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SUMMARY

Seeds of sweet lupins are a valuable source for the production of lupin protein 

concentrates and isolates due to their high protein content and their high nutritive 

value.  Besides,  lupin  proteins  exhibit  excellent  functional  properties  regarding 

protein solubility and emulsifying characteristics. However, the sensory properties of 

the  lupin  protein  isolates  and  changes  of  these  characteristics  during  storage 

impede their commercial availability. Therefore, the aim of the present work was to 

characterise impact factors on the functional properties of  protein isolates during 

processing. Additionally, the odour-active compounds most likely responsible for the 

characteristic flavour of lupin flours and protein isolates were identified using high 

resolution  gas  chromatography-olfactometry  and  two-dimensional  high  resolution 

gas  chromatography-mass  spectrometry.  Furthermore,  de-oiling  with  organic 

solvents  and  supercritical  CO
2
 were  investigated  as  possibilities  to  improve  the 

flavour of the isolates.

In a first experimental series, the influences of different numbers of acidic pre-

extractions  and protein  extractions  on protein  recoveries  were  investigated.  The 

results indicated that the protein recoveries were not only influenced by processing 

conditions (i.e. temperature, time, solid-to-liquid ratio, pH), but also by the particle 

size (flour, flakes), the protein content of the raw materials and the equipment used 

for protein isolation.

Furthermore, the effects of different lupin species (L. albus cv. TypTop, L. luteus 

cv. Bornal) and lupin varieties of L. angustifolius L. on the chemical composition of 

flours  and  isolates  as  well  as  on  the  functional  characteristics  of  the  produced 

isolates were investigated. Diverging protein functionalities were obtained for protein 

isolates derived from different  lupin species.  Generally,  the protein isolates of  L.  

angustifolius L. revealed excellent emulsifying properties,  whereas only moderate 

emulsifying characteristics were observed for the protein isolates derived from other 

species. In comparison to the LPI of the other species, the proteins of L. albus cv. 

TypTop  formed  viscous  gels  at  a  concentration  of  15%  (w/w).  Thus,  the  lupin 

protein  isolates  with  different  functional  profiles  are  suitable  for  various  food 

applications, e.g. as emulsifiers in case of L. angustifolius L. and as a gelling agent 

in case of L. albus cv. TypTop. The diverging functionalities seem to be caused by 

the presence of different protein fractions with varying molecular weights as shown 

by  one-dimensional  polyacrylamide  gel  electrophoresis.  However,  a  correlation 

between  particular  molecular  weight  protein  fractions  and  specific  functional 

properties was not possible in the present work. Altogether, greater variations were 
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obtained between lupin species than between lupin varieties, but also environmental 

conditions during growth influenced dry matter recoveries during protein isolation. 

Due to its availability and the highest protein recovery of the investigated narrow-

leafed lupin varieties,  L. angustifolius cv. Boregine was chosen for further sensory 

investigations. Thereby, the present thesis focussed on the identification of odour-

active compounds in lupin flour and potential changes during storage and isolate 

production. The odour-active compounds, which were identified for the first time in 

lupin flour and protein isolates, comprised compounds of various chemical classes 

including  aldehydes,  ketones,  carboxylic  acids,  3-alkyl-2-methoxypyrazines, 

lactones  and  terpenes.  According  to  the  different  chemical  properties  and  the 

specific structural features of the identified aroma compounds different metabolic 

and  reaction  pathways  leading  to  these  substances  can  be  assumed.  These 

formation pathways most likely include lipoxygenase-mediated reactions, oxidation 

of fatty acids, degradation of amino acids as well as secondary plant metabolism. 

Besides,  the  aroma profile  of  the  protein  isolate  changed  significantly  to  higher 

intensities of  fatty,  hay-like,  green and oat flakes-like odour impressions in relation 

to  the  lupin  flour  samples.  Consequently,  higher  FD-factors  were  obtained  for 

saturated  and  unsaturated  aldehydes  in  the  isolate  compared  to  lupin  flour 

representing oxidation of fatty acids, which is most likely related to the activity of 

lipoxygenase.  

In order to improve the aroma of the LPI, lipid oxidation should be avoided, which 

might be accomplished by either enzyme inactivation or by de-oiling of lupin flakes. 

In the present  thesis the effect  of  de-oiling by the application of  various organic 

solvents as well as supercritical CO
2
 on the flavour and the functional properties of 

the isolates were investigated. Only de-oiling with ethanol and 2-propanol resulted 

in slightly decreased protein solubilities of the flakes, which subsequently resulted in 

lower  protein  recoveries. Furthermore,  independent  of  the  de-oiling  process  all 

isolates revealed excellent functional properties. The overall acceptance of the lupin 

protein isolates produced from supercritical CO
2
-extracted flakes was rated higher 

(5.2 to 5.5) than that of the protein isolates derived from organic solvent de-oiled 

(3.3 to 4.6) and from full-fat lupin flakes (2.9). Therefore, de-oiling with supercritical 

CO
2
 is  a preferable alternative to de-oiling with organic  solvents considering the 

protein  recoveries,  the  functional  properties  of  the  isolates  and  the  sensory 

properties. 

The present thesis characterised the potential of narrow-leafed lupin varieties, in 

particular  L.  angustifolius cv.  Boregine,  as  a  valuable  source  for  the  efficient 

production of highly functional protein isolates. Additionally, the present work is a 
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basis for the production of lupin protein isolates with improved flavour due to de-

oiling with supercritical CO
2
. However, the inactivation of enzymes to improve the 

flavour was not part of the present work and should be addressed in future.   



Zusammenfassung D

ZUSAMMENFASSUNG

Aufgrund  ihres  hohen  Protein-  und  Nährstoffgehalts  stellen  Süßlupinen  eine 

wertvolle  Quelle  für  die  Herstellung  von  Proteinkonzentraten  und  -isolaten  dar. 

Außerdem  verfügen  Lupinenproteine  über  hervorragende  funktionelle 

Eigenschaften in Bezug auf ihre Proteinlöslichkeit und ihre Emulgiereigenschaften. 

Allerdings erschweren ihre sensorischen Eigenschaften und Veränderungen dieser 

während der Lagerung ihre kommerzielle Verfügbarkeit. Ein Ziel der vorliegenden 

Arbeit  war  daher,  Einflussfaktoren  auf  die  funktionellen  Eigenschaften  von 

Proteinisolaten  während  der  Herstellung  zu untersuchen.  Außerdem  wurden  die 

aroma-aktiven  Substanzen,  welche  für  das  charakteristische  Aromaprofil  von 

Lupinenmehlen  und  -proteinisolaten  verantwortlich  sind,  mittels  hochauflösender 

Gaschromatographie-Olfaktometrie  und  zwei-dimensionaler  hochauflösender 

Gaschromatographie-Massenspektrometrie  identifiziert.  Weiterhin  wurde  als 

Möglichkeit  zur  Verbesserung  der  sensorischen  Eigenschaften  der 

Lupinenproteinisolate  die  Entölung  mit  Hilfe  von  organischen  Lösemitteln  und 

überkritischem CO
2
  untersucht. 

In einer ersten Versuchsreihe wurden die Auswirkungen der Anzahl an sauren 

Vorextraktionen  und  Proteinextraktionen  auf  die  Trockenmasse-  und  die 

Proteinausbeute analysiert. Die Ergebnisse deuteten darauf hin, dass nicht nur die 

Prozessbedingungen (Extraktionstemperatur, -zeit,  Feststoff-Flüssigkeitsverhältnis, 

pH-Wert),  sondern auch die Partikelgröße (Mehl, Flocken), der Proteingehalt  des 

eingesetzten  Rohmaterials  und  die  Anlagen,  die  bei  der  Proteinisolierung  zum 

Einsatz kamen, die Proteinausbeuten beeinflussten. 

Darüber hinaus wurde der Einfluss unterschiedlicher Lupinensorten (L. albus cv. 

TypTop,  L.  luteus cv.  Bornal)  und  -varietäten  von  L.  angustifolius L.  auf  die 

Zusammensetzung der Mehle und Isolate sowie auf die funktionellen Eigenschaften 

der  daraus  hergestellten  Proteinisolate  untersucht.  Dabei  wurden  für  die 

verschiedenen Lupinensorten unterschiedliche funktionelle Eigenschaften ermittelt. 

Insgesamt  wiesen  die  Proteinisolate  von  L.  angustifolius L.  herausragende 

Emulgiereigenschaften  auf,  wohingegen  bei  den  Isolaten  der  anderen 

Lupinensorten nur mäßige Emulgiereigenschaften beobachtet werden konnten. Im 

Vergleich zu den Isolaten der anderen Lupinensorten bildeten die Proteine von L. 

albus cv.  TypTop  bei  einer  Konzentration  von  15  Gew.-%  viskose  Gele.  Die 

Proteinisolate mit ihren unterschiedlichen funktionellen Eigenschaften sind für den 

Einsatz in verschiedensten Lebensmittelsystemen geeignet, wie beispielsweise als 

Emulgator im Fall von L. angustifolius L. und als Gelbildner im Fall von L. albus cv. 

TypTop.  Diese  divergierenden  funktionellen  Eigenschaften  der  Proteinisolate 
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könnten auf die Anwesenheit unterschiedlicher Proteinfraktionen mit verschiedenem 

Molekulargewicht  zurückzuführen  sein,  was  mittels  1-dimensionaler 

Gelelektrophorese gezeigt wurde. Allerdings war es in der vorliegenden Arbeit nicht 

möglich,  die  Ausbildung  bestimmter  funktioneller  Eigenschaften  mit  der 

Anwesenheit einer speziellen Proteinfraktion zu korrelieren. Insgesamt zeigte sich, 

dass zwischen den einzelnen Lupinensorten größere Unterschiede bestanden als 

zwischen Varietäten; jedoch beeinflussten auch die Umweltbedingungen während 

des Wachstums die Trockenmasse-Ausbeuten während des Isolierungsprozesses.

