkali metals have a significant influence on the rate
of browning in a glucose-lysine system at pH 4.75, and the relative effect of cations
(Li > Na > K, Cs) paralleled the hydrated ionic radii in solution [76], LiCl promoted
browning as compared to the standard browning system, while the other salts had an
inhibitory effect (Figure 1.6, [76]).

Figure 1.6. Effect of the addition of alkali metal chlorides
on browning development in glucose lysine solutions
heated at 55°C and pH 4.75

A study of the effect of Na+, Cu2+, Fe2+ and Fe3+ on the rate of browning of an
ovalbumin-glucose mixture at 50°C and 65% relative humidity showed an acceleration
of browning in the presence of Cu2+ and Fe3+, while Na+ had no effect (Figure 1.7,
138]). Fe3+ was more effective than Fe2+ in accelerating the browning reaction, which
suggested that the first step was an "oxidation activation" resulting in a reduction of the
metal. In addition to the catalytic effect of iron on the browning reaction, it was shown
that iron also participates as a chromophore of the pigment [78]. The possible interaction
of iron with hydroxypyridone and hydroxypyranone, both capable of chelating iron, in
tb t melanoidin polymer may be responsible for colour formation.
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Figure 1.7. Effect of Na+, Cu2+ and Fe3+ additions on the
browning colour development in ovalbumin-glucose
mixtures. (•) OVG; (x) OVG-Na; (•) OYG-Cu; (A) OVGFe [139]

1.1.3.6.

Light and oxygen

Light accelerated the browning of solutions of glucose and glycine in the absence of
oxygen. Partly browned solutions were bleached by light in the presence of oxygen at
25°C; there was no loss of colour under nitrogen [40]. The rate of browning and the
products formed are affected by the presence of oxygen. The effect of oxygen on
browning of unsulphited vegetables with moisture content of 3-9% was the same in air
and in nitrogen at 38-49°C. Unsulphited potatoes with 5-9% moisture content browned
at the same rate in air and in vacuum at 65°C; at higher moisture contents browning was
more rapid in air than in vacuum, the difference increasing as the moisture content was
increased from 13 to 79%. At moisture content of 25 or less the main deteriorative
reaction was auto-oxidation, not browning, and the rates of browning were very low
[40],

1.2.

Inhibition of non-enzymatic browning in dehydrated potato products

A major concern of potato processors is to control or minimize non-enzymatic browning
reactions in food processing and storage. The particular method used must be adapted
to each food product. A variety of methods have been proposed for controlling these
reactions. In the case of dehydrated potato products which, like other dehydrated
foodstuffs, are highly susceptible to non-enzymic discolouration during storage, much
effort has been spent to increase their resistance to this type of deterioration. The
measures for control of non-enzymatic browning in dehydrated potatoes that are
currently applied are the use of potatoes with low browning tendency, sulphiting, drying
the product to low moisture content and avoiding high storage temperature.
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1.2.1.

Conventional methods for inhibiting the non-enzymatic browning in
dehydrated potatoes

1.2.1.1.

Temperature

As mentioned above, the non-enzymatic browning reaction has a very high temperature
coefficient (Q10), and the rate increases exponentially with temperature, following
approximately the Arrhenius relation. With each increase of temperature of 10°C, the
rate increases about five- to seven-fold, depending on the moisture content and the
temperature. Taking six-fold a» an average value, the rate increases about 36-fold with
a temperature increase of 20°C and about 216-fold with an increase of 30°C [79].
Lowering the storage temperature is thus potentially by far the most effective method
of controlling non-enzymatic browning. Often control of temperature is not feasible, but
a combination of the other protective measures can usually provide satisfactory
protection against browning.

1.2.1.2.

Use of potatoes with low content of reducing sugars

Use of potatoes with a low content of reducing sugars is one of the best control
measures since discolouration during drying is also reduced. Non-enzymatic browning
is approximately proportional to the content of reducing sugars, although exceptions to
this general rule do occur. Potatoes with less than 1% of reducing sugars on a dry basis
are best for manufacture of potato granules, but through much of the year the reducing
sugar content of the available potatoes is much higher - 2, 3, or even 4% [79].
The levels of reducing sugars of potatoes, in practice, can be controlled by manipulating
storage temperatures. Tubers with high sugar levels can be reconditioned by increasing
the storage temperature to 20°C, unless the high sugar is a result of immaturity, in
which case the de-sweetening is slow and ineffective, or of senescence, in which case
high-temperature storage merely aggravates it. Not all varieties respond in a similar
manner, and there is often considerable variability from tuber to tuber [2, 3], A more
promising procedure is to avoid storing potatoes below about 10°C, which is feasible
when using sprout inhibitors.
There are still problems to be solved in developing methods for using sprout inhibitors
that will be most effective, least expensive, and that will not result in greater spoilage,
but there seems little doubt that certain sprout inhibitors will be widely used in the
future for maintenance of processing quality in potatoes for the potato drying industry.

1.2.1.4.

Low moisture content

Due to the effect of water activity on the rate of the Maillard reaction, which was
discussed in detail above, the intensity of browning can be influenced by a strict control
of this parameter. Reduced moisture content in the dried products will minimize the
browning by lowering the rate of the reaction of amino acids with sugars, which
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becomes diffusion-controlled. The effect of moisture content on browning of potato
granules during storage at 38°C is indicated in Figure 1.8 [19], Lowering the moisture
content from 7.0% to 4.0 % (at 400 ppm of sulphur dioxide) is more effective in
inhibiting browning than increasing the sulphite level of dehydrated potatoes form 570
to 1000 ppm [2],

Figure 1.8. Effect of moisture content on
nonenzymatic browning of potato granules during
storage at 38°C

Although lowering the moisture content of the finished product is effective against non
enzymatic browning, this procedure play no part in controlling discolouration during
drying, as do sulphiting and use of potatoes of low sugar content.

1.2,1.4.

Sulphiting agents as browning inhibitors

Sulphites are arguably the most versatile food additives available. They act not only as
a food preservative (i.e. antimicrobial agent) but have an important role as inhibitors of
enzymic and non-enzymic browning, inhibitors of a wide range of enzymes including
proteases, oxidases, peroxidases, and are alleged to prevent oxidative spoilage [80-82].
The term "sulphiting agent" usually refers to gaseous sulphur dioxide or to the sodium,
potassium and calcium salts of hydrogen sulphite (bisulphite), disulphite (metabisulphite)
or sulphite ions. These are all equivalent chemically after incorporation into food since
they are converted to the same ionic or non-ionic species at a given pH, ionic strength
and non-electrolyte concentration.
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Sulphiting agents are not only capable of partially bleaching chromophores already
formed but also inhibit colour formation at the beginning of the reaction. The
mechanism involves the binding of sulphite with glucose to form hydroxysulphonate and
other compounds from which sulphite can be reversibly released. This results in
blocking of the carbonyl group of sugar, rendering it unavailable for interaction in the
typical Maillard reaction. As the reaction proceed, sulphite becomes irreversibly bound.
Inhibition of non-enzymatic browning by sulphite appears to involve the formation of
stable sulphonates. In the case of ascorbic acid browning, 3-deoxy-4-sulphopentulose is
formed with the corresponding 6-carbon compound, 6-deoxy-4-sulphohexulose, for the
sulphited inhibition of the Maillard reaction. The organic sulphonates formed in food
possess a dicarbonyl group, which makes them particularly reactive and at elevated
temperatures can lead to the formation of sulphur compounds with other food
components. The mechanism of the inhibition of enzymatic browning by sulphiting
agents is presented in Appendix 2.
During the processing of dehydrated potatoes, sulphite is normally applied immediately
after blanching. Sulphiting is a definite aid to production; it permits the use of higher
temperature during dehydration, thus increasing the rate of drying and plant capacity.
Sulphites protect the product from non-enzymatic browning and increases the storage
life of the product under adverse temperature conditions. The beneficial effects of
sulphites can be nullified by high moisture content. Sulphite level in dehydrated potatoes
(expressed as maximum residual sulphur dioxide) was limited at 500 ppm (FDA, in
1988 [84], In the EC countries, the level of sulphite in dehydrated potato granules and
in snacks based on potato is limited at 400 ppm and 50 ppm respectively (EC regulation,
1994) [231],
The reports related to the safety status of sulphites conclude that sulphiting agents are
not teratogenic, mutagenic or carcinogenic in laboratory animals. Sulphites have been
considered safe and effective ingredients ever since their introduction into food supply.
The Food and Drug administration has long considered sulphur dioxide and sulphite,
bisulphite and metabisulphite salts of sodium and potassium to be Generally recognized
as Safe (GRAS). The Joint Expert Committee on Food Additives of the World Health
Organization also considers sulphites safe for use in foods and has established an
Acceptable Daily Intake of 42 mg/ day for a 60-kg human. However, there are reports
of adverse-type reactions that were attributed to the consumption of foods containing
sulphites. These reports indicated that sulphites can induce asthmatic episodes in a
segment of the asthmatic population. In rare cases, severe asthmatic or even
anaphylactic-like reactions may occur [83, 84], Other symptoms have been reported in
some cases, but a cause-and-effect relationship has not been clearly established. The
identification of sulphite sensitivity generated considerable concern from the food
industry, consumers, the medical community and regulatory agencies. In 1986, FDA
revoked the GRAS status of sulphites for use as chemical preservatives in fruits and
vegetables intended to be served raw or sold raw to the consumers. This regulation does
not affect the dehydrated potato products. However, alternatives for sulphites as
inhibitors for the non-enzymatic browning in dehydrated potato products are necessary.
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1.2.2.

Alternatives to sulphite as inhibitor for non-enzymatic browning

A number of attempts to develop sulphite alternatives for inhibiting browning of
dehydrated foods have been made. One approach is to reduce the amounts of the nonenzymatic browning reactants by physical, chemical or biochemical means. The two
major reactants in the Maillard reactions are, as shown before, reducing sugars and the
amino group of amino acids, peptides and proteins; any change in their concentration,
characteristics and environment affecting their reactivity would influence the extent of
browning.
The content of reducing sugars and amino acids, as well as of other water soluble
constituents of potatoes (i.e. phenolic acids), is decreased during blanching, which is a
necessary step in the process of manufacturing dehydrated potato products. However,
because concomitant with the reducing sugars also nutritionally valuable compounds are
lost, the blanching intensity must be limited.
A chemical method for reducing non-enzymatic browning would be modification of aamino groups in amino acids or free e- amino groups in proteins by methylation with
formaldehyde or ethylation with acetaldehyde [85], or reductive methylation with sodium
borohydride and formaldehyde or acetylation with sodium acetate [86-88], However, it
is technologically difficult and nutritionally undesirable to reduce the concentration or
change the characteristics of the amino acids. Therefore, the reducing sugars, and
especially glucose, which are not nutritionally important in potato products can be
manipulated more easily.
Another possibility is to use nonsulphite compounds which exhibit an inhibitory effect
on the nonenzymatic browning by reacting with the reactive intermediates in the
Maillard reaction.

1.2.2.1.

Reduction of glucose content by enzymatic oxidation with glucose
oxidase.