Aufgrund der Verfügbarkeit und der höchsten Proteinausbeute aller untersuchten 

Schmalblättrigen  Lupinenvarietäten  wurde  L.  angustifolius cv.  Boregine  für  die 

weiterführenden  sensorischen  Untersuchungen  ausgewählt.  Dabei  konzentrierte 

sich die vorliegende Arbeit auf die Identifizierung von Aromastoffen in Lupinenmehl 

und die Identifizierung von möglichen Veränderungen während der Lagerung und 

der  Herstellung  von  Proteinisolaten.  Die  Aromastoffe,  die  zum  ersten  Mal  in 

Lupinenmehlen  und  -proteinisolaten  identifiziert  wurden,  bestanden  aus 

Verbindungen verschiedenster chemischer Strukturklassen wie Aldehyde, Ketone, 

Carbonsäuren,  3-Alkyl-2-Methoxypyrazine,  Lactone  und  Terpene.  Aufgrund  der 

unterschiedlichen  chemischen  Eigenschaften  und  der  spezifischen  strukturellen 

Merkmale der identifizierten Aromastoffe  können unterschiedliche Reaktionswege 

für  die  Bildung  dieser  Substanzen  angenommen  werden.  Diese  Reaktionswege 

beinhalten  höchstwahrscheinlich  Lipoxygenase-vermittelte  Reaktionen,  Oxidation 

von  Fettsäuren,  Abbau  von  Aminosäuren  und  Produkte  des  sekundären 

Pflanzenstoffwechsels.  Außerdem  veränderte  sich  das  Aromaprofil  der 

Lupinenproteinisolate im Vergleich zum Profil des Lupinenmehls signifikant hin zu 

stärkeren  Intensitäten  von  fettigen,  heuartigen,  grünen und  haferflockenartigen 

Geruchseindrücken.  Ebenso  wurden  in  den  Isolaten  im  Vergleich  zu  den 

Lupinenmehlen  höhere  FD-Faktoren  für  gesättigte  und  ungesättigte  Aldehyde 

ermittelt,  die  durch  Oxidation  von  Fettsäuren  entstehen  und  die  daher 

höchstwahrscheinlich auf Lipoxygenase-Aktivität zurückzuführen sind.

Um das Aroma der Lupinenproteinisolate zu verbessern, sollte die Oxidation von 

Fetten  vermieden  werden,  was  entweder  durch  Enzyminaktivierung  oder  durch 

Entölung  der  Lupinenflocken  erreicht  werden  könnte.  In  der  vorliegenden  Arbeit 

wurde der Einfluss einer Entölung mit verschiedenen organischen Lösemitteln und 

überkritischem  CO
2
 auf  die  funktionellen  und  sensorischen  Eigenschaften  der 

Isolate untersucht. Lediglich eine Entölung mit Ethanol oder 2-Propanol verursachte 

eine Reduzierung der Proteinlöslichkeiten der Lupinenflocken, was anschließend zu 

geringeren Proteinausbeuten führte. Darüber hinaus besaßen alle Proteinisolate – 
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unabhängig  von  der  Entölungsmethode  –  herausragende  funktionelle 

Eigenschaften. Die Gesamtbeliebtheit der Isolate, die aus CO
2
-extrahierten Flocken 

hergestellt  wurden, war höher (5.2 bis 5.5) als die Akzeptanz der Isolate, die mit 

Lösemittel-entölten Flocken (3.3 bis 4.6) und die mit vollfetten Flocken, hergestellt 

wurden.  Daher  ist  eine  Entölung  mit  überkritischem  CO
2
 einer  Entölung  mit 

organischen Lösemitteln im Hinblick auf die Proteinausbeuten, auf die funktionellen 

und sensorischen Eigenschaften der Isolate vorzuziehen.

 Die  vorliegende  Arbeit  beschrieb  das  Potential  von  Schmalblättrigen 

Lupinenvarietäten,  insbesondere  von  L.  angustifolius cv.  Boregine,  als  wertvolle 

Quelle  für  die  effiziente  Herstellung  von  hochfunktionellen  Proteinisolaten. 

Außerdem  legt  die  vorliegende  Arbeit  einen  Grundstein  für  die  Herstellung  von 

Proteinisolaten  mit  verbesserten  sensorischen  Eigenschaften  auf  Basis  der 

überkritischen CO
2
-Entölung. Allerdings wurde die Inaktivierung von Enzymen zur 

Verbesserung  der  sensorischen  Eigenschaften  in  der  vorliegenden  Arbeit  nicht 

untersucht und sollte somit in zukünftigen Arbeiten betrachtet werden.
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 1 INTRODUCTION

Plant  proteins are gaining more and more importance for  food producers and 

consumers due to their similarly high nutritive value, and concomitantly their lower 

production  costs  compared  to  animal  proteins.  Soybean  –  the  most  important 

source  for  plant  proteins,  nowadays  –  has  attracted  the  attention  of  both 

researchers  and industry  since the beginning  of  the  20th century.  This  could be 

related to the large volume of literature on the nutritive value of soybeans as well as 

on  the  production  technology  of  soy  flours,  protein  concentrates  and  protein 

isolates, respectively. The application of the defatted soya cake, the residue of the 

oil production,  for food purposes has been of particular  interest  for the industrial 

production of soy protein preparations. One disadvantage of these products is the 

use of genetically modified plants for the production of soya oil and soya protein 

products. These are  not accepted by many consumers in the European Union. In 

order to avoid soybean products, food producers are searching for alternative plant 

proteins, which exhibit similar nutritive profiles and excellent functional properties. 

Promising sources  for  plant  protein  production  are  seeds  of  the  legume  family 

Fabaceae.

In addition to soybeans,  further  commonly known legumes are peanuts (also 

used for plant oil production), peas, chickpeas, and lentils (all three mainly used for 

human  nutrition).  Underestimated  legume  plants  for  the  production  of  protein 

products are lupins (Lupinus L.) which are grown all over the world [FAO Statistics,

2010]. In  general,  the  genus  Lupinus amounts  to  several  hundred  species 

originating from the Mediterranean and the Andean region, where lupins have been 

used as food since ancient times. All common lupin species can be differentiated 

according  to these regions in Andean lupins (L. mutabilis L.)  and Mediterranean 

varieties. The latter can be subdivided in L. albus L. or white lupins, L. angustifolius 

L. or narrow-leafed lupins, and L. luteus L. or yellow lupins. Today, lupin seeds of L.  

luteus L. are used as pickled lupin kernels and are sold in jars with prine like olives 

for  snacking  purposes  in  the  Mediterranean  region,  for  example  the  so-called 

“tremoços” in Portugal. For the production of the pickled lupin kernels bitter-tasting 

lupin varieties containing high amounts of  toxic alkaloids of  up to 4%  are used. 

Thus, the alkaloids of these species have to be removed prior to consumption by 

soaking and washing the seeds in salted water for up to four days. 
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In  contrast  to  these  bitter  lupin  varieties,  so-called  “sweet”  lupin  varieties 

containing low levels of alkaloids (below 0.02%) of  L. albus L.,  L.  angustifolius L., 

and  L.  luteus L.  have  been  cultivated  as  grain  legumes  in  Europe  since  the 

beginning of  the 20th century.  These are promising sources for  the production of 

lupin ingredients such as flours,  protein concentrates or  protein isolates.  Due to 

their low alkaloid content, these varieties are non-toxic for animals and humans and 

can be consumed without further processing. 

However, the worldwide production of grain lupin seeds is low and amounted 

only  to  42,985  t  in  2008,  which  is  about  0.01% of  the  worldwide  production  of 

soybeans.  The  most  important  producers  of  lupin  seeds  were  Australia,  the 

European Union and Chile with 63%, 22%, and 4% of all harvested lupin seeds, 

respectively. In the European Union, about 52% of the lupin seeds were produced in 

Poland, while about 40% of the seeds were produced in Germany, where the main 

areas for lupin growing are Brandenburg, Mecklenburg-Western Pomerania and the 

north  of  Saxony  [FAO  Statistics,  2010].  The  main  lupin  varieties  harvested in 

Germany  in  2008  were  species  of  the  narrow-leafed  lupin  L.  angustifolius L., 

because of their higher resistance to anthracnosis, a typical plant disease for lupins, 

compared  to  the  other  species.  The  average  composition  of  the  different  lupin 

species as well as their processing and their functional properties are described in 

the following sections.

1.1 GENERAL COMPOSITION OF LUPIN SEEDS

The  composition  of  lupin  seeds  varies  in  a  broad  range  due  to  genotypic 

diversity, different weather conditions, as well as soil composition and soil structure 

[Bhardwaj et al., 1998, Cowling & Tarr, 2004]. Lupin plants, as most other plants of 

the  Fabaceae family,  can  assimilate  nitrogen  from  soils  via  rhizobia,  which  is 

incorporated into the seeds in the form of storage proteins. Thus, the grain lupin 

seeds  contain  quite  high  amounts  of  proteins  and  are  good  sources  for  the 

production of protein ingredients for human nutrition. Table 1.1 shows the average 

composition of important lupin varieties.

The composition of the various lupin species is quite similar to each other and to 

that of soybean when comparing the protein (40% in dry matter for soybeans) and 

mineral contents (5% in dry matter for soybeans). The fat content of the lupin seeds 

is significantly lower compared to that of soybeans (20% in dry matter), which are 
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commonly used as sources for  plant  oil  production due to their high oil  content.  

Additionally, the dietary fibre content of all lupin species is comparable to each other 

(Table 1.1). 

Table  1.1: Composition  of  important  lupin  varieties  [Aguilera  et  al.,  1985,  Barnett  &
Batterham, 1981,  Batterham et al., 1986,  Evans et al., 1993,  Hove, 1974,  Hudson, 1979, 
Petterson, 1998, Sujak et al., 2006]

L. albus L. L. angustifolius L. L. luteus L.

Dry Matter [%] 90-94 92-94 90-93

Protein [%]* 31-41 28-35 36-45

Minerals [%]* 3-4 3-4 4-5

Fat [%]* 8-11 5-7 4-7

Oligosaccharides 
[%]* 5-10 5-10 5-10

Insoluble fibre [%]* not reported  27-33 not reported

Soluble fibre [%]* 6# 4# not reported
*: given in % dry matter
#:  calculated value according to the values reported for de-oiled lupin flakes by Laemmche,
2004

1.1.1 Lupin protein fractions

Important  physico-chemical  characterisation  parameters  of  proteins  in  general 

are their  molecular  weights  (MWs)  and their  isoelectric  points  (IPs).  The MW is 

determined  by  the  structure  of  the  protein  molecule  including  its  amino  acid 

sequence, the amount of subunits, and the extent of translational modification (e.g. 

glycosylation). The IP of a protein molecule is the pH at which minimum solubility 

occurs due to a net charge of zero of the protein molecule. The IP depends mainly 

on the amino acid composition and the ionic strength of  the surrounding media. 

These protein specific  properties may influence the functional properties of  lupin 

proteins, which are described in section 1.4.  

Lupin proteins can be divided according to Osborn's classification into albumins, 

globulins,  prolamins  and  glutelins  depending  on  their  solubility  in  water
demin 

(demineralised water),  aqueous salt  solution,  and aqueous ethanol,  respectively. 

Glutelins  remain  in  the  solid  phase  after  subsequent  extraction  with  the 

aforementioned solvents [Osborn & Campbell,  1898].  The major protein fractions 

present in lupin seeds are albumins and globulins, which amount to 5 to 13% and 

87 to 95%, respectively, depending on the lupin variety. Prolamines and glutelins 
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have been identified in lupin seeds and are only present as minor protein fractions 

[Cerletti  et al.,  1978,  Duranti et al.,  1981,  Guéguen & Cerletti,  1994,  Melo et al.,

1994, Vaz et al., 2004]. Altogether, the storage protein fractions of lupin seeds are 

called  conglutins  and  have  been  widely  studied  by  several  researchers  of  the 

University of Milan for  L. albus L.. Studies on the conglutins of yellow and narrow-

leafed lupins are only scarcely available [Blagrove & Gillespie, 1975, Esnault et al.,

1991,  Joubert,  1955 a,  Joubert,  1955 b].  The physico-chemical characteristics of 

conglutin α, conglutin β, conglutin γ, and conglutin δ are described below.   

1.1.1.1 Lupin albumins

Albumins amount to 5 to 13% of the total lupin proteins as mentioned before. 

This  protein  fraction  comprises  biologically  active  proteins  of  the  seeds  like 

metabolic  enzymes,  and  proteins  for  plant  defence  mechanisms,  e.g.  trypsin 

inhibitors [Casey, 1999, Domoney, 1999]. 

Besides these two classes of proteins, conglutin δ, another albumin, belongs to 

the main storage  proteins  of  lupin seeds.  This  conglutin  is  the  most  intensively 

studied lupin protein fraction focusing on the genes coding for conglutin δ and its 

amino  acid  sequence  [Lilley  &  Inglis,  1986,  Sironi  et  al.,  2005].  Generally, 

conglutin δ  is  rich  in  sulphur  containing  amino  acids,  namely  methionine  and 

cysteine, and hence provides sulphur for the germination of lupin seeds. About 70% 

of  the sulphur present  in lupin seeds is embedded in conglutin δ [Lilley & Inglis,

1986, Müntz, 1998]. Conglutin δ exhibiting an IP of 4.3 consists of two subunits with 

molecular  weights of 4 and  9 kDa, respectively,  which are linked covalently by a 

single  disulphide  bond.  Dimeres  of  conglutin δ with  MWs in  the range  of  23 to 

26 kDa,  which are formed by disulphide bonds due to an exposed and reactive 

cysteine residue, are also present in lupin seeds. In recent studies, the amount of 

this  fraction was assumed to be 3-4% of  the whole lupin proteins  [Sironi  et  al.,

2005].  However, the biological function of conglutin δ in native lupin seeds is still 

unknown.    

1.1.1.2 Lupin globulins 

Globulins  are  salt-soluble  protein  fractions  according  to  the  Osborn's 

classification and represent the main storage proteins of various legume seeds. The 

main globulin  fractions of  lupin proteins are the conglutins  α, β and γ and were 
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separated for the first time by Blagrove & Gillespie, 1975. These three main protein 

fractions of lupins reveal sedimentation coefficients after ultra-centrifugation of 11S 

for conglutin α and 7S for both conglutin β and γ, respectively (Table 1.2). They can 

be further subdivided to several sub-fractions, which are heterogeneous and have 

different molecular weights as well as isoelectric points due to genotypic variations 

[Casero et al., 1983]. Furthermore, it was reported that the proportions of conglutin 

α and conglutin β differed according to lupin species [Gillespie & Blagrove, 1975] 

ranging from 1:2 for  L. angustifolius L. to 1:0.9 for  L. albus L. [Sirtori et al., 2008]. 

Conglutins  α  and  β  are  susceptible  to  proteolysis  and  thus  provide  energy  for 

germination of lupin seeds, which is typical for storage proteins.

Table 1.2: Sedimentation coefficients, molecular weights (MWs) and isoelectric points (IPs) 
of native conglutins α, β and γ

Native protein 
fraction 

Sedimentation 
coefficient

MW [kDa] IP

Conglutin α 11S 330-430 5.1-5.8

Conglutin β 7S 143-260 5.0-6.0

Conglutin γ 7S 200 7.9

Conglutin α

  Native conglutin α, the legumin-like lupin protein corresponding to the 11S globulin 

fraction,  shows a MW of 330 to 430 kDa and an IP ranging from pH 5.1 to 5.8 

(Table 1.2). The variation of the MW and the IP are due to the genotypic variation 

and the heterogeneous composition of  conglutin  α.  Conglutin  α is an oligomeric 

protein  consisting  of  a  hexameric  structure  with  different  associated  monomers. 

Each of the monomers is composed of an acidic and a basic side chain, namely α 

and β, which are linked by a single disulphide bond. The molecular weight of the 

monomers varies in the range of 26 kDa to 74 kDa, which is most probably due to 

the multigene family origin,  as for  many other  globulins  [Casey et  al.,  1985].  In 

dependence  of  its  concentration  and  the  pH  of  the  surrounding  media  the 

hexameric conglutin α is in equilibrium to a corresponding trimeric form according to 

the findings  of  Duranti  et  al.,  1988.  A further  characteristic  of  conglutin  α is  its 

glycosylation,  which is in contrast  to most  other  legumin-like  proteins  present  in 

seeds of the Fabaceae family [Duranti et al., 1988, Duranti et al., 1992 a]. In white 

lupin seeds, conglutin α amounts to 35-37% of the total globulins.
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Conglutin β

Conglutin  β  belongs  to  the  7S vicillin-like  storage  proteins  and  it  is  also  an 

oligomeric protein fraction with trimeric sub-structures [Blagrove & Gillespie, 1975]. 

The subunits of this fraction are characterised by molecular weights varying from 17 

to  20 kDa  for  the  low  molecular  weight  subunit,  from  25  to  46 kDa  for  the 

intermediate molecular weight subunit and from 53 to 64 kDa for the high molecular 

weight fraction. All subunits of conglutin β can be glycosylated, but no disulphide 

bridges between the different side chains are present [Duranti et al., 1990, Duranti

et al., 1992 b]. In L. albus L. seeds, conglutin β amounts to about 45% of the total 

lupin globulins representing the main protein fraction of white lupin seeds. The MW 

of  the native conglutin  β varies between 143 and 260 kDa,  which is  due to the 

previously described genotypic variation in this fraction, and  the IP of conglutin β 

ranges from 5.0 to 6.0 (Table 1.2).

Conglutin γ

Conglutin γ is a basic 7S protein fraction, which is soluble both in water
demin

 and in 

salt  solutions  –  rather  unusual  for  globulins.  At  neutral  pH  conglutin  γ  is  an 

oligomeric  protein  consisting  of  either  four  or  six  subunits  [Duranti  et  al.,  2000, 

Blagrove & Gillespie, 1975]. At pH 5 and lower, the tetramer or hexamer dissociates 

into monomers with molecular weights of about 50 kDa consisting of two subunits of 

17 and 29 kDa, respectively [Restani et al., 1981]. The large subunit of conglutin γ 

is glycosylated, in contrast to the small subunit and both are linked by disulphide 

bonds. The molecular weight of the native conglutin γ is 200 kDa and its isoelectric 

point is at pH 7.9 (Table 1.2). The physiological function of conglutin γ in the lupin 

seeds has not been ascertained until now. Furthermore, some researchers reported 

a deficiency of conglutin γ in  L. luteus L., while it is present in  L. angustifolius L., 

and L. albus L., respectively [Bush & Tai, 1994, Gillespie & Blagrove, 1975]. 