Removal or conversion of glucose forms the basis of a biochemical method of inhibition
of nonenzymatic browning in dried products. For instance, in the commercial production
of egg white, glucose is removed by yeast fermentation prior to drying [43], The direct
application of enzymes such as glucose oxidase and catalase mediates the conversion of
glucose to gluconic acid, which is no longer capable of combining with amino acids.
This enzyme has been used for many years to remove glucose from egg prior to spraydrying [43, 89, 90], Recently, the application of glucose oxidase or glucose
oxidase/catalase systems to remove glucose in potatoes was presented [91-93].
The overall reactions for the oxidation of glucose with glucose oxidase/catalase system
is presented in Scheme 1.3. Glucose oxidase catalyses the reaction between glucose and
oxygen, producing gluconolactone, which is subsequently hydrolysed to gluconic acid,
and hydrogen peroxide. Hydrogen peroxide, which is an inhibitor of the reduced form
of glucose oxidase, is decomposed by catalase to water and oxygen.
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Oxidation of glucose to gluconic acid with glucose oxidase/catalase

Model studies using commercial glucose oxidase preparation were performed on potato
strips [91], potato dices [92] and potato flakes [93] to determine the optimal conditions
for the enzyme treatment, such as: temperature, pH, time, oxygen concentration, enzyme
concentration. Due to the fact that glucose oxidase is stable and active over a wide pH
range (pH 4-7) [94], the enzyme can be applied in the process at the normal pH of the
potato, which is reported to be pH=5.9 for potato strips and dices [91, 92], and pH=6.06.2 for potato puree [93]. The activity of glucose oxidase is virtually constant over a
temperature range of 25-40°C, but some inactivation can occur as temperature increases.
At 55°C, approximately 35% of the activity is lost [91, 95]. Dissolved oxygen is another
substrate in glucose oxidase/catalase reaction. However, increasing oxygen concentration
by bubbling compressed air through the system did not increase the effectiveness of the
enzyme treatment [93].
When glucose oxidase was applied to steam-blanched potato strips by dipping them for
10 to 15 min in 0.10% (v/v) Fermcozyme solution at 35°C, glucose was reduced by 2535%, withlonger dipping time effecting agreater decrease (Table 1.5, [91]). The content
of sucrose and fructose remained unchanged after enzymatic treatment. This decrease
of glucose in the presence of the enzyme was considerably greater and more consistent
than the 7-30% decrease in the control samples, which was caused by leaching alone.
Presumably, the enzyme acted on glucose which had diffused into the solution and on
the strip surface, but not on the glucose inside the strips as penetration of large enzyme
molecules into potato tissue would be minimal. Therefore, the rate of diffusion of the
sugar through potato tissue is a limiting factor in this procedure. Diffusion rate is
dependent on flow rate of water over the surface, temperature, tissue damage and
concentration gradient of the solute across the tissue [96]. Due to the fact that during
the reaction glucose is oxidized to gluconic acid, whose solubility in water is greater
than that of glucose, the enzyme treatment would accelerate the reduction of glucose
content on potato surface and increase its rate of diffusion from the tissue.
Although 0.01% (w/w) peeled potatoes) of enzyme with 1500 U/ml could decrease
glucose in blanched potato extract at 30°C by only 22% after 60 min, the glucose could
in fact, be completely eliminated given adequate enzyme concentration and reaction
time. For example, a 70% reduction in glucose content could be effected by treatment
with 0.05% enzyme for 1 h at 40°C [91], However, in practice this would be too costly
and time consuming, especially when applied to potato slices or strips. In potato
products such as chips, French fries, flakes or granules, it is neither necessary nor
desirable to completely eliminate sugars in potatoes before processing. In chips or
French fries, small amounts of reducing sugars are needed to produce golden-coloured
products with characteristic flavour. Flakes and granules, destined for manufactured
products such as croquettes or fabricated chips, also require some reducing sugars for
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the same reason. Therefore, in most cases, only a limited decrease in reducing sugars
is sufficient to render potatoes with unacceptably high sugars acceptable for processing,
and this may be accomplished with glucose oxidase/catalase treatment.
Table 1.5

Potato

Glucose content (% dry basis) of potato strip after dipping treatment in
either distilled water (Control) or 0.10% (v/v) Fermcozyme CBB-750
at 35°C
Dipping
time, min

Norland

Shepody

Untreated
strip

Control

Reduction

Enzyme
0.10%

Reduction

10

2.78

2.06

25.9

1.86

33.1

15

2.78

1.95

29.9

1.82

34.5

10

3.03

2.81

7.3

2.28

24.8

15

3.03

2.11

30.4

2.05

32.3

%

%

Sensory evaluation carried out to determine whether the glucose oxidase treatment
imparted any off-flavours to potato chips and French fries as compared to the controls,
showed that none of the 17 panellists participating in the evaluation reported any offflavour in enzyme-treated products.
From the results presented above, we can conclude that glucose oxidase/catalase
treatment can be used to reduce glucose content in potatoes prior processing, in order
to reduce non-enzymatic browning in dehydrated potato products. However, the process
presents several advantages and disadvantages, from which we mention:
a) Advantages:
Glucose oxidase/catalase system is very effective in reducing the glucose content
of potatoes. By adjusting the process parameters (enzyme concentration,
temperature, reaction time) different degrees of glucose reduction can be
reached, varying from 30 to 70% reduction. High enzyme concentration can
result in a total reduction of glucose content in potatoes if enough oxygen,
which is the limiting parameter of the reaction, is supplied into the system.
Due to the fact that molecular oxygen is the second substrate in the glucose
oxidase reaction, treatment of the products with glucose oxidase/catalase system
will result in a total consumption of the oxygen in the product and also of any
residual headspace oxygen during storage. In this way, glucose oxidase act as
an effective antioxidant in dehydrated potato products, preventing lipid
degradation and off-flavour formation.
The gluconic acid produced in the reaction lowers the pH of the product, and
thus may increase product's shelf-life.
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Treatment of potatoes with glucose oxidase/catalase system impart no offflavour in the final products.
b) Disadvantages:
Treatment with glucose oxidase/catalase system does not affect the content of
sucrose and fructose, which can still participate in browning reactions during
processing and storage, resulting in product degradation.
Glucose oxidase is a thermo-labile enzyme and it cannot be used at temperatures
higher than 55°C. Therefore, the enzyme must be applied in a separate mixing
step, before drying (to minimize browning during processing), or before
packaging (to inhibit browning during storage of dehydrated product).
Mixing, which is necessary to insure the oxygen requirement to reduce glucose
concentration to acceptable levels, can damage the product by disrupting the
cells.
The high price of glucose oxidase/catalase (f 160,-per litre) induces high costs
of the process and products.

1.2.2.2.

Salts as inhibitors of non-enzymatic browning

Metal ions like manganese, tin, calcium and in a lower extent sodium have been shown
to have an inhibitory effect on the Maillard reaction in model systems [38, 43, 71-76,
97, 98], Ammonium chloride was also shown to inhibit non-enzymatic browning
reactions in lysine-glucose solutions [71]. From the above mentioned compounds, only
calcium and sodium salts may find an application in the dehydrated potato industry.
A. Calcium chloride as a non-enzymic browning retardant
Calcium chloride (CaCl2.2H20) was found effective in retarding non-enzymatic
browning rate in dehydrated white potatoes [72, 97, 98] and in dried apples [73] during
processing and storage. Retardation of browning in dehydrated potatoes by calcium
chloride is due to the fact that calcium can chelate with a-amino acids and thus might
hinder the reaction between amino groups and sugars. The dehydrating action of calcium
chloride may also have an effect in taking up the traces of moisture which may persist
after drying. When treating blanched potatoes with calcium chloride solution, there was
no decrease in their reducing sugar content, but the rate of the reaction of amino acids
and sugars was decreased.
Studies on the effect of calcium chloride on potato dices at excessively high
temperatures during drying [72] showed that the browning retardant action of calcium
chloride was especially evident in White Rose potatoes, which are known to be highly
susceptible to browning. In the earlier stages of dehydration where the potatoes were to
some extent protected against heat damage by evaporating cooling and the moisture
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content was relatively high, little browning occurred even in the unprotected material;
hence, the protective effects of calcium were only minor. In the later stages of
dehydration where the product was fairly dry and the danger of heat damage was much
greater, the browning retardant action of calcium chloride was quite evident and directly
related to the amount of calcium used. The same effect was detected during the storage
of calcium chloride treated potato dices, dried at 78°C, adjusted to 7% moisture, and
stored in sealed containers at 55°C.
Calcium chloride was extremely effective in retarding browning during long time storage
of dried potato dices, with 8% humidity, at medium temperatures (21°C, 38°C and
47°C), (Figure 1.9).
No visible browning occurred at 21°C during a one year storage period. At the other two
higher storage temperature (38°C and 47°C), the rate of browning was found to be
inversely related to calcium content, with browning developing fastest in the untreated
control and diminishing steadily as the content of calcium was increased.
300

5

MONTHS IN STORAGE

Figure 1.9. Influence of varying levels of calcium on
susceptibility of dehydrated white potato dice to nonenzymic browning during storage at 38°C and 47°C

When the inhibitory effect of calcium chloride on the nonenzymatic browning was
compared with that of sulphite, it was shown that calcium chloride alone was more
effective in retarding browning than bisulphite, but the best results were obtained with
the two reagents in combination (Figure 1.10).
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Figure 1.10. Calcium, sulphite, and combinations of
calcium and sulphite as retardants of non-enzymic
browning in dehydrated potato dice stored at 38°C

The amount of calcium to be used for inhibiting browning in dehydrated potatoes is
limited by its effects on the texture characteristics of the product. Excessive quantities
of calcium could result in tough products and would impart an undesirable flavour to
the product. Sensory tests on potato dices treated with calcium chloride before drying
indicated that moderate quantities of calcium chloride (0.02-0.4%) would not be only
tolerable, but might even favour the acceptance of the product, with respect to its
appearance, texture and flavour.
Calcium chloride was also proved effective to inhibit non-enzymatic browning in
dehydrated potatoes when used in synergistic amounts with other discoloration inhibitors
such as cysteine, sodium acid pyrophosphate and/or sulphiting agents [98]. This aspect
will be discussed in detail in chapter 1.2.2.6.
As a conclusion, we may say that calcium chloride is a valuable inhibitor of nonenzymatic discoloration in dehydrated potato products.

B. Influence of sodium salts on non-enzymatic browning
Sodium chloride (NaCl), which is currently used in potato industry together with
ascorbic acid to prevent the enzymatic browning, was shown to exhibit a weak retardant
effect on non-enzymatic browning reactions in model systems [71, 76], The ability of
sodium chloride to inhibit browning in glucose-lysine model system was compared with
that of other potential inhibitors, and it was shown that sodium chloride was the less
effective one. The effectiveness of potential browning inhibitors increased in the
following order:
sodium chloride < glutamic acid < aspartic acid < ammonium chloride < urea < cysteine
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The browning of a solution of glucose-lysine, at pH 7.0, incubated for 180 hours at 80
°C was greatly reduced by sodium chloride [71]. The same effect was determined on a
caseinate-glucose gel, incubated for 2 hours at 100°C.
The non-enzymatic browning reaction of a sodium caseinate-glucose powder mixed with
NaCl and NH4C1 at pH 7 and stored for 0-8 weeks at 30°C is shown in Figure 1.11 [71].
The rate of browning reactions for the powder mix model system without sodium
chloride and ammonium chloride is higher than those with sodium chloride and
ammonium chloride. As the water activity of the powder mix models increased from
0.231 aw to 0.684 aw the brown colour of the sample increased. A linear correlation of
colour (A420) and storage time was observed with different water activity values.

TIME (we«k)

Figure 1.11. Colour of model powder during storage. With salts,
aw: •, 0.231; •, 0.440; a, 0.684. Without salts, a,,: •, 0.231; O,
0.440; A, 0.684

There is no explanation in literature for the inhibitory effect of sodium chloride on the
non-enzymatic browning in model systems. If we consider that the ionic radii of Na+ and
Ca2+ are approximately equal (0.95 Â for Na+ and 0.99 Â for Ca2+), and that theoretically,
any metal may form chelate complexes, we could assume that sodium can retard the
Maillard reaction by chelating with the a-amino acids in a similar way calcium does.
The weaker inhibitory effect of natrium chloride as compared with calcium chloride can
be explained by the difference in the stability of the complexes. There are no available
data about the application of sodium chloride in dehydrated potato products for
preventing non-enzymatic browning during storage.
Sodium pyrophosphate was used in synergistic amount to minimize browning in dried
potatoes, together with L-cysteine, calcium chloride and sulphite [98],
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1.2.2.3.

Aspartic and glutamic acids

HOOC—CH2—CH(NH2)—COOH
aspartic acid

HOOC—CH2—CH2—CH(NH2—COOH
glutamic acid

The potential of aspartic and glutamic acid for inhibiting the Maillard browning reaction
was demonstrated for model systems containing glucose-lysine (pH 7.0, 80°C for 180
h) [71], lysine-glucose and lysine-fiructose (pH 8.0, 60°C for 58 h) [99]. In all systems
the browning was greatly reduced as the concentration of the dicarboxylic acid
increased. Dipping specially prepared potato chips into either aspartic or glutamic acid
solutions prior to frying was accompanied by less darkening as measured by Hunter L
values (Table 1.6, [99]).
Table 1.6

Hunter L values of control and treated potato chipsa)

Replicate

Control

Dipped in aspartic
acid

Dipped in glutamic
acid

1
2
3
4
5
6
7
Mean

39.0
38.3
38.2
39.0
37.9
36.7
39.5
38.4 ± 0.57

47.6
44.6
45.3
47.0
46.8
46.6
47.2
46.4 ± 1.00

44.2
44.7
43.0
43.0
43.7
43.9
43.6
43.7 ± 0.57

The treatment consisted in freeze-drying potato slices and dipping them in 0.04 M
aspartic or glutamic acid before frying.

a)

This corresponded to a mean value of 38.4 for the untreated potato chips compared to
46.4 and 43.7 for the potato chips dipped in aspartic and glutamic acids, respectively.
The inhibitory activity of both aspartic and glutamic acids can be explained by the
change in the local pH of the medium induced by the addition of the dicarboxylic acid.
No data are available about the utilisation of aspartic and glutamic acids in dehydrated
potato industry, but we can assume that both aspartic and glutamic acid will have the
same effect in inhibiting non-enzymatic browning in dried potatoes during storage.
Being amino acids, both aspartic and glutamic acid would have no adverse nutritional
effects. Also, they are not expected to impart undesirable properties to the product.
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1.2.2.4.

Urea, semicarbazide and aminoguanidine

H2N—C—NH2
II
O
urea

H2N—NH—C—NH2
II
NH
aminoguanidine

H2N—C—NH—NH2
II
O
semicarbazide

The effectiveness of urea as a potential browning inhibitor was evaluated on different
model systems consisting on:
a) glucose-lysine solution at pH 7, incubated for 180 h at 80°C;
b) model gel system of 0.0035 M sodium caseinate and 0.22 M glucose at pH 7,
incubated for 2 h at 100°C and
c) powder mix model of 67.3% sodium caseinate and 31.7% glucose, pH 7.0
during storage at 30°C for 8 weeks at different water activities [71].
In all model systems, the browning reaction was greatly inhibited in the presence of
urea. It is possible that urea inhibits the non-enzymatic browning by reacting with the
carbonyl groups of sugars and of the intermediate dicarbonyl compounds formed during
the Maillard reaction. It was also suggested that urea inhibits browning by chemically
interacting with the amino acids or with the e-amino group in the protein, thus
preventing their reaction with glucose.
Recently, aminoguanidine [100-104] and semicarbazide [100] have been suggested as
possible inhibitors of browning reactions and have been shown to inhibit:
1) Maillard initiated protein crosslinking at physiological conditions and
2) brown colour formation when D-glucose is incubated with proteins.
Aminoguanidine and semicarbazide also inhibit crosslinking in model systems using 3deoxyglucosone and model proteins, suggesting that the site of the inhibition may be a
later stage of the Maillard reaction. Aminoguanidine appears to exert its effect as an
inhibitor of the Maillard reaction by condensation with dicarbonyl intermediates to give
stable 5- and 6- substituted triazine derivatives, which represent irreversibly formed
compounds. Therefore, aminoguanidine is considered to inhibit the advanced stage of
the Maillard reaction. Semicarbazide, which has a similar reactivity, is speculated to
inhibit both the early and the advanced stage of non-enzymatic browning of proteins.
These results look very promising, and more studies are necessary to determine the
compatibility of these compounds with dehydrated vegetables.

1.2.2.5.

Inhibition of non-enzymatic browning with sulphur compounds

Thiols are organic compounds which contain in their molecule the sulfhydryl (-SH)
group, such as mercaptoethanol, thiophenol as well as the sulphur amino acids. Due to
their specific electronic and nucleophilic properties, thiols act as inhibitors of both
enzymatic and non-enzymatic browning. Investigation of thiol interactions in sugar-
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amine systems lead to important developments in the inhibition of browning in
foodstuffs containing relatively small proportions of amino compounds.

A. Thiols
Thiols, such as thiophenol (C6Hs-SH), mercaptoacetic acetic acid (HS-CH2-COOH), 3mercapto-propioninc acid (HS-CH2-CH2-COOH), 2-mercaptoethanol (HS-CH2-CH2-OH),
etc., inhibited the browning reaction of glucose and glycine. They also inhibited
browning in mixtures of secondary amines and glucose while acting as catalysts for
Amadori rearrangement [40].
The objectionable properties of simple thiols, such as persistent and very unpleasant
odour and potential toxic effects render them unsuitable as inhibitors of browning in
foods, but they are valuable in elucidation of the mechanisms of the reaction involved.

B. Sulphur-derivatives of sugars

CH,SH

5-thio-a-D-xylopyranose

6-deoxy-6-mercapto-D-glucose

Incorporation of the thiol function in the sugar molecule led to the inhibition of
browning. When equimolar quantities of glycine and 5-thio-a-D-xylopyranose or 6deoxy-6-mercapto-D-glucose were heated with water (20 g/100 g solids) at 100°C the
absorbance (molar x 10"5) after 20 minutes was 0.2 at 440 nm; the absorbance for
glycine and xylose was 7.5, and for glycine and glucose was 1.2 [40], Little browning
occurred with glycine and the 5-thio-pyranose because a stable glycosylamine was
formed, which is not subject to Amadori rearrangement. The reaction between glycine
and 6-deoxy-6-mercapto-D-glucose gave a compound with the reducing properties of a
1-amino-1-deoxyketose, which may have the sulphur atom in the ring. Due to the fact
that the ring in 5-thio-a-D-xylopyranose is unusually stable, the degradation of a sulphur
analog of an Amadori product might be inhibited by the stability of the ring.
Therefore, the reaction between amino acids and these thio- or mercapto sugar
derivatives, will result in the formation of very stable compounds which will not be
subjected to the degradation pathway in the Maillard reaction. This compounds will be
able to reduce browning in fruits and vegetables without significantly affecting the
nutritive value of the product.
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C. Sulphur amino acids
Sulphur containing amino acids such as:

HS—CH2—CH—COOH
NH2
cysteine (L, D or D,L)

HS—CH2—CH—COOH
NH—COCH3
N-acetyl-cysteine (L, D or D,L)

and the tripeptide glutathione, reduced:

HOOC—CH—(CH2)2—CO—NH—CH—CO—NH—CH2—COOH
NH2

CH2—SH

can act as (a) reducing agents, (b) scavengers of reactive oxygen (free radical species),
(c) strong nucleophiles that can trap electrophilic compounds and intermediates, (d)
precursors for intracellular reduced glutathione, and (e) inducers of cellular
detoxification. It was demonstrated that, due to the above mentioned properties, these
compounds have antioxidant and antitoxic effects, and are efficient inhibitors of both
enzymatic and non-enzymatic browning in heated amino acid-glucose system [107], in
fruit juices and protein-containing foods [108, 110], at cut surfaces of apples and
potatoes [109] and in dehydrated potato products [98],
Model studies on solutions of glucose and amino acids showed that sulphur containing
amino acids such as cysteine, N-acetyl-cysteine and the tripeptide glutathione (reduced
form) are very efficient inhibitors of browning reactions (Table 1.7, [107].
Browning inhibition, as defined by an Index of Prevention varied between 70% and
96%. These SH-containing amino acids were nearly as effective as sodium bisulphite
in preventing browning in heated amino acid-glucose systems. However, the amount of
inhibitor needed to achieve this degree of inhibition varied. The minimum concentrations
of each inhibitor needed for optimum inhibition, expressed as mole inhibitor per mole
of D-glucose was as follows: sodium bisulphite, 0,02; L-cysteine, 0.05; N-acetylcysteine,
0.2; reduced glutathione, 0.2; urea, 8. For the first three, the concentration needed to
inhibit browning was less than the theoretical amount needed to interact
stoichiometrically with either partner.
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Table 1.7

a

b

Effectiveness of inhibitors on browning.
Reactions (I-IV) of D-glucose with ß-alanine (I), Na-acetyl-L-lysine (II),
a mixture of amino acids (III), and glycylglycine (IV).

Reaction

Inhibitors

I
II
III
IV

IP3, %

Stoichiometry of inhibitionb
mol inhibitor/mol MP

N-acetyl-L-cysteine
N-acetyl-L-cysteine
N-acetyl-L-cysteine
N-acetyl-L-cysteine

70
83
91
89

0.2
0.4
2.0
0.4

I

L-cysteine

79

0.05

II

glutathione

83

0.08

I
II
III
IV

sodium bisulphite
sodium bisulphite
sodium bisulphite
sodium bisulphite

79
96
74
91

0.12
0.16
0.05

I
II
III
IV

urea
urea
urea
urea

91
88
95
89

12
12
12

Index of prevention (IP) = 100-(molar absorptivity value of the amino compound +
glucose + inhibitor) x 100/(molar absorptivity value of the amino compound +
glucose).
Minimum mole ratios needed to achieve the corresponding IP value
MP, Maillard reaction product precursor

Although the nature of the inhibition process is not well understood, possibilities include
(a) suppression of free-radical formation, whereby the formed radicals during heating
are caught by and localized on the sulphur moiety of the thiol; and (b) interaction of the
sulfhydryl compounds with intermediates formed during browning, thus trapping them
and preventing them from forming the final browning products. Because of their strong
nucleophilic reactivity and ability to dissipate free radicals, sulphur amino acids are
especially capable of participating in the cited transformations on the basis of their
extensively studied chemical properties. Thus, as previously noted [111] sulfhydryl
groups in amino acids, peptides and proteins participate in anionic, cationic and free
radical reactions both in vitro and in vivo. The reactivity of the thiolate anion is much
greater than would be expected from its basicity. Indeed, the thiolate anion appears to
be one of the strongest nucleophiles known. This great reactivity presumably results
from the polarizability of sulphur electrons and the availability of empty d-orbital
overlap. Another possibility is that SH-containing compounds reduce carbonyl groups
and double bonds in brown products to form colourless material.
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These concepts may be used to explain the mechanism of inhibition of non-enzymatic
browning reactions by sulfhydryl compounds. For example, in the pathway toward
Maillard browning (see Appendix 1 for details), the sulfhydryl compounds can compete
with the amino group of amino acids, peptides and proteins, in their reaction with the
carbonyl groups in the reducing sugar to form stable thiohemiketal or thioketal (Scheme
1.3, [107]), or with the intermediate dicarbonyl compounds 3-deoxyosulose and 3,4dideoxyosulos-3-ene [106] (see Appendix 1), in a similar way to sulphite reaction (see
Appendix 2). Relative reactivities of aldehyde or ketone groups and of a,ß-unsaturated
dicarbonyl compounds with -SH or -NH2 groups in structurally different environments
will dictate the extent of inhibition of Maillard browning by various thiols.

R—CHO + R'—SH ^ R—CH(OH)S—R'
thiol
thiohemiketal
R—CH(OH)S—R' + R'—SH ->

R—CH(SR')2 +
thioketal

H20

Scheme 1.3 Addition of sulfhydryl compounds to the carbonyl group.