The  described  conglutins  α,  β,  γ,  and  δ  seem  to  be responsible  for  the 

characteristics  of  lupin  proteins  and  are  most  likely  responsible  for  the  main 

functional properties of lupin flours. 

1.1.2 Crude fat content and fatty acid composition of lupin seeds

The crude fat  content  of  lupin seeds of  4-15% (Table 1.1) is distinctly higher 

compared to most other legumes like peas, lentils or chickpeas, but considerably 
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lower  compared  to  traditional  oilseeds  like  soybeans  or  peanuts  with  crude  fat 

contents of 20% and 50%, respectively [Belitz et al., 2001].

However, lupin oil comprises high amounts of unsaturated fatty acids as many 

seed oils do.  The most  abundant  unsaturated fatty acid in lupin oil  is  oleic acid 

(18:1) with total amounts of 24 to 49% followed by linoleic acid (18:2) ranging from 

20  to  44%  of  the  crude  fat  content  in  lupin  seeds.  Additionally,  considerable 

contents  of  about  2  to  13%  of  α-linolenic  acid  (18:3)  are  present  in  lupin  oil 

[Schieber & Carle, 2006]. The ratio of polyunsaturated fatty acids to saturated fatty 

acids varies from 1.3 to 2.9, which is lower than that for soybeans (4.2) [Schieber &

Carle, 2006]. Furthermore, erucic acid (22:1) – a fatty acid, which is suspected to 

cause changes of the myocardial muscle – is also present in lupin oil, particularly in 

oils of  L. albus L., with contents of about 0.8 to 4.8%, respectively [Boshin et al.,

2008]. 

In  general,  the  fatty  acid  composition  of  lupin  oil  seems to  be influenced  by 

genotypic  variations  to  a  higher  extend  than  it  is  influenced  by  environmental 

conditions  [Boshin  et  al.,  2008,  Cowling  &  Tarr,  2004,  Green  &  Oram,  1983]. 

Although  the  grain  yield  was  shown  to  be  influenced  significantly  by  the 

environmental  conditions,  the  lipid  composition  was  not  impaired  [Boshin  et  al.,

2008]. 

1.1.3 Carbohydrate fractions of lupin seeds

A broad range of  mono-, di-,  oligo-,  and polysaccharides are present  in lupin 

seeds. Mono- and disaccharides amount together to 5-7% (stated in dry matter) in 

lupin seeds.  The most  abundant  sugar  is sucrose (~ 4%) followed by galactose 

(~ 0.4%), glucose (~ 0.4%), ribose (~ 0.3%), maltose (~ 0.3%), fructose (~ 0.2%), 

and xylose (traces) in white lupin seeds as reported by Erbaş et al., 2005.  

The oligosaccharide content accounts for 7-15% (in dry matter) and this fraction 

comprises representatives of the α-galactoside family, namely raffinose, stachyose 

and  verbascose  [Martinez-Villaluenga  et  al.,  2006].  Oligosaccharides  are  often 

reported  to  be  anti-nutritional  factors  of  grain  legumes,  as  they  can  cause 

flatulences in humans.  This is related to their fermentation in the lower colon by 

bacteria and the formation of fermentation gases. Otherwise, oligosaccharides are 

gaining importance due to their presumable pre-biotic effects in the lower colon for 

cancer prevention.
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Besides the low molecular weight carbohydrates, the maximum proportion of the 

carbohydrate is composed of polysaccharides with approximately 40% [Gross et al.,

1988, Petterson & MacKintosh, 1994]. The profile of these polysaccharides is quite 

different to those of many other grain legumes, because starch is only present in 

trace amounts in lupin seeds, while it is the most abundant polysaccharide in peas, 

lentils or chickpeas. However, lupin seeds contain considerable contents of soluble 

fibres (~ 8% in dry matter) as well as insoluble fibres, which amount to about 30% in 

dry matter [Al-Kaisey & Wilkie, 1992, Evans et al., 1993]. The insoluble fibres mainly 

consist of cellulose, lignin, and hemicelluloses [Evans & Cheung, 1993]. The ratio 

between soluble and insoluble fibres is highly variable due to lupin varieties and 

genotypes. 

1.1.4 Anti-nutritional factors

Besides  these  major  nutritive  compounds,  lupin  seeds  contain  several 

anti-nutritional factors. However, their total concentration is much lower in contrast 

to other legumes. The most abundant representatives are quinolizidine alkaloids, 

trypsin inhibitors and oligosaccharides. 

Sweet  lupin  varieties  comprise  only  a  maximum  of 0.02%  of  quinolizidine 

alkaloids and thus, can be consumed without  further processing due to their not 

toxic levels of  alkaloids.  Instead,  the most  important  alkaloids in lupin seeds are 

lupanin,  lupinine,  sparteine,  α-isolupanine  and  13-hydroxylupanin,  which  are 

reported to be present  in variable ratios in various lupin species [Muzquiz et al.,

1994]. 

Further anti-nutritional factors of plants are often protease inhibitors like trypsin 

inhibitors. Trypsin inhibitors constrain the resorption of nutrients in the human colon, 

in particular after the consumption of soy flours or protein concentrates, which have 

not been thermally treated.  Processing of plant protein isolates, which involves an 

extraction step, could diminish the inhibitor concentration. Recently, a Bowman-Birk 

serine proteinase inhibitor was  identified in seeds of  L. albus L. [Scarafoni et al.,

2008]. This proteinase inhibitor has been reported to have only about 10% of the 

activity of trypsin inhibitors present in soy protein products [Scarafoni et al., 2008]. 

Therefore, lupin seeds can be consumed without further heat treatment to inactivate 

these trypsin inhibitors. 
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Additionally, erucic acid present in some lupin varieties of up to 5% in oils might 

be critical for the consumption of lupin oils with that relatively high content. Erucic 

acid  is  suspected  to  cause  changes  of  the  myocardial  muscle  (section  1.1.2).  

Therefore, seeds for human nutrition should be selected very carefully. The upper 

limit of erucic acid tolerated in plant oils is 5% according to the European legislation 

[Commission Directive 80/891/EEC]. 

1.2 PROTEIN INGREDIENTS

Due to their  high protein  contents  of  30 to 40% (Table  1.1)  different  protein 

preparations – applied as food ingredients – can be produced for human nutrition 

using lupin seeds as raw materials. According to their protein content three different 

groups can be distinguished: flours, protein concentrates and protein isolates. The 

different compositions of these ingredients determine their functional properties and 

hence, their application in different food systems [Berk, 1992]. 

Lupin flour

Protein flours exhibit by definition protein contents of  up to 65% in dry matter 

according  to  the  used  raw material.  Thus,  lupin  flours  have  the  lowest  protein 

content of the aforementioned protein ingredients of about 30 to 40% in dry matter. 

The lupin flour is directly obtained by grinding hulled kernels to a particle size of less 

than 0.2 mm. According to this minimal processing,  lupin flours comprise all  the 

components  present  in  the  hulled  kernels,  namely  the  proteins,  oil,  fibres  and 

oligosaccharides and potentially residual alkaloids. In general, two different kinds of 

lupin  flours  are  commercially  available:  i) lupin  flours  produced  without  heat 

treatment,  and ii) toasted lupin flours  treated with  steam or  dry heat  in  order  to 

inactivate enzymes. Due to the endogenous enzyme activities, the storage stability 

of  lupin  flours  and  simultaneously  the  sensory  properties  of  the  flours  can  be 

enhanced  by  a  toasting  operation  or  in  general  by  thermal  inactivation  of  the 

enzymes [Batterham et  al.,  1986].  Besides the high protein content,  lupin flours 

contain high amounts of dietary fibre and carotenoids, which can be used due to 

their physico-chemical properties as water binding agents and natural colourants in 

flour mixtures, bakery products, but also meat products, respectively. Additionally, 

lupin flour can be applied in gluten-free products due to the absence of gluten-type 

proteins. 
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Lupin protein concentrates

Commercially available lupin protein concentrates exhibit protein contents of 45-

80% in dry matter. In the course of their production non-protein fractions such as 

minerals,  oligosaccharides,  low  molecular  weight  nitrogen  compounds  and 

anti-nutritional factors are removed either by air  classification or by an extraction 

process.  A  wide  range  of  solvents  (acidified  water,  aqueous  ethanol,  aqueous 

butanol, aqueous 2-propanol) can be used for removal of objectionable components 

from the full-fat or de-oiled flours. Additionally, heat treatment can be applied for the 

thermal  inactivation of  enzymes resulting in an enhanced storage stability of  the 

protein  concentrates.  These  processing  steps  directly  influence  the  functional 

properties of the concentrates and therefore, their application as food ingredients 

[Moure et al., 2006]. 

Due to the considerable  fibre  contents,  lupin  protein  concentrates  show high 

water binding capacities as well as adequate emulsifying properties. Lupin protein 

concentrates  can  be  applied  to  pastries,  gluten-free  products,  sausages,  and 

bakeries, as described previously for lupin flours [Breuer, 2002]. 

Both,  full-fat  lupin  flours  and  lupin  protein  concentrates  show  a  bean-like 

off-flavour  at  concentrations  of  about  1% in some food products  and impair  the 

mouthfeel of some foods, especially lupin drinks. The unfamiliar flavour related to 

these products is not appreciated by consumers in the European Union. Therefore, 

the  food  industry  is  seeking  for  ingredients  which  are  light-coloured  and  ideally 

comprise no flavour.  

Lupin protein isolates

Lupin protein isolates (LPI) as other protein isolates reveal by definition protein 

contents of  a minimum of 90% in dry matter. Dietary fibres and other components 

are exhaustively removed by extraction and separation steps during the isolation 

procedure.  Subsequently,  a  neutralisation  and  a  drying  process  can  be  applied 

yielding protein isolate powders, which can be used as food ingredients. In contrast 

to other protein isolates, LPI is not commercially available up to now and literature 

data  regarding  lupin  protein  isolates,  the production,  the functional  and sensory 

properties are scarce.  
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Therefore,  the  production  of  high  quality  protein  isolates  from  different  lupin 

varieties, the functional properties of the individual isolates, their sensory properties 

as well as odour-active compounds are studied in detail in the present work. 

1.3 PROTEIN ISOLATION AND PURIFICATION PROCEDURES

Various  protein  isolation  and  purification  procedures  have  been  previously 

applied by several researchers receiving protein isolates with specific properties. In 

particular, the production of soy protein isolates has been widely investigated, but 

can be transferred to other leguminous plant materials. At first, the protein fractions 

have to be dissolved in aqueous media at specific pH-values (pH 7-10) according to 

their maximum solubility.  Instead of the alkaline extraction process,  aqueous salt 

solutions  (sodium  chloride,  sodium  sulphite,  sodium  bicarbonate  and  sodium 

carbonate)  at  various concentrations or buffer  solutions (e.g.  sodium phosphate, 

Tris-HCl)  can  be  used  to  facilitate  the  dissolution  of  proteins  [Alamanou  &

Doxastakis,  1997,  D'Agostina  et  al.,  2006,  King et  al.,  1985,  Kiosseoglou et  al.,

1999, Lqari et al., 2002, Wäsche et al., 2001]. Subsequently, the dissolved proteins 

were  purified  by  precipitation  or  concentration  procedures.  Therefore,  different 

methods such as isoelectric  precipitation,  precipitation  with  ammonium sulphate, 

dialysis,  ultra-filtration,  ion  chromatography,  and gel  permeation  chromatography 

were adopted.

Isoelectric precipitation is the most often applied method for the purification of 

proteins,  because  it  can be easily  and economically  implemented  into  industrial 

processes.  Since  isoelectric  precipitation  is  not  selective  for  the  fractionation  of 

individual  proteins,  methods  like  ammonium  sulphate  precipitation,  dialysis,  ion 

chromatography, and gel permeation chromatography are often used on laboratory 

scale (up to 4 L) or for analytical methods to obtain a few grams of highly purified 

protein fractions for subsequent analysis. However, these precipitation approaches 

are very expensive and therefore, improper for industrial implementation.

For the production of lupin protein isolates a particular extraction and isolation 

procedure was developed [Wäsche et al., 2001,  Figure 1.1].
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Figure 1.1: Schematic of the protein isolation procedure for the preparation of lupin protein 
isolates 

After pretreatment of the lupin seeds – including hulling, separation of hulls and 

flaking – the lupin flakes are suspended in acidified water to dissolve potentially 

residual alkaloids, oligosaccharides, soluble fibres as well as acid-soluble proteins, 

particularly  conglutin  γ.  After  separation,  the  solid  residue  was  re-extracted  at 

neutral pH to dissolve the main storage proteins. Subsequently, the protein extract 

was  separated  from  the  solid  phase  comprising  primarily  insoluble  fibres.  The 

proteins were isolated by isoelectric precipitation. To obtain a neutral tasting and 

functional  product  the  precipitate  was  neutralised  and  finally  spray-dried  or 

lyophilised. 

1.4 FUNCTIONAL PROPERTIES OF LUPIN PROTEINS

Several definitions of functional properties of proteins are reported in literature. In 

the present study the following definition was applied: protein functionality is defined 

as any physical or chemical property of a protein, except its nutritional ones, which 
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affects  its  use in  food  during  processing,  storage,  preparation  and consumption 

[Cheftel  et  al.,  1992,  Kinsella,  1982].  Therefore,  functionality  refers  to  several 

technological properties of proteins, which are influenced by intrinsic and extrinsic 

factors.  Important  intrinsic  factors  are  the  amino  acid  sequence  and  the 

conformation of  a protein  in  its  native state.  Extrinsic  factors  influencing  protein 

functionality are for example the type of solvent used for protein extraction, ionic 

strength,  types  of  ions,  temperature,  pH  value  and  the  presence  of  other 

constituents  like  fat  or  sugar  [Cheftel  et  al.,  1992].  According  to  literature,  the 

functional  characteristics  of  proteins  can  be  divided  into  three  main  groups  in 

relation  to  their  mechanisms,  namely  i)  hydration  properties  (e.g.  oil  and  water 

absorption, wetability, solubility, thickening), ii) properties related to protein structure 

and rheological characteristics (e.g. viscosity, adhesiveness, aggregation, gelation), 

and  iii)  attributes  related  to  the  protein  surface  (e.g  emulsification,  foaming, 

whippability)  [Damodaran,  1997].  These  characteristics  directly  affect  the 

application of proteins as food ingredients.

Besides this multiplicity, the most important functional property of proteins is the 

solubility  as  a  high  solubility  is  required  for  several  other  characteristics  like 

gelation, foaming or emulsification [Cheftel et al., 1992]. High solubility is correlated 

to a low number of hydrophobic amino acid residues at the protein surface and to 

low protein denaturation as unfolding of proteins results in lower protein solubilities. 

In brief, the solubility of most oilseed and legume proteins depends on the pH and 

on the ionic strength of the surrounding media and is represented by a U-shaped 

curve for  pH-dependency.  Generally,  highest  solubility  is  obtained  at  acidic  and 

alkaline  pH  values,  respectively,  while  a  region  of  minimum  solubility  occurs 

normally between pH 4 and pH 6 representing the isoelectric range.   

Many studies have been conducted previously on the functional  properties  of 

lupin proteins [e.g.  Alamanou & Doxastakis, 1997,  Chapleau & Lamballerie-Anton,

2003, El-Adawy et al., 2001, King et al., 1985, Lqari et al., 2002, Pozani et al., 2002, 

Sousa,  1993,  Wäsche  et  al.,  2001].  Since  the  functional  properties  are  directly 

influenced by the isolation process, they can hardly be summarised. Furthermore, a 

broad  range  of  analytical  methods  are  applied  to  determine  different  functional 

properties  which  differ  in  their  operational  conditions.  Therefore,  an  exact 

comparison of all the data is impossible. According to  Wäsche et al.,  2001, who 

applied a quite similar isolation procedure as described in section 1.3, the isoelectric 

precipitated lupin proteins exhibited protein solubilities of about 65% at neutral pH 
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and emulsifying properties of up to 800 mL oil per g protein isolate. Therefore, the 

protein solubility is comparable to commercially available soy proteins,  while  the 

emulsifying capacities are up to two times higher than isoelectric precipitated soy 

proteins.  Only  moderate  gelation  properties  compared  to  soy  proteins  were 

observed for Lupinus albus L. proteins [Wäsche et al., 2001]. 

Until now, investigations on the influences of different lupin species and different 

processing  conditions  on  functional  characteristics  have  not  been  published.  In 

particular,  the  effects  of  several  de-oiling  procedures  (solvent  extractions  and 

supercritical CO
2
 extractions) on the functional properties of flours and isolates have 

not been described for legumes or oilseeds. 

1.5 FLAVOUR AND ODOUR-ACTIVE COMPOUNDS

1.5.1 Terminology of flavour

Flavour is defined as the sensory impression of a food according to DIN 10950-1 

on “sensory analysis” [DIN 10950-1]. In addition to the attributes sweet, salty, sour, 

bitter and  umami,  flavour  comprises  also  smell,  temperature  as  well  as  texture 

impressions [DIN 10950-1].  Figure 1.2 shows the complex interactions of  flavour 

properties according to Jellinek, 1981 and Rothe, 1978. 

Figure 1.2: Complex interactions of flavour properties [Jellinek, 1981, Rothe, 1978]

The taste  of  a  food  is  determined  by non-volatile  compounds  present  in  the 

particular  product  (gustatory  sensation),  while  the  odour  impressions  are 
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determined  by  volatile  odour-active  compounds  (olfactory  sensation).  These 

compounds  exhibit  specific  odour  attributes,  which  are  perceived  orthonasally 

during smelling or retronasally during consumption, in each case after they travelled 

to the chemo-receptors of the nasal olfactory mucosa (Figure 1.3).

Figure  1.3: Perception of odour-active compounds either orthonasally (red) or retronasally 
(blue) at the chemo-receptors of the nasal mucosa [Fraunhofer IVV]

1.5.2 Determination of odour-active compounds

Besides sensory profiling of food or food ingredients, odour-active compounds 

can  be  identified  using  gas  chromatography-olfactometry  (GC-O)  and  gas 

chromatography-mass spectrometry (GC-MS). Thereby prior to analysis, the odour-

active compounds have to be isolated from the solid materials.  A wide range of 

isolation and enrichment procedures are applied for  headspace analysis and the 

analysis of  aroma compounds in solid phases, respectively,  including headspace 

sampling  by  solid  phase  micro-extraction,  simultaneous  distillation  –  solvent 

extraction and solvent assisted flavour evaporation (SAFE). 

Sampling methods

Generally, isolation of odour-active compounds from foods or food ingredients is 

a main challenge for food chemists due to the presence of a wide range of volatile 

and  non-volatile  constituents.  According  to  Engel  et  al.,  1999,  the  isolation 
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procedures applied in aroma analysis  should meet  the following demands:  i)  no 

discrimination of important odour-active compounds; ii) no alteration of structures; 

iii) complete or extensive removal of non-volatile compounds which might interfere 

with gas chromatographic separation. Therefore, an appropriate method has to be 

chosen to receive a representative extract  or  headspace sample,  which exhibits 

similar odour profiles than the food itself.