These properties of the SH group can be taken advantage of to improve the quality and
safety of food supply. Therefore, sulphur containing amino acids were studied to assess
their potential for preventing long-term food browning under practical storage and
processing conditions.
L-Cysteine was extremely efficient as inhibitor of Maillard-type browning in fruit juices
during storage for 6 months at different temperatures (1°C, 21°C and 38°C) [71]. The
addition of cysteine to whole egg or egg white prevented the development of browning
and insolubility in the dried products [40, 89],
A comparative study of the effectiveness to inhibit browning of L-cysteine, N-acetyl-Lcysteine, glutathione and sodium bisulphite in fruit juices and protein-containing foods
[108] demonstrated that N-acetyl-L-cysteine was of the same order of magnitude of
effectiveness as sodium bisulphite, and that reduced glutathione may be a better inhibitor
than bisulphite with respect to duration and minimum concentration for complete
inhibition. Both N-acetyl-L-cysteine and glutathione produced no off-flavour at
concentrations that inhibited browning. Although L-cysteine appears to be an effective
inhibitor, the concentration needed for substantial inhibition may produce undesirable
odours. Therefore, N-acetyl-L-cysteine and reduced glutathione appear superior to
cysteine both in relative effectiveness at the same molar concentrations and in odour
formation. However, the application of reduced glutathione in preventing browning is
limited by its very high price (f 6000/kg).
For the protein containing foods, N-acetyl-L-cysteine proved to be an excellent inhibitor
of browning, at least as effective as sodium sulphite. In this connection it is worth
noting that the pK value of the SH group of N-acetylcysteine (pKa=9.5) is much higher
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than the corresponding value for cysteine (pK=8.2) [111]. This difference implies that
the acetylated derivative may be less susceptible to oxidation and generally more
reactive than cysteine. The greater nucleophilic reactivity may explain its greater
effectiveness in some cases as an inhibitor for browning. In addition, it has been recently
revealed that N-acetyl-L-cysteine is fully utilized by mice as a nutritional source of
cysteine, apparently without any adverse manifestation [111].
On the other hand, L-cysteine is a good inhibitor of non-enzymatic browning and is
listed as food-grade reagent. L-cysteine has been used as a food additive in various
processed food products as a flavouring agent, for improving colour retention, as
antioxidant, etc.
Therefore, L-cysteine is the only sulphur amino acid who has been studied, until now,
as a possible alternative for sulphite to prevent non-enzymatic browning in dehydrated
potatoes.

1.2.2.6.

Use of synergistic amounts of L-cysteine, calcium chloride, sodium acid
pyrophosphate to minimize browning on dehydrated potato products

Methods for treating fruits and vegetables, and especially potatoes, to minimize
browning upon subsequent processing, handling and storage with discolouration
inhibitors including cysteine, calcium chloride, sodium acid pyrophosphate and/or a
sulphiting agent in synergistic amounts in an attempt to substantially reduce and
essentially eliminate the use levels of sulphiting agent, are presented in a patented
publication [98], The method may be used in conjunction with potatoes processed into
dehydrated piece products, such as slices, dices, strips, shreds and the like, and
especially into dehydrated mashed products such as granules, flakes and agglomerates.
In order to establish the best composition of the discolouration solution for treating
potatoes to minimize browning, the authors studied comparatively the influence of
cysteine, sulphite, calcium chloride, sodium pyrophosphate (SAPP) and mixtures of
cysteine and sulphite on potatoes prepared for processing. For this experiment, potatoes
prepared for processing in a conventional manner by washing, peeling and trimming
were immersed in a holding tank. For the control run, no sulphite or other discolouration
inhibitor was included in the holding tank water, and no cysteine was used in the
process. In the other runs conducted for comparison, sulphite was added in the holding
tank in the amounts indicated in Table 1.8. The potatoes were than subjected to a
cooking procedure, after which discolouration inhibitors were introduced in the amounts
indicated in Table 1.8. The potatoes are than mashed, mixed and conditioned prior to
drying. The granular potatoes obtained, with a moisture content of approximately 7-8%,
were measured for colour using an Agtron reflectance meter (above 40 is considered
acceptable, and above 50 good to excellent), and for flavour (ratings of 3.0 are
acceptable, and 4 are considered excellent)
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Table 1.8

Treatment of potatoes with different browning inhibitors
Processing
Discoloration Inhibitor, %
Cysteine CaCl2 SAPP

Results
S02 % Colour Flavour
content

0

0

0.1

0.1

0

20

3.0

#1

0.1%

0

0.1

0.1

<3

35

3.0

#2

0

0.14

0.14

0.14

0

52

4.0

#3

0.1%

0.14

0.14

0.14

<3

62

4.0

Run

Sulphite in
holding tank

Control

Obs.: Percentage - Dry weight basis
As can be seen, the control sample was unacceptable in colour and marginal in flavour.
The colour and flavour of the dehydrated potato granules were improved somewhat
when 0.1% sulphite was included in the holding tank. Treating the potatoes with a
discolouration inhibitor solution containing cysteine showed markedly superior results,
with the best results achieved when the potatoes are first exposed to a sulphiting agent
in the holding tank, followed by treatment with a discolouration inhibitor solution
containing cysteine, calcium chloride and sodium pyrophosphate. It has been concluded
that exposing potatoes to discolouration inhibitors including cysteine, calcium chloride
and sodium pyrophosphate in synergistically effective amounts, essentially eliminates
the need for treating the produce with sulphiting agents at conventional levels and yet
minimizes browning and discolouration of the produce upon subsequent processing,
handling and storage.
Several compositions for the inhibiting solution were suggested, such as:
1)

0.2-0.5% cysteine, 0.05-0.1 sulphiting agent and 0.025-0.5% sodium
pyrophosphate;

2)

0.025-0.25 cysteine, 0.001-0.003% sulphiting agent, 0.025-0.2% calcium
chloride and 0.025-0.2% sodium pyrophosphate.

According to this method for treating potatoes to minimize browning, the potatoes are
immersed in an aqueous solution containing a sulphiting agent prior to treating with the
discolouration solution that comprises cysteine, calcium chloride and natrium
pyrophosphate to result in about 0.025-0.2% cysteine, 0.025-0.2% calcium chloride,
0.025-0.2% sodium pyrophosphate and less than 30 ppm sulphur dioxide by total weight
of dry product.
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1.3. Conclusions
FDA restrictions on the use of sulphites in certain fruits and vegetables and concern that
other uses might be subject to future limitations have prompted researchers and
ingredient suppliers to develop sulphite substitutes. However, the use of browning
inhibitors should be correlated with good processing conditions, in order to be efficient.
It is important to use good-quality potatoes (which might be improved by adequate
storage conditions) and to control strictly the water activity in the dehydrated product.
The storage conditions of the dehydrated product are also important.
Sulphites are multifunctional agents. The search for alternatives has yielded compounds
that are effective substitutes for only one or two of the functionalities obtained with
sulphites. It is unlikely that a multifunctional sulphite substitute can be developed.
Rather, combinations of several active ingredients, formulated to meet the needs of
specific commodities and products type should be developed. Such formulations must
be cost-effective in their stated use (although not necessarily equivalent to sulphite in
cost or effectiveness) and they must be approved for food use by FDA.
In the particular case of sulphite substitutes as inhibitors for non-enzymatic browning
reaction in dehydrated potato industry, several compounds have been demonstrated to
be very efficient. Some of them can be considered as potential alternatives to sulphites:
1.

Glucose oxidase/catalase - inhibits the non-enzymatic browning by reducing the
amount of glucose in the potato; use of glucose oxidase has also the advantage
of reducing the headspace oxygen, the enzyme acting in this respect like a very
efficient anti-oxidant;

2.

Calcium chloride - act as inhibitor of the Maillard reaction by chelating the
amino groups of the free amino acids or proteins, thus blocking their interaction
with the reducing sugar; in the concentration required to insure an efficient
inhibition, calcium chloride improve the texture of the dehydrated potato
products and does not affect the taste and the flavour;

3.

Aspartic and glutamic acids are good browning retardants;

4.

Sulphur amino acids (L-cysteine and its acetylated derivative, N-acetyl-Lcysteine) are the most efficient inhibitors for the non-enzymatic browning
reactions; they present the advantage that they also inhibit enzymatic browning
and are potential anti-oxidants. From these two compounds, L-cysteine has
received more extensive study. However, we consider that N-acetyl-L-cysteine
(and also the racemic mixture) might be a better inhibitor, because it is more
efficient and more stable.
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All the above mentioned compounds are already used as food additives in different food
products, or are used in pretreatment of food (glucose oxidase).
Even if the available data show that each of this compound has a high effectiveness in
retarding discolouration in dehydrated potatoes, better results may be obtained by using
combination of two or more of the potential inhibitors. It may also be possible to
introduce them in different stages in the process. For example, a preliminary step of
reducing glucose content of potatoes by treatment with glucose oxidase, prior to the
immersion in a solution containing a mixture of several potential inhibitors in synergistic
amounts, could be of high efficiency.
More extensive studies are necessary in order to have a good method to inhibit the nonenzymatic browning in dehydrated potato products. Any proposed formulation has to be
analyzed with respect to the compatibility with the product and sensory properties.
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2. Use of antioxidants in potato drying industry
A main form of deterioration of dehydrated potatoes is oxidative rancidity of the potato
fat, first detected by Burton, in 1945 [2], The oxidative deterioration of dehydrated
potatoes is a result of the spontaneous reaction of atmospheric oxygen with the
polyunsaturated fatty acids (linoleic and linolenic acid, which together account for about
75% of the lipids in the potato tuber [3, 4]), yielding numerous volatile products, and
particularly aldehydes such as hexanal, which was identified as being correlated with
both the volume of oxygen absorbed and the degree of "off flavour" development [114].
Oxidative deterioration is much more noticeable in products with a high surface/volume
ratio, such as granules or flakes, and in such commodities it is more serious than the
browning reactions as a source of deterioration. Oxidative deterioration differs from nonenzymatic browning in several aspects. The latter reactions are adequately controlled in
practice by sufficiently lowering the moisture content of the product and by addition of
sulphite. Rancidity, on the contrary, is much more important at low water contents.
The rate of oxidative change is not markedly affected by temperature of storage. It was
estimated that the rate increased only about 1.2 to 1.4 times with a temperature rise of
10°C. Packing in nitrogen greatly retards oxidative deterioration, but it has little effect
on rate of browning.
Packing under nitrogen is used commercially for control of oxidative deterioration. Most
of the oxidation is prevented, but a small amount occurs presumably because of the
small percentage of residual oxygen that is usually present. The atmosphere of the
package usually contains about 0.5-1.5% oxygen.
Although packaging in an inert atmosphere is quite effective in preventing deterioration,
packaging and material costs are so high that other methods of preventing oxidative
changes in dehydrated potato products are needed. Considerable attention has been given
to use of antioxidants to control oxidation.
Dehydrated potatoes are generally stabilized against auto-oxidation by antioxidants and
synergists. According to Food Additives Tables from 1982, in USA, Canada, Japan and
most European countries, butylated hydroxyanisole (BHA), butylated hydroxytoluene
(BHT), EDTA, gallates and ascorbic acid or ascorbyl palmitate are used to protect
dehydrated potato products from rancidity. A patent granted to Campbell and Coppinger
[119] specified three processes of stabilizing dehydrated vegetables:
1)
2)
3)

treatment of the product with antioxidant before drying;
enclosing the dehydrated product in a sealed container with a pad containing a
volatile fat-stabilizing antioxidant, and
mixing the dry product with an edible dry component containing a volatile
antioxidant and placing it in a sealed container.

Butylated hydroxyanisole (BHA) either alone or in combination with propyl gallate and
citric acid, and numerous other antioxidants have sufficient volatility to permit
distribution throughout the dried material by diffusion in the vapour phase. Antioxidant
levels of 0.1-0.001% (1000 down to 10 ppm) were preferred.

VAVI/ATO-DLO are owners of this research report. It is not allowed to use, copy or distribute anything without written
permission of VAVI/ATO-DLO.

page - 55 -

From the foregoing it might be assumed that effects of antioxidants are well understood,
and that methods of using them are entirely adequate. Unfortunately, this is not the case,
and in fact development of improved and less expensive methods of controlling
oxidative deterioration is one of the most important needs of the potato drying industry.
Recently, BHA was reported to be carcinogenic in rats when 2% was added to their
feed, and BHT has been reported to be hepatocarcinogenic [120]. Research to find
alternatives to BHA which can be used in dried potato products is a necessity.
As used this far, antioxidants have been more effective against oxidative odour than
against oxidation flavour. A possible explanation may be that more than one type of
constituent contribute to oxidative deterioration, and that constituents with volatile
oxidation products are affected to a greater degree by the antioxidants than are those
with nonvolatile products.
A comprehensive fundamental investigation is needed to determine the constituents of
the potato that contribute to oxidative deterioration. There is evidence that the fats
present in the potato contribute, but indications are that they cannot account for all the
oxidation. It is suspected, for example, that carotenoids may be among other constituents
that are involved. Furthermore metal ions accelerating auto-oxidation have to be
inactivated. Beside the lipids phenolic compounds also have to be protected. Knowledge
of the causal factors is needed as a basis for technological investigations aimed at
solution of the problem. The ultimate solution may result from selecting more suitable
raw material, developing new antioxidants or new methods of using them that are
tailored to the product, and/or developing new processing procedures that will yield a
product with less susceptibility to oxidative deterioration.