Headspace sampling

Headspace sampling is applied to determine highly volatile compounds released 

from sample matrices at particular temperatures. The headspace of a sample can 

be evaluated directly by GC-O or GC-MS or the volatiles can be collected e.g. on a 

fused silica fibre  (solid  phase)  coated with  specific  adsorbent  materials  or  other 

trapping agents prior to thermal desorption and GC analysis as applied during solid-

phase micro-extraction. One advantage of these sampling methods is that highly 

volatile compounds are not superimposed by a solvent peak during analysis, or lost 

during any concentration step prior to analysis. Disadvantages are the selectivity of 

the used fibres (some volatiles are bond to a higher extend than others), potential 

thermal  degradation  of  odorants  during  thermodesorption,  or the  incomplete 

desorption of volatiles and thus, the possibility of memory effects. 

Solvent extractions

In addition to the headspace sampling methods, solvent extractions from food 

samples can be used to separate volatiles and odour-active compounds from non-

volatile  constituents.  Among  others,  steam distillation,  simultaneous  distillation  – 

solvent extraction, solvent extraction and supercritical fluid extractions are applied 

for  liquid-liquid  extraction  of  flavour  compounds.  Common  features  of  all  these 

methods  are  the  application  of  relatively  high  amounts  of  organic solvents  like 

diethyl ether or dichloromethane as well as supercritical fluids. In order to receive a 

concentrated  flavour  extract,  the  solvents  have  to  be  evaporated  by  means  of 

rectification.  Advantages of  these methods are the extraction of  a wide range of 

volatile compounds having low, medium or even high volatility. Disadvantages are 

possible contaminations of the solvents with volatile compounds, the high solvent 

concentrations, and the generation of artefacts or alteration of odorant's structures 

during  excessive  heating.  In  order  to  overcome  some  of  these  disadvantages, 

particularly the extensive heating, and thus, the formation of artefacts during liquid-
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liquid  extraction,  an  apparatus  for  solvent  assisted  flavour  evaporation  (SAFE) 

operating under drastically reduced pressure was developed by Engel et al., 1999. 

Since 1999, the SAFE technique has been used to produce aroma extracts of a 

wide range of foods including fruit preparations, soy milk and cereal products.  

Evaluation methods

The contribution of each odour-active compound to the overall aroma sensation 

of a food is quite complex to evaluate. A combination of qualitative and quantitative, 

as  well  as  sensory  methods  has  to  be  applied  to  receive  information  on  this 

contribution, which is often represented by the odour activity value (OAV). The OAV 

is determined by the following equation:

OAV =
c odorant

OT odorant

(1.1)

where  c
odorant

 is  the  concentration  of  the  odorant  determined  by  stable  isotope 

dilution analysis, and OT
odorant

 is the odour threshold of the odorant in the particular 

matrix.  As  an  approximation,  odorants  with  an  OAV  of  minimum  1  potentially 

contribute to the overall aroma of a food sample.

In order to reveal relative data on the contribution of  odorants,  two important 

concepts  are  applied  using  gas  chromatographic-olfactometric  (GC-O)  analysis, 

which is represented by sniffing the eluate of the gas chromatograph and recording 

the odour impressions:  i)  the dilution analyses based on stepwise dilution of  the 

aroma extract  to the threshold  of  odour-active compounds like  CHARM analysis 

(combined  hedonic  aroma  response  measurements)  and  AEDA  (aroma  extract 

dilution analysis)  [Acree et  al.,  1984,  Grosch,  2001];  and ii)  detection  frequency 

methods to estimate the intensity of odorants by the number of assessors detecting 

the  odour  [Linssen  et  al.,  1993].  However,  these  screening  methods  are  only 

feasible to reveal qualitative, but not quantitative data. 

1.5.3 Classes of odour-active compounds in plant materials and flours

Odour-active compounds belong to a broad range of chemical classes including 

aldehydes,  esters,  alcohols,  terpenes,  carboxylic  acids,  ethers  and  others  and 

amount up to 10,000 different more or less volatile substances [Belitz et al., 2001]. 
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Flavour is reported to be one of the limiting factors for the application of plant 

proteins  as  food  ingredients.  Up  to  now,  the  odour-active  compounds  of  some 

protein ingredients,  particularly soybean flours,  protein concentrates and isolates, 

have been extensively studied, while for others information on odorants are scarcely 

available [Jakobsen et al., 1998, Mtebe & Gordon, 1987, Murray et al., 1976, Ruth

et al., 1996]. Altogether, the work on the flavour of soy products started in the late 

1960s  using  different  methods  of  sample  preparation  and  gas  chromatographic 

(GC) analysis combined with mass spectrometry (MS), flame ionisation detection 

(FID), or gas chromatography–olfactometry (GC-O) [Arai et al.,  1967,  Arai et al.,

1970,  Boatright  &  Lei,  1999,  Boatright  &  Lei,  2000,  Kato  et  al.,  1981,  Lei  &

Boatright, 2001,  Mattick & Hand, 1969,  Rosario et al.,  1984,  Solina et al., 2005]. 

The  green and  bean-like flavour  attributes of  whole soybeans were attributed to 

maturation processes.  Rackis et al.,  1972 reported that  these odour impressions 

appear  already at  the  early  stages  of  maturation  and  their  intensities  were  not 

changed during further development. The occurrence of  n-hexanal,  (Z)-3-hexenal, 

n-pentyl  furane,  2(1-pentenyl)furane  and  1-penten-3-one  was  reported  to  be 

responsible  for  these  flavours,  which  were  considered  to  be  characteristic  for 

soybeans,  and seemed to be released from the protein-carbohydrate matrix,  but 

could also be generated enzymatically during chewing [Rackis et al., 1972]. 

After  processing  of  raw soybeans,  additional  attributes  were  ascribed  to  soy 

flours,  protein  concentrates  and  protein  isolates,  respectively.  These  protein 

products  were  described  to  reveal  cardboard-like,  astringent,  toasted,  and 

cereal- like impressions  that  seemed  to  derive  from  lipoxygenase-catalysed 

reactions  [Kalbrener  et  al.,  1974].  Summarising  all  these  studies  an  exceeding 

number of different volatiles from various chemical classes like alcohols, saturated 

and  unsaturated  aldehydes  or  ketones,  and  pyrazines  have  been  identified  in 

legumes.

Previous  investigations  of  lupin  flour  and  lupin  protein  isolates  revealed  that 

these ingredients exhibited a similar  green and  bean-like flavour as described for 

soybeans  and  unblanched  green  peas,  when  applied  in  several  food  products. 

However, the responsible odour-active compounds have not been identified up to 

now and will be investigated in the present study using e.g. aroma extract dilution 

analysis (AEDA).
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1.5.4 Formation of odour-active compounds in legume protein products

The majority of odour-active compounds present in legume protein products are 

generated  by  enzymatic  or  non-enzymatic  pathways  during  biosynthesis  and 

processing, respectively. Odour-active compounds, which are present in the legume 

seeds prior to processing are referred to as “primary” odorants and are produced 

during  the  biosynthesis  of  plants.  These  are  often  related  to  plant  defence 

mechanisms  and  are  derived  from  metabolic  pathways  during  growth  and 

maturation. Nevertheless, only small amounts of such odour-active compounds are 

present  in intact  plant  cells or  plant  tissues,  while  after  injuring  the formation of 

“secondary” odour-active compounds occurs immediately [De Lumen et al., 1978, 

O'Hare & Grigor, 2005]. Literature data on primary odour-active compounds derived 

from biosynthesis  in  grain  legume seeds is  scarcely  available (see below).  It  is 

proposed that similar enzymatic reactions are involved in flavour formation during 

biosynthesis  and  processing,  respectively.  Since  significantly  higher  amounts  of 

odour-active  compounds  are  synthesised  during  processing  compared  to 

biosynthesis,  the  present  work  focusses  on  flavour  compounds  arising  during 

processing.  

Enzymatic formation during processing

Due to the complexity of enzymatic pathways a large variety of different odour-

active compounds can derive from various types of enzyme-catalysed reactions like 

oxidation,  hydrolysis  and  reduction.  Hydrolytic  deterioration  of  trigylcerides  in 

legume seeds is mediated by lipase activity and reveals free fatty acids, which can 

be related to particular odour attributes like fatty,  rancid or soapy. Additionally, the 

free fatty acids, in particular polyunsaturated fatty acids, can be further degraded by 

enzymatic activity into a wide range of aldehydes and ketones which are supposed 

to be responsible  for  the characteristic  flavour  of  legumes and legume products 

[Sessa  &  Rackis,  1976].  In  this  relation,  one  of  the  most  important  enzyme-

mediated reactions occurring during processing of legume seeds is the formation of 

hydroperoxides from the lipoxygenase-catalysed reaction:

Lipoxygenase-catalysed reactions

Generally,  lipoxygenase enzymes (EC 1.13.11.12,  LOX)  belong to one of  the 

most widely studied enzyme family and are found in over 60 species in plants and 
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animal kingdom [Eskin et al.,  1977]. In brief,  lipoxygenase enzymes catalyse the 

regio- and enantioselective dioxygenation of polyunsaturated fatty acids containing 

a  cis,cis-1,4-pentadiene  substructure  like  linoleic,  linolenic  and  arachidonic  acid 

[Kato et al., 1981, Mtebe & Gordon, 1987, Rackis et al., 1972, Solina et al., 2005]. 