2.1. Chemistry of oxidative deterioration and its inhibition
2.1.1.

The mechanism of lipid auto-oxidation

The spontaneous reaction of atmospheric oxygen with organic compounds leads to a
number of degradative changes that reduce the lifetime of many products of interest to
the chemical industry, especially polymers, as well as causing the deterioration of lipids
in foods. The mechanism of lipid auto-oxidation and of its inhibition were extensively
studied. Several observations including the detection of an induction period, the pro- or
antioxidant effects of small concentration of impurities, and the effect of UV light
clearly led to the conclusion that the reaction between lipids and oxygen, which is
termed auto-oxidation, is a free radical chain reaction. Like all chain reactions, the
mechanism can be discussed in terms of initiation reactions during which free radicals
are formed, propagation reactions during which free radicals are converted into other
radicals, and termination reactions which involve the combination of two radicals with
the formation of stable products (Scheme 2.1).
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Initiation

ROOH
ROOH
2ROOH

.

^
^
^

ROO + H
RO + OH
RO + H20 + ROO

Propagation

R + 02
ROO + R*H

**
^

ROO
ROOH + R1

Termination

ROO + R!00 **
RO + R1
^

ROOR1 + 02
ROR1

* Formed by various pathways including reaction of 102 with unsaturated lipids or
lipoxygenase-catalysed oxidation of polyunsaturated fatty acids.
Scheme 2.1
2.1.1.1.

Mechanism of auto-oxidation

Initiation of auto-oxidation

Hie direct reaction of a lipid molecule, RH with a molecule of oxygen in ground state
is highly improbable; the energy of activation for this reaction is very high, with values
in the range of 146-272 kJ/mole.
There are two more probable processes to be considered in the formation of free
radicals:
1) chain initiation by a direct reaction between a metal catalyst and a lipid
molecule.This process has been shown to be exothermic for methyl linoleate.
M(n+1) + RH

—»

NT+ + H+ + R

2) formation of hydroperoxides by the reaction of a lipid molecule in its singlet excited
state or by an enzyme-catalysed reaction.
The conversion of triplet oxygen to singlet oxygen may occur when a
photosensitiser, such as chlorophyll, haematoproteins or flavins, including riboflavin,
is present. Photosensitisers absorb light in the visible or near UV region, becoming
electronically excited. They may then transfer their excess energy to an oxygen
molecule in an allowed reaction:
3o

2

3Sens(excited)

'Sens —> 'SensCexcited) —>
Intersystem crossing

—> 'Sens + '02

The singlet oxygen thus formed may then react with a lipid molecule to yield a
hydroperoxide.
RH +

10

2

-» ROOH

VAVI/ATO-DLO are owners of this research report. It is not allowed to use, copy or distribute anything without written
permission of VAVI/ATO-DLO.

page - 57 -

An alternative pathway to hydroperoxides involves the reaction of a polyunsaturated
fatty acid such as linolenic acid with oxygen in the presence of the enzyme
lipoxygenase.
lipoxygenase
3
RH + 02
->
ROOH
The peroxides thus formed will generate the radicals by: a) the homolytic cleavage
of the 0-0 bond, b) bimolecular process or c) the metal catalysed decomposition.
2.1.1.2.

Propagation and termination of auto-oxidation

Lipid radicals are highly reactive species and they can readily undergo propagation
reactions either by abstraction of a hydrogen atom or by reaction with an oxygen
molecule in its ground state (see Scheme 2.1). The oxygenation reaction is very fast,
with almost zero activation energy, and therefore the concentration of ROO is much
higher than that of R in most food systems when oxygen is present. The hydroperoxide
formed by this reaction is able to take part in the initiation of radicals, as indicated
earlier.
The combination of two radicals is a process with a very low enthalpy of activation, but
the occurrence of termination reactions is limited both by the low concentration of
radicals, which makes an encounter between two radicals uncommon, and also by steric
factors, when radicals are required to collide with the correct orientation.
Termination reactions may become important in edible oils at elevated temperatures, as
indicated by the formation of polymers in frying oils. Hydroperoxides decompose
spontaneously at 160°C and the radical concentration can become relatively high under
such conditions.

2.1.2.

Factors affecting lipid auto-oxidation

Various factors affect the rate of peroxide development in unsaturated systems. In food
systems, one of the most important factor is its content of polyunsaturated fatty acids.
Among common fatty acids, the rate of auto-oxidation and the susceptibility to rancidity
increase in a more or less geometric manner as the number of double bond increase.
The rate of oxidation for interaction of oxygen with fatty acids depends also on oxygen
concentration. The effect of temperature on oxidative deterioration is comparatively
slight; Burton calculated a Q10 of about 1.2-1.4 over the range 0-37°C, and it may be
explained by the effect of temperature on the solubility of the adsorbed and absorbed
oxygen. The water activity is an important factor of the auto-oxidation reaction in dried
systems. Rancidity is much more serious at moisture contents of 5-6% or less than at
moisture contents of 1%, and ceases to be particularly important at over 10 % [2, 80,
115]. The reaction is much accelerated by light.
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Various types of catalysts influence rancidity development. Oxidative enzymes and
photochemical pigments such as chlorophyll and certain carotenoids (in the presence of
light) accelerate auto-oxidation of fats. The effect of traces of metals in rancidity
development is a major problem. In particular, traces of copper and iron greatly
influence the kinetics of the oxidation reactions. Other metallic derivatives that influence
rancidity are those of chromium, cobalt, manganese and vanadium.
2.2. Inhibition of auto-oxidation reactions in dehydrated potatoes
Several methods are used to retard the development of rancidity. They include avoiding
the exposure of the product to light and high temperature, and control of the moisture
content. Many efforts have been made in the field of packing. Vacuum-packing is used
to prevent deterioration in a number of products, but the efficiency of this method
depends on how completely absorbed oxygen is removed from the product.
One of the most efficient method to reduce auto-oxidation reactions in dehydrated potato
products is nitrogen-gas packing. Although gas-packing in nitrogen or vacuum-packing
might have seemed to offer the possibility of overcoming the problem, in practice it
presents difficulties. It is an added expense and a very low concentration of residual or
leaked oxygen suffices for the development of off-flavours.
A practical solution to the problem of oxidative rancidity is the incorporation of
antioxidants during the manufacture of granules and flakes. Antioxidants can prevent
lipid auto-oxidation either by reacting with lipid radicals to convert them to more stable
products or by reducing the rate of chain initiation by a variety of mechanisms.

2.2.1.

Food antioxidants

It is well known that in foods, antioxidants retard oxidative rancidity caused by
atmospheric oxidation and thus protect oils, fats and fat soluble components such as
vitamins, carotenoids and other nutritive ingredients. In addition, they delay undesirable
change brought about by oxidation in foods, for example discolouration and browning
on fruit and vegetables. Antioxidants do not render a rancid fat or spoilt food palatable,
nor to they suppress hydrolytic rancidity, which is an enzymatically catalysed hydrolysis
of fats. To be most effective, antioxidants must be added, as soon as possible, to a fresh
product because they cannot reverse any oxidation that has already occurred.
An antioxidant for food use should meet several essential requirements:
- effectiveness at low concentrations;
- compatibility with the substrate;
- absence of sensory influence on the food product (off-odour, off-taste, offcolour);
- absence of toxicity to consumers;
- low costs.
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Antioxidants are classified into six types [121]:
1)

Primary antioxidants: those compounds, mainly phenolic substances, that
terminate the free radical chains [122], in lipid oxidation. Natural and synthetic
tocopherols, alkyl gallates, butylated hydroxyanisole (BHA), butylated
hydroxytoluene (BHT), tertiary butyl hydroquinone (TBHQ), etc., belong to this
group and function as electron donors.

2)

Oxygen scavengers [123], for example ascorbic acid, ascorbyl palmitate,
erythorbic acid (D-isomer of ascorbic acid) and its sodium salt, etc., which react
with oxygen, and can thus remove it in a closed system. The regeneration of
phenolic antioxidants, an entirely different mechanism, by ascorbic acid (present
in many fruits and vegetables) has also been proposed to explain the synergistic
action of mixed antioxidants.

3)

Secondary antioxidants [122], such as dilauryl thiopropionate and
thiodipropionic acid, which function by decomposing the lipid hydroperoxides
into stable end products. These compounds, although approved by FDA, are not
yet readily accepted for use in food within EEC.

4)

Enzymic antioxidants [124, for example glucose oxidase, superoxide dismutase,
catalase, glutathione peroxidase, etc. These antioxidants function either by
removing dissolved/headspace oxygen, e.g. glucose oxidase, or by removing
highly oxidated species from food systems, e.g. with superoxide dismutase.

5)

Chelating agents or séquestrants, for example citric acid, amino acids,
ethylenediaminetetra-acetic acid (EDTA), etc., which chelate metallic ions such
as copper and iron that promote lipid oxidation through a catalytic action. The
chelates are sometimes referred to as synergists since they greatly enhance the
action of phenolic antioxidants. Most of these synergists exhibit little or no
antioxidant activity when used alone, except amino acids [125] which can show
antioxidant or pro-oxidant activity. Phospholipids such as cephalin act as
antioxidant synergists [126] in some systems, perhaps also due to their chelating
effect.

6)

UV absorbers

The list of antioxidants used in industry is of impressive length; more than 150
compounds were classified according to their chemical structure and their mode of
action (radical scavengers, oxygen scavengers, peroxide decomposers, UV-absorbers,
etc.). The list of antioxidants permitted for food use is much shorter (Table 2.1, [121]).
This list is also subjected to occasional modifications. New toxicological findings or
alterations in legislation may especially provoke the elimination of substances. Today
the approval for a new antioxidant demands extensive toxicological studies (including
mutagenicity, teratogenicity and carcinogenicity) and, in most countries, a proof for its
superiority over existing ones.
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Hie most important natural antioxidants commercially exploited are the tocopherols and
ascorbic acid. Furthermore vegetable extracts have achieved a certain importance
(especially spice extracts containing carnosic and rosmaric acid). Various soya and oat
products are also included in food formulations to oppose the oxidation of the product.

Table 2.1

Most usual food antioxidants commercially exploited

Ascorbic acid and derivatives:

Calcium ascorbate
Sodium Ascorbate
Ascorbyl palmitate
Ascorbyl stearate

Butylated hydroxyanisole (BHA)
Butylated hydroxytoluene (BHT)
7erZ-Butylhydroquinone (TBHQ)
Erythorbic acid

Sodium erythorbate

Derivatives of gallic acid:

Propyl gallate
Octyl gallate
Dodecyl gallate

Gum Guaiac
Tocopherols
Sulphur dioxide and various sulphites

2.3. Antioxidants used to stabilize dehydrated potato products against oxidation

2.3.1.

Sulphiting agents

Sulphites, which are conventionally used to inhibit non-enzymatic browning in
dehydrated potatoes, are considered to have also an antioxidant effect.
The antioxidant activity is due to the auto-oxidation of sulphite to sulphate, which is
catalysed by transition metal ions [80]. In vegetable dehydration the conversion to
sulphate is typically 10% of the added S(IY) compound. Recently it has been
demonstrated that the oxidizing radicals formed as intermediates in sulphite autooxidation can react with organic substrates such as ß-carotene, methionine, tryptophan,
chlorophyll, unsaturated fatty acids and sorbic acid, promoting their oxidation [81, 117119]. The only way of reconciling this information is to imagine that either those
components susceptible to auto-oxidation are protected from the radical intermediates
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by suitable antioxidants, or that the hydrophillic oxidizing radicals do not have sufficient
access to the predominantly non-aqueous components of foods whose auto-oxidation
causes spoilage.

2.3.2.

Phenolic antioxidants

Phenolic antioxidants are used to prevent or delay the auto-oxidation of fats and oils.
It has been shown that the phenolic antioxidants scavenge free radicals produced during
the propagation steps of auto-oxidation of fats and oils by donating hydrogen radicals
[127-129],
The most important phenolic antioxidants, including monophenolic, diphenolic and
triphenolic compounds, are:
- butylated hydroxytoluene
0H

- butylated hydroxyanisole (is a 9:1 mixture of 2- and 3-isomers (2-BHA and 3BHA)
OH

- ethyl protocatechuate (EP), a diphenolic antioxidant
OH

C-0C2HS
0
- tert-butyl hydroquinone (TBHQ), is a diphenolic antioxidant
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- propyl gallate (PG), a triphenolic antioxidant
OH

y

HOs^S^OH
Ç-OCjH,

O

In practice, two or more phenolic antioxidants are often used concomitantly because
synergistic antioxidant effect is expected. The fate of the antioxidant molecules in the
mixtures is important for understanding the synergism of the antioxidants. It has been
demonstrated that dimers between different antioxidant molecules are formed in the
oxidation of mixtures of BHT and BHA, BHA and EP, and BHA and PG. Most of the
oxidation products of the phenolic antioxidants still retain antioxidant activity. This fact
will influence the antioxidant activity of the parent antioxidants during the course of
their degradation.
Pronounced synergistic effects between phenolic compounds and certain substances such
as ascorbic acid, citric acid and phosphoric acid have been described [130], These active
synergists are also effective metal-chelating agents, which could give rise to the theory
that their only activity is that of metal chelation. Considerable evidence has been
gathered on the synergistic effects of various compounds in food products [129]. The
effects of several synergists such as ascorbic acid, citric acid, phospholipids, amines,
amino acids, protein hydrolysates and melanoidin have been elucidated.
Butylated hydroxyanisole (BHA) and butylated hydroxytoluene (BHT) either alone, or
in combination with synergistic agents such as propyl gallate or citric acid, are used to
stabilize dehydrated mashed potatoes against oxidation.
A convenient and effective procedure for addition of the antioxidants to potato granules
is to intimately incorporate them with enough granules to give a concentrated mix
containing 5000 ppm of antioxidant, and then to add enough of this concentrated
mixture to the main granules to give the desired level of antioxidant [113], Antioxidant
levels of 1000 ppm down to 10 ppm are preferred.
In flake production they are incorporated in the mashed potato before drying to a total
concentration of about 50 ppm.
In the case of potato flakes, a significant study on samples with various antioxidant
treatments, stored in air and nitrogen for 2, 6 or 12 months and than evaluated for
flavour, odour and colour, showed that the best after-storage quality was observed in
flakes treated with emulsifier (0.66%), BHA (150 ppm), BHT (150 ppm), and S02 (40
ppm) during processing. Storage under nitrogen also helped to retard deterioration,
especially with longer storage times [113],
However, it was found that some people are able to detect BHA in potato granules at
levels of 10 ppm (dry basis) and even lower [119]. The sensation have been ascribed
as bitter, medicinal, and astringent. Other antioxidants can similarly be detected at low
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levels. Oxidation can be inhibited at levels down to 1 ppm, but effectiveness is reduced
at levels of 0.33 ppm. A desirable range for use of BHA appears to be about 1-5 ppm.
In trials, butylated hydroxytoluene (BHT) seemed a little more effective than BHA. In
case BHA and BHT act on different constituents in the potato granules, a desirable
treatment might be 2.5 ppm of each of those antioxidants [113].
Recently, both BHA and BHT have been reported to be carcinogenic [120], and
temporary admissible doses have been established for BHA (ADI of 0-0.5 mg/kg body),
BHT (ADI of 0-0.125 mg/kg body) and TBHQ (not found carcinogenic) (ADI of 0-0.2
mg/kg body).
Propyl gallate was shown to have pronounced synergistic effects when applied with
BHA in dehydrated potatoes.
Tert-butyl hydroquinone (TBHQ) is an effective antioxidant in potato flakes [120].
Flakes with added TBHQ developed a rancid flavour after 4 months of storage, but a
further increase did not occur before 16 months of storage. TBHQ (50 ppm) has been
shown to have a similar effect as BHA-BHT when added to potato flakes [131].
In EC countries the level of BHA, BHT and gallates, alone or in combination, is limited
at 25 mg/kg [231],

2.3.3.

Ascorbic acid and its derivatives

L-ascorbic acid, or "vitamin C" is a substance very widespread in nature. Substantial
quantities are also manufactured by chemical synthesis. Ascorbic acid is used in the food
industry for food enrichment and as a versatile food additive. It helps to improve quality
and increases the shelf-life of many food products.
The D-isoascorbic acid (the D- isomer of the ascorbic acid, which is also known as
erythorbic acid) is also used as antioxidant, but it is not completely interchangeable with
L-ascorbic acid. As well as free ascorbic acid, sodium ascorbate, calcium ascorbate,
ascorbyl palmitate and ascorbyl stearate are used as antioxidants in food manufacturing.

CH2OH
I
H—C—OH
.C>

CH2OH
HO—C—H
n

=o

H2Ç—0-CO-(CH2)I4CH,

H—C—OH
=o

H

H

OH

OH

L-ascorbic acid
(Vitamin C)

OH

OH

D-isoascorbic acid
(erythorbic acid)

Cr
OH

OH

Ascorbyl palmitate
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Ascorbic acid is a moderately strong reducing agent. In aqueous solution ascorbic acid
has a high affinity for oxygen. It is readily oxidized to give dehydroascorbic acid, a
reaction which is catalysed by heavy metal ions. This reaction is of particular interest
with regard to the antioxidant activity.
In food systems in which ascorbic acid is added as an antioxidant, the following
reactions are of most importance [132-134]:
- Quenching of various forms of oxygen (singlet oxygen, hydroxyl radicals as well
as superoxide), ascorbic acid being oxidized to the ascorbate free radical.
- Reduction of free radicals, thus terminating radical reactions and preventing
damage to food components.
- Reduction of primary antioxidant radicals, thus acting as a synergist.
- Oxidation of ascorbate by molecular oxygen in the presence of metal ions. This
reaction should be prevented by chelating agents such as EDTA, oxalate, or
substances such as flavonoids (e.g. quercitin, rutin) and amino acids such as Lcysteine.
Ascorbyl palmitate and ascorbic acid are particularly interesting as substitutes for
synthetic antioxidants. Ascorbyl palmitate was shown to be a good antioxidant in the
potato flakes, increasing shelf life for up to 16 months of storage, and also protecting
the product against carotenoid degradation better than phenolic antioxidants [120],
Practical experience has shown that best results are achieved by using a combination of
ascorbyl palmitate and/or ascorbic acid with tocopherol and citric acid. Various
formulations have been suggested for application in potato flakes [135]. The
determination of optimal composition has to take into account processing properties (too
high ascorbyl palmitate contents may influence the behaviour of the product in the
dryer), and storage quality. The combination of about 250 ppm ascorbyl palmitate and
250 ppm ascorbic acid plus citric acid protected the lipid as well as the aqueous phase
of the product [132],
Both ascorbyl palmitate and ascorbic acid act as antioxidant synergists for BHA, BHT
or S02 [141, 142],
When considering the application of ascorbic acid and its derivatives as antioxidants in
dehydrated potatoes, the following aspects have also to be considered:
- Ascorbic acid may provoke browning reactions (it participates in the nonenzymatic Maillard reactions).
- Sodium and calcium ascorbate are unstable at pH values lower than 6.0.
- Ascorbyl palmitate may also act as an emulsifier.
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2.4

2.4.1.

Natural antioxidants, alternatives for phenolic antioxidants

Phenolic acids

Acidic compounds incorporating phenolic groups have been repeatedly implicated as
active antioxidants. Phenolic acids such as caffeic acid, chlorogenic acid and its isomers,
including O-caffeoylquinic acid were isolated from sweet potatoes. Chlorogenic acid was
found to be the most abundant phenolic acid in the plant extract and also the most active
antioxidant; a 1.2 x 10"5 M solution inhibited over 80% of peroxide formation in a
linoleic acid test systems [135-138]. In a different system (lard-ß-carotene), chlorogenic
acid (at 5 x 103 M) was found to be devoid of antioxidant activity, butt caffeic acid at
the same concentration had high activity, comparable to that of quercitin [139]. Ferulic
acid, at the somewhat high concentration of 10"3 M, was shown to delay the
photoperoxidation of linoleic acid. Esters of ferulic acid with triterpenes and sterols,
which occur naturally in rice bran, were also shown to have some antioxidant activity.

OH

OH

ho

caffeic acid

chlorogenic acid

Phenolic acids were also extracted from potato peels (wastes of potato industry) [137,
138]. The extracts, in which predominant were chlorogenic, gallic, protocatechuic and
caffeic and ferulic acids (Table 2.1.), were found to possess strong antioxidant
properties, comparable with those of commercial antioxidants.
The order of antioxidant activity in samples of oil treated with different commercial
antioxidants (Ascorbyl palmitate, BHA), with the potato peel extract, individual phenolic
acids (gallic acid or chlorogenic acid) and their mixture, stored at 63°C, for 4 days, was:
ascorbyl palmitate > potato peel extract > BHA > mixture of phenolic acids > gallic acid
>chlorogenic acid
These results suggest that the phenolic acids may be partly or wholly responsible for the
antioxidant activity of the potato peel extracts.
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Table 3.1.

Phenolic acid composition of potato peel extract

Phenolic acid

Amount (mg per 100 g of extract)
Viking (red)

Gallic acid
Protocatechuic acid
Vanillic acid
Caffeic acid
Chlorogenic acid
p-Hydroxybenzoic acid
p-Coumaric acid
Ferulic acid

58.6
216.0
48.0
278.0
753.0
87.0
45.6
174.0

Kennebec (brown)
63.0
256.0
43.0
296.0
821.3
82.0
41.8
192.0

The extracts from potato peels have been shown to possess strong antioxidant properties,
attributed mostly to their chlorogenic, protocatechuic and caffeic acids content. No
change in the natural colour of the oil was observed, at the level used. The extracts were
also bland to taste. When potato peels were incorporated at 5-15% levels in bread
formulation, no changes in both the quality and acceptability of the loaves were
reported.
With further improvements in the extraction and purification procedures, potato peel
extracts could be an alternative natural antioxidant with wide food applications.
Phenolic acids were also extracted from tea leaves [147], The major phenolic
constituents of tea solids and the amount of each usually present in the extracts are:
gallic acid (0.05 to 1.5%), epicatechin (0.01 to 0.5%), catechin (0.01 to 0.6%),
epigallocatechin (0.01 to 0.75%), epicatechin gallate (0.01 to 1.00%) and
epigallocatechin gallate (0.01 to 1.5%). The extracts showed good antioxidant activity
in different food materials such as: frying oils and fats, potato flakes, bakery products,
cheese an animal foods, etc.
The tea extracts show antioxidant synergism in food either with ascorbic acid or with
lecithin.
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2.4.2.

Tocopherols

Tocopherols (a-, ß-, y- and ô-tocopherols) are natural monophenolic antioxidants present
in edible oils.
R

a-Tocopherol (R1: CH3, R2: CH3, R3: CH3)
ß-Tocopherol (R1: CH3> R2: H, R3: CH3)
y-Tocopherol (R1: H, R2: CH3, R3: CH3)
6-Tocopherol (R1: H, R2: H, R3: CH3)
Tocopherols are either obtained by extraction from natural sources or by chemical
synthesis. The tocopherol concentrates intended for use as antioxidants are mixtures with
relatively high contents of y- and Ô- tocopherol, but a-tocopherol is also present. The
total tocopherol content usually lies between 30 and 80%, the rest being triglycerides.
The antioxidant activity of the tocopherols is mainly based on the "tocopheroltocopherylquinone redox system". They are radical scavengers, i.e. they quench free
radicals, as the other phenolic antioxidants do.
Tocopherols are used as antioxidants in vegetable oils, milk fat and mayonnaise.
Tocopherol was found to have no antioxidative effect in potato flakes [120, 131]. The
flakes with added a-tocopherol were described as rancid and hay-like and could not be
accepted. The taste did not improve during storage [120]. Tocopherol acted as
antioxidant in combination with ascorbyl palmitate and synergists such as ascorbic acid
and citric acid. Excessive doses of alpha-tocopherol can accelerate degradation due to
inversion of activity [141],
Alpha-, gamma- and delta-tocopherols showed antioxidant activity and increased the
oxidative stability of potato chips fried in lard, but not for potato chips fried in palm oil.
Mixtures of alpha-, gamma- and delta-tocopherols showed the greatest control of
oxidation of potato chips Med in lard [143].