Initial  reaction  products  are  13-hydroperoxyoctadecadienoic  acid  and/or  9-

hydroperoxyoctadecadienoic  acid  depending  on  the  LOX  isozymes,  which  often 

vary in their pH optimum, their product and substrate specificity [Kalbrener et al.,

1974]. The initial products of the LOX-catalysed reaction can be further degraded 

enzymatically or non-enzymatically to a wide range of odour-active compounds like 

aldehydes,  ketones,  alcohols,  and  acids  which  are  partially  responsible  for  the 

characteristic flavour of legume protein products [Figure 1.4, Kalbrener et al., 1974].

 

Figure  1.4: Example for formation of odour-active compounds derived from lipoxygenase-
mediated reaction

Further  enzymes  involved in  decomposition  of  hydroperoxides  of  unsaturated 

fatty  acids  are  hydroperoxide  lyase  (as  shown  in  Figure  1.4),  peroxygenases, 

epoxygenases, and hydroperoxide isomerase. Depending on the types of isozymes 

of  LOX present  in  legume seeds or  other  plants,  not  only polyunsaturated fatty 

acids and triglycerides can be degraded, but also carotenoids like  β-carotene and 

canthaxanthine  can be  concomitantly  oxidised  and  further  decomposed  to 

colourless products [Grosch & Laskawy,  1979].  Thus, fortification of wheat flours 

with  up to 0.5% of  legume flours  exhibiting  LOX-activity can be used to bleach 

carotenoids present in wheat flour for bakery products when light coloured doughs 

are desired.
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A type 2 lipoxygenase has been reported to be present in lupin seeds exhibiting 

a pH optimum of 6.1, whereas no LOX activity was determined below pH 5.5 and 

above  pH  7.5,  respectively  [Olías  &  Valle,  1988].  Additionally,  the  ratio  of  the 

formation of 13- and 9-hydroperoxyoctadecadienoic acid was found to be about 2:1, 

which corroborates the hypothesis of the presence of a type 2 LOX in lupin seeds. 

Contradictory results were obtained by Yoshie-Stark & Wäsche, 2004, who reported 

maximum  LOX  activity  between  pH  7.5  and  8.0  for  crude  LOX  extracts. 

Nevertheless, the activity of soy LOX is about 10 times higher than the activity of  

lupin LOX under same conditions [Yoshie-Stark & Wäsche, 2004]. Therefore, the 

formation of  odour-active compounds in lupin flour and protein isolates might  be 

comparable to that of soybeans. 

Flavour formation by non-enzymatic reactions

Among  non-enzymatic  reactions, lipid  autoxidation,  Maillard  reactions  or  the 

Strecker degradation during processing and storage may lead to the formation of a 

wide  range  of  volatile  odour-active  compounds.  These  reactions  are  mainly 

influenced by high temperatures, the effect of light or the presence of organic or 

inorganic catalysts during processing and storage of food or food ingredients. 

Lipid autoxidation

Lipid autoxidation is a free-radical initiated process and the pathway is similar to 

the LOX-catalysed reactions, except that the oxygenation is not enzyme-dependent 

and not  stereospecific.  However,  autoxidative  reactions  occur  after  disruption  of 

cells and are dependent on the presence of oxygen. The initial step is the formation 

of free radicals of unsaturated fatty acids due to the abstraction of a hydrogen atom 

which is mediated by heat, light or the presence of metal ions [Belitz et al., 2001]. 

Subsequently,  the corresponding alkyl  radical reacts rapidly with oxygen to form 

hydroperoxides.  The  rate  of  autoxidation  is  directly  correlated  to  the  degree  of 

unsaturation of fatty acids [Ho & Chen, 1994]. Literature data revealed that a wide 

range of saturated and unsaturated aldehydes, ketones, furanes, and alcohols are 

formed in the course of autoxidation of oleic, linoleic and linolenic acid, respectively 

[Ho & Chen, 1994]. 
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Maillard reaction and Strecker degradation

In addition to the lipid autoxidation, Maillard reaction is a non-enzymatic reaction 

for flavour formation in heated products. Besides flavour formation, non-enzymatic 

browning of foods or food ingredients is induced by Maillard reaction. Generally, the 

Maillard reaction is divided into three different steps: i) condensation between an 

amino group and a reducing sugar resulting in the so-called Amadori product;  ii) 

sugar  fragmentation  and release of  amino group;  iii)  dehydration,  fragmentation, 

cyclisation,  and  polymerisation  in  the  presence  of  amino  groups.  The  Strecker 

degradation of amino acids (deamination and decarboxylation) plays an important 

role  during  the  3rd step  of  Maillard  reaction  and  the  formation  of  odour-active 

compounds. The pathways of Maillard reactions depend highly on pH, sugar types 

and amino acids present [Boeckel, 2006]. Typical odour-active compounds formed 

in  the  course  of  Maillard  reactions  were  reported  to  be  representatives  of  the 

chemical classes of pyrazines, pyrridines, pyrroles, and furanes.
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 2 OBJECTIVES

Considering their high nutritive value, lupin seeds are valuable sources for the 

production  of  protein  concentrates  and protein  isolates.  Furthermore,  lupins  are 

representatives of the  Fabaceae family and thus, related to soybeans, which are 

widely used for the preparation of protein ingredients for human nutrition. Besides 

the  high  nutritive  value,  these  protein  preparations  exhibit  good  functional 

properties,  and therefore,  a wide range of  applications can also be expected for 

lupin proteins in various food systems. However, literature data on the functional 

properties  and  in  particular  on  sensory  properties  as  well  as  technological 

improvements of flavour properties of lupin proteins is scarcely available. 

Thus, the present study aimed at elucidating the effects of various lupin species 

(L. albus L.,  L. angustifolius L.,  and  L. luteus L.)  on the functional  properties of 

flours and protein isolates, as well as the protein recoveries after protein isolation. 

Additionally,  the sensory properties and related odour-active compounds of  lupin 

flour and lupin protein isolate from L. angustifolius cv. Boregine should be analysed. 

In relation to this, further processing procedures like de-oiling of lupin flakes should 

be studied, because these processes bear high potential for improving the sensory 

properties of lupin protein isolates. 

So, the aims of the present work were:

- Characterisation  of  important  functional  properties  (protein  solubility, 

emulsifying and gelling properties) of lupin flours and lupin protein isolates 

from different lupin species; 

- Investigations on the effects of lupin species on the protein recoveries during 

the isolation procedures;

- Identification of  important  odour-active compounds of lupin flour and lupin 

protein isolate from L. angustifolius cv. Boregine;

- Development  of  concepts for  flavour  improvement  of  lupin flours and the 

corresponding lupin protein isolates by de-oiling. 
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 3 RESULTS

Seeds of sweet lupin varieties are valuable sources for the production of lupin 

protein concentrates and isolates due to their high protein content of up to 400 g 

kg-1. Generally, lupin proteins are of high nutritional value including the absence of 

anti-nutritional compounds like trypsin inhibitors. Besides their nutritional benefits, 

lupin  proteins  also  exhibit  excellent  functional  properties  as  described  later. 

However,  lupin  protein  isolates  are  currently  not  commercially  available  due  to 

considerable  problems  regarding  the  sensory  stability  during  processing  and 

storage.  Up  to  now,  scarce  information  on  the  generation  of  odour-active 

compounds and the influences of processing on functional and sensory properties 

are available in literature.

Since  only  Lupinus  albus L.  is  intensively  described  in  literature,  other  – 

particularly domestic varieties – should be taken into consideration. Therefore, the 

aim of the present study was the characterisation of lupin flours and protein isolates 

derived  from  various  lupin  varieties  (sections  3.1  and  3.3).  Depending  on  their 

composition, on their protein recovery and on their protein functionality,  one lupin 

variety (L. angustifolius cv. Boregine) was chosen for detailed investigations of the 

sensory  properties.  Additionally,  the  odour-active  compounds  were  determined 

using aroma extract dilution analysis (AEDA) in its flour and in its protein isolate 

(section 3.4). Based on the obtained data, the effects of de-oiling using supercritical 

CO
2
 and organic solvent extractions on protein functionality, as well as on protein 

recoveries and on sensory properties of  L. angustifolius cv. Boregine were studied 

(section 3.5).  

    3.1   COMPOSITION AND FUNCTIONAL PROPERTIES OF LUPIN FLOURS

In this section the composition and functional properties of lupin flours of various 

lupin species (Table 6.1) are described. Due to their availability and their cultivation 

in  the  north  of  Germany  different  varieties  of  narrow-leafed  lupins 

(L. angustifolius L.)  were  chosen  for  these  experiments  and  compared  to 

L. albus cv. TypTop  (a  Chilean  variety)  and  L. luteus cv. Bornal  which  is  also 

cultivated in Germany.  
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     3.1.1 Composition of lupin flours

The composition of lupin flours from several varieties were determined according 

to standardised analytical methods, which are described in section 6.7 (Table 3.1). 