2.4.3.

Flavonoids

Derivatives of flavones are quite effective antioxidants, e.g. in milk, lard, butter,
especially in combination with synergists such as citric acid, ascorbic acid or phosphoric
acid. The most effective flavonoids are quercetin, rhamnetin, kämpferol, rutin (vitamin
P) and quercitrin.
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The antioxidant action of flavonoids is bi-modal. Flavonols are known to form
complexes with metals. However, the major value of flavonoids and cinnamic acids is
their primary antioxidant activity, as free radical acceptors and as chain breakers.

HO

Quercetin

Rutin

The very low solubility of these compounds in lipids is often considered a disadvantage
and has been reported as a serious disadvantage if an aqueous phase is also present.
However, flavonoids suspended in the aqueous phase of a lipid-aqueous system offer
appreciable protection in lipid oxidation.
Flavones and substituted cinnamic acids were suggested to have an antioxidant activity
in food systems with low fat content [139] (such as potatoes), in which the problem of
dispersing fat soluble antioxidant in a largely aqueous medium is encountered.
Quercitin was tested to determine its efficacy as antioxidant in potato flakes [140],
It was observed that, during storage, potato flakes containing quercetin alone were less
stable than the samples containing the commercially antioxidants BHA and BHT. Potato
flakes containing quercetin in combination with Tenox 5 (25% BHA and 25% BHT in
ethyl alcohol) received a significantly higher score than the flakes containing Tenox 5
alone after 6 months of storage and had lower levels of volatile oxidation products than
the Tenox 5 or control treatments towards the study.
The results show the synergistic effect of quercitin when mixed with phenolic
antioxidants.

2.4.4.

Spice extracts

Spice extracts have very good antioxidant properties. Rosemary and Sage have been
found to constitute the most potent antioxidant spices, and various extracts have been
investigated in theory and practice [144-146], However, many of the extracts have a
strong odour and a bitter taste, and therefore are unsuitable for use in many food
products.
The antioxidant components of spices have been investigated. Extracts of spices contain
a great number of substances having some antioxidant effect. The most important ones
are carnosic acid and rosmaric acid, which has in model systems an activity comparable
to that of caffeic acid.
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OH
OH
carnosic acid

rosmaric acid

Carnosic acid and the commercial rosemary extract have potent antioxidant activity
mainly for animal fats.
Antioxidant extracts from spices commercially available are usually fine powders, which
are dispersible in oils or fats, insoluble in water, but soluble in organic solvents. Due
to their powder characteristic they can also be used by dry mixing in powdered food.
Depending on their content of active substances it is recommended to use them at levels
between 200 and 1000 mg/kg of finished product to be stabilized. The rosemary extract
(300 ppm) have been shown to have a similar effect as BHA-BHT when added to potato
flakes [131].

2.4.5.

Amino acids, peptides and proteins

Many amino acids have been tested for their antioxidant activity in food-based system.
Among the amino acids for which antioxidant activity has been claimed are arginine,
histidine, cysteine, tryptophan, lysine, methionine and threonine [135, 148-151].
L-Cysteine, N-acetyl-L-cysteine and reduced glutathione were shown to have antioxidant
effect in potatoes [107-111].
Hydrolysed proteins from soybeans, yeasts, certain leaves, have been tested in foods and
model systems and found to possess marked antioxidant activity. The properties of
protein hydrolysates and the quantities required to provide a substantial antioxidant
effect rule against their use for this purpose in many systems. On the other hand, the
studies with hydrolysates suggest that unexpected keeping quality may result in a food
from processing in which substantial hydrolysis of proteins may occur. Protein
hydrolysates and extracts from them have been used to stabilise various oils.
Autolysed yeasts protein and hydrolysed soybean protein were effective antioxidants in
freeze-dried model systems consisting of stripped corn oil on carboxymethyl cellulose
and protein. Large quantities (10%, 25%) of the hydrolysates were required to inhibit
oxidation. The protein hydrolysates were synergistic with BHA, BHT and tocopherols
in the system [131].
Secondary antioxidant effects of phospholipids have been observed. Phospholipids are
eifective synergists in combination with polyhydroxyflavones and propylgallate, and are
effective in protecting a-tocopherol during the auto-oxidation of methyl linoleate.
Phospholipids may act as antioxidant by chelating metals or by releasing protons and
bringing about the rapid decomposition of hydroperoxides without the formation of free
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radicals. An alternative mechanism may involve the regeneration of primary
antioxidants.

2.4.6.

Maillard reaction products

Several Maillard reaction products (i.e. intermediate reductone and high molecular
weight melanoidins) have antioxidant activity. The antioxidant effect of reductones has
been attributed to the breaking of the radical chain by donation of a hydrogen atom.
Maillard reaction products have been found to have metal chelating properties and they
are also effective at reducing hydroperoxides to non-radical products. Two food systems
in which the antioxidant effect of Maillard products was reported are sugar cookies and
condensed and dried milk. In food manufacturing the utilization of Maillard reaction
products is limited to such applications; extracts have not been commercialized.

2.5. Conclusion
Lipid auto-oxidation occurring in foods has always been a concern for both processors
and consumers and the most common method used to inhibit lipid oxidation is the
application of synthetic antioxidants which block the oxidative reactions. However,
owing to toxicological and nutritional considerations, only a very few synthetic
antioxidants are permitted in food applications, e.g. butylhydroxytoluene (BHT),
butylhydroxyanisole (BHA), propyl gallate (PG) and t-butyl hydroquinone (TBHQ).
Even these antioxidants are now being examined by regulator agencies and consumer
activists and these developments have urged the need to exploit new sources of natural
antioxidants.
Natural antioxidants like ascorbic acid, sodium ascorbate, calcium ascorbate andascorbyl
palmitate are very efficient antioxidants in dehydrated potato products. Ascorbic acid
and its derivatives have best results when used in combination with antioxidants
synergists, such as tocopherol and citric acid. They also may be used as synergists with
phenolic antioxidants. The use of ascorbic acid as antioxidant present the disadvantage
that ascorbic acid can participate, in a certain extent, in non-enzymatic browning
reactions.
Different other natural antioxidants, e.g. tocopherols, and vegetable extracts have been
shown to be efficient antioxidants. One natural product with excellent antioxidant
properties, the Rosemary extract, suffers form the disadvantage of having a very
intensive characteristic herb flavour which may limit its use.
Extracts of potato peels and tea leaves are very efficient antioxidants. With further
improvement in extraction and purification, they could become alternative natural
antioxidants with wide food applications.
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I.

Mechanism of Maillard reaction

I.l.

Initial stages of the Maillard reaction

1.1.1.

Carbonyl-amino reaction

The first step in the Maillard reaction involves condensation between the a-amino
groups of amino acids and the carbonyl groups of reducing sugars: this defines the
"carbonyl-amino" reaction. The initial product is an addition compound which rapidly
loses water to form a Schiff base followed by cyclization to the corresponding Nsubstituted glycosylamine (Scheme I.l., [43]).
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Scheme I.l. The carbonyl-amino reaction

These reactions are all reversible as an equilibrium exists for these compounds in
aqueous solution. The carbonyl-amino reaction is not necessarily restricted to a-amino
acids and can involve the participation of other amino groups found in peptide and
proteins. This is facilitated when the pH of the medium is above the isoelectric point of
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the amino group, thus producing basic amino groups.
The N-glycosylamine formed in the carbonyl-amino reaction is extremely unstable and
undergoes a series of rearrangements, involving the isomerisation of the N-substituted
glycosylamine to the corresponding fructose-amino acid. The transition from an aldose
to a ketose sugar derivative (Scheme 1.2) is referred to as the Amadori rearrangement
and involves protonation of nitrogen at carbon-1.
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Scheme 1.2. Amadori rearrangement

In the case of ketones and amines, ketosylamines are formed which then undergo the
Heyns-Carson rearrangement to form 2-amino-2-deoxy aldoses [40] by protonation of
the oxygen at carbon-6 [152], The reactions up to the formation of 1-amino-1-deoxyketone are all reversible. Amadori compounds are conformationally unstable, and in
solution exist in both the pyranose and furanose forms as well as measurable amounts
of open chain form. This has been shown to be the case for a number of Amadori
compounds that were prepared from a variety of amino acids and was demonstrated by
13C NMR spectroscopy [153]. Because a glycoside in the furanose form becomes
rearranged ten times faster then the corresponding pyranose, the ring opening appears
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to be rate limiting for the course of this reaction [154, 155], Amadori products are
expected to be formed in all types of foods, particularly when they are heated, and they
have been identified in freeze-dried peaches and apricots [156], soy sauce [157] and
milk [158]. Following the development of Maillard reaction products during the
processing of apricots, Lee at al. [159] found that the level of Amadori compounds
reached a maximum prior to the development of any brown colour. While these
intermediates do not contribute directly to browning or flavour, they result in a loss of
nutritional value due in large part to the unavailability of the e-amino group of lysine
[144], Compared to the parent sugars, Amadori compounds are unstable, and they
undergo a variety of degradation and dehydration reactions, which depend on the pH,
temperature, water content of the reaction mixture, and the heating time.

1.1.2.

Pigment formation

A. Via Amadori Compounds
The second phase involving the conversion of 1-Amino- l-deoxy-2-ketose derivatives
into brown pigments or melanoidins is extremely complex and incompletely understood.
Nevertheless three distinct pathways have been proposed, two of which are directly
involved in pigment formation (Scheme 1.3.). They involve different labile intermediates
which are the enol forms of the Amadori compounds. In one pathway, enolization of 1amino-l-deoxy-2-ketose occurs at 2 and 3 position to irreversibly produce 2,3-endiol.
This undergoes a series of changes including the loss of the amine from C-l to form a
methyl dicarbonyl intermediate [37, 160, 161]. The second pathway involves formation
of 1,2-eneaminol from the Amadori product in which a hydroxyl group is lost at C-3
followed by deamination at C-l and addition of water to form 3-deoxyosulose [162165], The subsequent reactions are complex and little understood but involve a series
of aldol condensation and polymerization reactions. The final products are nitrogenous
compounds which give rise to the dark-brown pigmentation. A low pH favours the 1,2eneaminol pathway while a high pH favours the pathway involving the conversion of
2,3-enediol to reductones and the subsequent fragmentation to furaneol and pyrones.

B. Alternative pathways
The formation of free radicals in browning mixtures of carbonyl compounds and amines
or amino acids was first reported 10-15 years ago [166-170],The generation of free
radicals during the initial stages of the carbonyl-amino acid reaction was established for
D-glucose - aminobutyric acid isomers [170], The formation of N,N'-dialkyl pyrazine
cation radicals prior to the formation of Amadori compounds was detected in model
systems with alanine and arabinose by Namiki and Hayashi [171]. These researchers
proposed the formation of a Q sugar fragment as the precursor of this radical, which
was confirmed by isolation and identification of glyoxal dialkylimine. This pointed to
an alternative pathway for browning in which the sugar moiety of the Schiff base was
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melanoidins [43]
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cleaved prior to the Amadori rearrangement, leading to the formation of glycolaldehyde
alkylimine of its corresponding eneaminol (Scheme 1.4, [172]).
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Scheme 1.4. Alternative pathways for browning [43, 172]

Further research [173] confirmed the formation of methylglyoxal dialkylimine, a C2
compound, during the initial stages of the Maillard reaction. The formation of this C2
compound was thought to arise directly from the Amadori rearrangement.
Glycolaldehyde and methylglyoxal, which represented the Q and C3 sugar fragments,
exhibited much higher browning rates, corresponding to 2000 and 650 times faster than
those of glucose and fructose, or xylose respectively, when heated with alanine (Table
1.1 [173]). Another C3 compound, glyceraldehyde, also showed close to a 2000-fold
increase in the rate of browning compared to the corresponding sugars.
On a summary of the early stages of browning [173] it is concluded that under acidic
conditions the traditionally accepted pathway involved osone formation via the Amadori
rearrangement. Under alkaline conditions, however, they largely attributed the increase
in browning to sugar fragmentation to C2 and C3 fragments (Scheme 1.5). This pathway
may be considered as a concomitant one occurring along with the established Maillard
reaction scheme [174],
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Scheme 1.5. Different pathways for melanoidin formation depending on
reaction pH

Table 1.1

Browning rates of ß-alanine with sugars or carbonyl systems

Sugar or carbonyl
compound

Reaction
temperature, °C

Browning
activity"
litres/min

Relative value

Glucose

95

0.019

1

Fructose

95

0.014

0.74

Xylose

95

0.166

8.74

Xylose

80

0.037

Methylglyoxal

80

2.77

654.3

Glyceraldehyde

80

8.33

1967

Glyoxal

80

0.515

Glycolaldehyde

80

8.93

121.6
2109
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Several other pathways that also bypass the formation of Amadori compounds were also
suggested. One pathway proposed migration of a C=N double bond in the Schiff base,
which when hydrolysed, released an oxo acid and a nonreducing sugar [175], The oxo
acid could react with an amino acid and liberate an aldehyde by Strecker degradation
reaction. Another pathway suggested a second substitution of the Amadori compound
to form a diketone amino compound in which the amino acid was regenerated and the
sugar converted to 5-HMF (hydrohymethyl furfural) by degradation [176].

C. Strecker degradation
The third pathway in the Maillard reaction is concerned with the oxidative degradation
of amino acids in the presence of a-dicarbonyls or other conjugated dicarbonyl
compounds formed from Amadori compounds. The reaction, referred to as the Strecker
degradation, is not directly concerned with pigment formation but provides reducing
compounds essential for its formation. The initial reaction involves the formation of a
Schiff base with the amino acid. The tautomeric end-form then decarboxylates to
produce the eneaminol, which then undergoes hydrolysis to the corresponding aldehyde
with one carbon less together with l-amino-2-keto compound (Scheme 1.6, [43]). The
amino group has to be in the a position for this reaction to proceed in the presence of
a,ß-dicarbonyl compounds [178]. The aldehydes formed during the Strecker degradation
contribute to flavour as auxiliary flavour compounds [179-182]. Condensation of the
intermediates formed by Strecker degradation produced many heterocyclic compounds,
pyrazines, pyrrolines, oxazoles, oxazolines and thiazole derivatives responsible for the
flavour of heated foods.

D. Protein - lipid interaction
The oxidative degradation of polyunsaturated fatty acids produces many compounds
capable of interacting with amino groups of amino acids and proteins, including
aldehydes and ketohydroxy and epoxy compounds [183, 184], Among the major
products of autooxidized polyunsaturated fatty acids is malonaldehyde [185].
Malonaldehyde was shown to react with proteins such as myosin [186], casein [187] and
collagen [189], through the e-amino groups of lysine and other amino acids. The order
of reactivity was:
methionine > lysine > tyrosine > arginine.
Histidine may also be involved in the reaction of proteins with autooxidized lipids [188,
190]. The intensity of browning is proportional to the loss of amino acids. During the
reaction, cross-linkages formed between malonaldehyde and the protein may alter the
structural properties of the protein as well as the ability of pronase to split the protein.
Monitoring the decrease in free e-amino groups during the reaction of malonaldehyde
with myosin, a considerable reduction in the reaction rate was observed at 0°C, whereas
that observed at -20°C was of the same order as noted for +20°C. This was attributed
to a concentration effect resulting from the close association of the molecules in the
reaction mixture due to freezing as well as the result of a catalytic effect in which ice
crystals were thought to participate [191].

VAVI/ATO-DLO are owners of this research report. It is not allowed to use, copy or distribute anything without written
permission of VAVI/ATO-DLO.

page - 79 -

O O

ch3—cho

Acetaldehyde

O
II

ch3—c—ch2—nh2

Amino-acetone

Scheme 1.6. The mechanism of Strecker degradation reaction

E. Browning of ascorbic acid
The involvement of ascorbic and dehydroascorbic acids in the browning reaction in
dehydrated vegetables occurs at a later stage of the Maillard reaction via the formation
of a-dicarbonyls, similar to that formed during the degradation of sugars. The oxidative
degradation of ascorbic acid can occur under both aerobic and anaerobic conditions
(Scheme 1.7, [192, 193]). 17 decomposition products were identified during the
degradation of ascorbic acid, including dehydroascorbic acid, 2,3-diketogulonic acid and
oxalic acid [194, 195], The 3,4-enediol form of 2,3-diketogulono-ô-glucone was
identified as a degradation product of 2,3-diketogulonic acid [194], This enediol is
extremely unstable and develops intense brown coloration under mild temperature
conditions. Therefore it is considered to be important in the browning of ascorbic acid.
The reaction of ascorbic acid is very much dependent on pH, as the browning process
is inversely proportional to pH over a range of 2.0-3.5 [196, 197]. Below pH 4.0,
browning is due primarily to decomposition of ascorbic acid to furfural [197], while
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above pH 4.0 the discolouation is due to the interactions between the oxidized products
of ascorbic acid, dehydroascorbic acid or 2,3-diketogulonic acid, and amino acids during
the final stages of the drying process. During the interaction of dehydroascorbic acid
with amino acids or amines stable free radicals are formed, which have an antioxidant
effect, and may retard the development of rancidity in processed foods [167, 198, 199].
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1.1.3.

Products of the non-enzymatic browning reaction

The Maillard reaction products (MRPs) are extremely complex and range from highly
volatile aroma compounds (heterocycles) to non-volatile coloured pigments known as
"melanoidins".
Among the heterocyclic compounds formed from the Strecker degradation are, as
mentioned before, pyrazines, pyrroles, oxazoles and oxazolines, thiazoles. These
compounds are very potent flavour compounds which have been identified in almost all
processed foods, including potatoes [23, 200-204], The final products formed in the
Maillard reaction, the melanoidins are polymers whose origin and nature are poorly
understood. A number of studies have attempted to examine melanoidins in model
systems and to elucidate their structure [205-210].
Maillard reaction products have been shown to possess some very interesting chemical
properties such as antioxidative activity [198,199,211,212], antibacterial activity [213],
nutritional effects [214] and of course complex aroma formation [23],
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il.

Mechanism of the inhibition of non-enzymatic browning
reaction by sulphite

The mechanism of the inhibition of non-enzymatic browning by sulphiting agents
(S(IV)) in model systems has been the subject of extended research and it is well
understood, and its applicability to dehydrated vegetables has been tested. The
effectiveness of sulphite in controlling these complex reaction probably lies in the
number of quite distinct chemical reactions in which it can participate with the
carbonylic intermediates. These reactions are illustrated in Scheme II.l, [219].
Reducing sugar

**

sugar hydroxysulphonate

Simple carbonyl

»»

Carbonyl hydroxysulphonate

Di-carbonyl

^

Dicarbonyl di-hydroxysulphonate

a,ß-Unsaturated carbonyl

—>

Sulphonated carbonyl

Pigment ("melanoidins")

**

Adduct

Scheme II.l. Sulphite effects on non-enzymic browning
Several of these reactions are equilibrium reactions and under normal circumstances the
addition of a small amount of sulphite will remove the carbonylic intermediates from
the system to only a limited extent. However in the case of dicarbonyl compounds and
their reaction with sulphite the equilibrium is more in favour of association of the
bisulphite adduct; the intramolecular hydrogen bonding which is feasible with this diadduct probably accounts for its relative stability. With unsaturated carbonyls the
addition of bisulphite at the olefinic bond is non-reversible under normal conditions and
sulphite effectively removes this type of intermediates from the reaction permanently.
It is also noteworthy that once the pigment has been formed it can be at least partially
bleached by the addition of sulphite, thereby effecting a reduction of colour intensity
[219].
The kinetics and mechanism of the reaction of S(IV) in the model Maillard system:
glucose-glycine-S(IV) are relatively simple. The kinetics reveal two consecutive ratedetermining steps, identified as the formation of 3-deoxyhexosulose, DH [218] and the
conversion of this to an intermediate which is capable of a rapid reaction with S(IV).
The most reactive intermediate towards colour formation which has so far been
identified in the Maillard reaction [219] is 3,4-dideoxyhexosulos-3-ene, DDH. Inhibition
of browning by S(IV) leads to the formation of 3,4-dideoxy-4-sulphohexosulose, DSH,
a result of the nucleophilic attack by sulphite ion on the a,ß-unsaturated carbonyl moiety
of DDH (Scheme II.2, [80]). It is suggested that the second step could be the conversion
of DH to DDH. Success in control of browning by S(IV) lies in the ability of S03"2 to
scavenge DDH, or a precursor of it, as soon as it is formed from DH. The product DSH
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has a much lower tendency to brown because it cannot dehydrate to an a,ß-unsaturated
carbonyl compound, though it is lost slowly from model glucose-glycine-S(IV) reactions
once the S (IV) has become exhausted [220],
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Scheme II.2. Conversion of 3-deoxyhexosulose, DH, to 3,4dideoxihexosulose-3-ene, DDH, and reaction of the latter with
HSO3"1 to give 3,4-dideoxy-4-sulphohexosulose, DSH

Detailed kinetic investigations showed that the reaction constituting the first ratedetermining step is catalysed by S(IV); the kinetics of the S(IV)-dependent process are
of first order with respect to S(IV) concentration. It is suggested that S03*2 is acting as
an acid-base catalyst, similarly to organic acids and their salts, in the Amadori
rearrangement. An overall kinetic model of the glucose-glycine-S(IV) reaction is shown
in Scheme II.3, which incorporates the additional features that the second ratedetermining step is catalysed by glycine [221], and that the final product is also
responsible for reversible binding of S(IV) [222].

hydroxysulphonate

hydroxysulphonate

Figure II.3. A kinetic model for the loss of S(IV) from mixture
of glucose-glycine-S(IV)
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Similar kinetic behaviour with respect to S(IV) concentration has been identified for the
loss of S(IV) from ascorbic acid-S(IV) [223] and fractose-glycine-s(IV) [224] mixtures.
Thus, in foods susceptible to one or more of the possible browning reactions, the loss
of S(IV) will resemble the kinetics of the S(IV) inhibited Maillard reaction. Whilst the
mechanisms of the reaction are somewhat different, they all lead to the formation of 3,4dideoxy-4-sulpho-osuloses (i.e. DSH in the case of glucose and fructose, and 3,4dideoxy-4-sulphopentosulose [225] in the ascorbic acid-S(IV) reaction, as the main
S(IV)- derived product. Despite the possibility of high yields of these sulphonates in
foods, little concern has been expressed about their presence because DSH have been
shown to be metabolically inert in studies on rats [81].
Sulphites can also react with melanoidins, the coloured products of non-enzymic
browning, and bleaches them [219]. The S(IV) species are adding to polarized C=C
bonds in melanoidins, and such reaction products are likely to be formed when already
browned foods are bleached with S(IV). This reaction leads to a significant irreversible
binding of S(IV) to the extent of approx. one atom sulphur being incorporated for every
two to three glucose-derived residue in the melanoidin. The extent of bleaching increases
linearly with the sulphur to carbon ratio of the reaction product.
The understanding of the mechanism of action of sulphites as additive to dehydrated
foods is complicated by the low water activity environment and the possible
interconversions between sulphur(IV) oxospecies. In the case of potato dehydration,
measurements of the yield of sulphonate product suggests that the major reaction of
S(IV) in this food is the result of involvement in Maillard and ascorbic acid browning
inhibition [226],
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