Table 3.1: Composition of lupin flours of various lupin varieties

Lupin species Lupin variety Dry Matter 
[g kg-1]

Protein 
[g kg-1]1, 2

Fat 
[g kg-1]1

Minerals 
[g kg-1]1

L. albus L. TypTop 920 379 121 32

L. luteus L. Bornal 890 546 95 51

L. angustifolius L. Boregine 
(2008)

892 330 83 38

Boregine 
(2006)

870 402 103 38

Bolivio 904 393 107 36

Boltensia 891 364 100 39

Bora 893 409 105 38

Boruta 895 432 138 16

Vitabor 901 383 98 41
1   given in dry matter
2 calculated with a protein conversion factor of 5.8 (N * 5.8) according to Mossé, 1990

The dry matter contents were very similar for all lupin flours and ranged from 

890 g kg-1 to 920 g kg-1. Considerable differences were observable in the protein, fat 

and mineral contents of  the three lupin species (Table 3.1).  The highest  protein 

content was obtained for the yellow lupin L. luteus cv. Bornal (546 g kg-1), followed 

by the narrow-leafed lupin L. angustifolius cv. Boruta (432 g kg-1), while the cultivar 

Boregine  (2008)  exhibited  the  lowest  protein  content  (330 g kg-1). Besides,  the 

highest  fat  contents  were  determined  for  L. angustifolius cv. Boruta  and 

L. albus cv. TypTop  with  amounts  of  138 g kg-1 and  121 g kg-1,  respectively, 

whereas  L. angustifolius cv. Boregine (2008) showed the lowest fat content with a 

value of 83 g kg-1  of all investigated varieties. It is also noticeable that the mineral 

content of L. angustifolius cv. Boruta was about half to one third of that of the other 

lupin flours (16 g kg-1). L. luteus cv. Bornal revealed the highest mineral content of 

51  g  kg-1.  Table  3.1 also  indicates  the  influence  of  the  harvest  year,  which 

implicates  different  weather  or  growing  conditions,  on  the  composition  of 
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L. angustifolius cv.  Boregine  flours.  Overall,  the  flours  displayed  remarkable 

differences in protein and in fat, but similar mineral contents.

     3.1.2 Protein solubilities of lupin flours

The protein solubility [%] of lupin flours comprises the dissolved protein fraction 

at  a  specific  pH value relative to  the protein  content  of  the  initial  flour.  Protein 

solubility profiles ranging from pH 3 to pH 8 were determined for the various lupin 

varieties (Figures 3.1 and 3.2). 

Figure  3.1:  Protein  solubility  of  lupin  flours  of  L. angustifolius cv.  Boregine, 
L. albus cv. TypTop and L. luteus cv. Bornal determined at different pH values

As shown in these two figures, minimum protein solubility was obtained between 

pH 4 and pH 5 with values of about 20% for all investigated lupin flours, while at pH 

3 and at pH  ≥ 6 the solubility increased significantly. At pH 3  L. albus cv. TypTop 

exhibited  significantly  higher  protein  solubilities  compared  to 

L. angustifolius cv. Boregine  and  L. luteus cv.  Bornal,  respectively.  At  pH 6  the 

protein  solubility  of  L. angustifolius  cv. Boregine  was  lowest  with  about  45%, 

followed by L. luteus cv. Bornal with 59%, and L. albus cv. TypTop with 75%. At pH 

7 and pH 8 high protein solubilities of at least 80% were determined for all lupin 

varieties (Figures 3.1 and 3.2). Additionally, the protein solubility of the different L. 
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angustifolius L. varieties revealed only slight variations at the investigated pH values 

(Figure 3.2). 

Figure  3.2:  Protein  solubility  of  lupin  flours  of  different  narrow-leafed  lupin  varieties  (L. 
angustifolius L.) determined at different pH values

     3.1.3 Emulsifying capacities of lupin flours

In order to determine the emulsifying properties, the emulsifying capacities of 1% 

(w/w) aqueous solutions of lupin flours were determined at pH 7. Figure 3.3 shows 

the emulsifying capacities of  L. albus cv. TypTop,  L. angustifolius  cv. Boregine and 

L. luteus cv. Bornal.

Altogether,  L. albus cv. TypTop flour had the lowest emulsifying capacity of 475 

mL oil g-1 flour, followed by L. angustifolius cv. Boregine (630 mL g-1) and L. luteus 

cv.  Bornal  (665 mL g-1)  (Figure  3.3).  These values represent  moderate  to good 

emulsifying capacities compared to the emulsifying properties of sodium caseinate 

– a commonly used emulsifier in food – with about 900 to 1,000 mL oil g-1. 

The flours of  L. angustifolius cv. Boregine (630 mL g-1) and  L. angustifolius cv. 

Bolivio (640 mL g-1) exhibited slightly higher emulsifying capacities than the flours of 

L.  angustifolius cv.  Boruta  (580  mL  g-1)  and  L. angustifolius cv. Boltensia 

(570 mL g-1) as presented in Figure 3.4. 
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Figure  3.3: Emulsifying capacities of  lupin flours from  L. angustifolius cv. Boregine (2006), 
L. albus cv. TypTop and L. luteus cv. Bornal 

Therefore, it became obvious that the kind of species had a higher impact on the 

emulsifying capacities than the kind of varieties (Figures 3.3 and 3.4). In particular 

the emulsifying capacities of narrow-leafed lupin (L. angustifolius L.) and the yellow 

lupin flours (L. luteus cv. Bornal) were significantly higher than that of  L. albus cv. 

TypTop flour.

Figure 3.4: Emulsifying capacities of different lupin varieties of narrow-leafed lupin species 
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    3.2 ISOLATION PROCEDURES AND PREPARATION OF LUPIN PROTEIN   
          ISOLATES – EXPLORATORY EXPERIMENTS

The effects of acidic pre-extractions as well as protein extractions on the protein 

recoveries  and functional  properties  of  lupin  protein  isolates  (L. angustifolius cv. 

Boregine) were studied to choose an appropriate process for protein isolation for 

further studies.  The pilot  scale process (2,000 L scale)  was used as a basis for 

further modifications on laboratory scale (2 L scale). Additionally, the influences of 

different raw materials of L. angustifolius cv. Boregine, either de-oiled or full-fat, on 

protein recoveries and functional properties of the isolates were investigated. 

     3.2.1 Pilot scale process (2,000 L scale) 

The protein isolation procedure was carried out at pilot scale with three replicates 

using  2-methyl  pentane  de-oiled  lupin  flakes  of  L. angustifolius cv.  Boregine  as 

basis for the laboratory scale procedures (sections 3.2.2 and 3.2.3). The process 

consisted of two acidic pre-extractions (pH 4.5, solid-to-liquid ratio: 1:10 and 1:8) 

and one protein  extraction  step at  pH 7.2.  The dry matter  losses L
dry  matter  

were 

determined as dry matter  contents of  the supernatants related to the dry matter 

content of the flakes. The protein losses L
protein

 were determined as the proportion of 

protein in the supernatants related to the protein content of the flakes. These losses 

indicated  the amount  of  extracted  dry matter  and protein  during  the acidic  pre-

extractions. The mean values of dry matter losses
 
and

 
protein losses

 
were 24% and 

19% for  the  1st acidic  pre-extraction  and 8% and 4% for  the  2nd pre-extraction. 

Furthermore, after precipitation and neutralisation the protein recoveries in the pilot 

scale process showed values of 52 to 58%.    

   3.2.2 Effect of the number of pre-extractions and protein extractions on dry 
         matter and protein recoveries

 In  order  to  apply  a  standardised  extraction  procedure  the  numbers  of 

pre-extractions and protein extractions were varied on the basis of the pilot scale 

process described in section 3.2.1. Dry matter losses (L
dry matter

) during the acidic pre-

extractions at pH 4.5 were determined on laboratory scale after one, two and three 

pre-extractions, respectively. The solid-to-liquid ratios were adjusted to 1:10 for the 

1st pre-extraction and to 1:8 for the other two pre-extractions. The extraction time 
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and extraction temperature were held constant at 45 min and 15°C in order to avoid 

deviations  in  the  extraction  process.  Full-fat  lupin  flakes  of  L.  angustifolius cv. 

Boregine (2006) were used as raw materials for these experiments. 

As  shown  in  Table  3.2,  L
dry  matter

 decreased  with  increasing  numbers  of  pre-

extractions. During the 1st pre-extraction the highest amount of  dry matter  (17%) 

was lost, whereas the dry matter losses of the 2nd and 3rd pre-extractions were 3% 

and  below 1%,  respectively.  Significant  differences  were  not  obtained  between 

full-fat and de-oiled lupin flakes (data not shown).

Table  3.2:  Influences  of  the  number  of  acidic  pre-extractions  on  the  dry matter  losses 
(L

dry matter
) 

Number of pre-extractions L
dry matter

  [%]

1 16.8 ± 1.5*

2 3.3 ± 0.8*

3 < 1.0#

* mean value ± standard deviation of four individual extractions 
# mean value of two individual extractions

The solid phases received after  one,  two or three acidic pre-extractions were 

further processed to lupin protein isolates (LPI) applying a single protein extraction 

at pH 7.2. After isoelectric precipitation and neutralisation the LPI were lyophilised 

and their compositions and functional properties were analysed. 

After preparation of LPI, similar compositions were obtained after different pre-

extraction steps, with exception of the ash contents. These were slightly higher after 

three acidic pre-extractions (5.1%) compared to one or two acidic extraction steps 

(4.4% and 4.6%). Furthermore, negligible variations of the protein solubilities and 

the emulsifying capacities were obtained for the LPI in relation to the number of pre-

extraction steps (Table 3.3). Although, a lower value of 84.7% was obtained for the 

protein  solubility  after  two  acidic  pre-extraction  steps,  the  differences  were  still 

comparable considering the overall variance of the determination method of about 

10%.  The  emulsifying  capacity  of  the  LPI  was  lowest  after  three  acidic  pre-

extractions and one protein extraction. 
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Table  3.3: Influence of  the number of pre-extraction steps on functional properties of  the 
corresponding protein isolates

Number of pre-extractions Protein solubility*  [%] Emulsifying capacity 
[mL g-1 protein isolate]

1 90.3 ± 1.7 805 ±  0

2 84.7 ± 0.7 820 ± 10

3 91.9 ± 1.1 770 ±  5
* protein solubility determined at pH 7

Due to similar functional properties of the LPI,  two acidic pre-extractions were 

decided to be appropriate for producing LPI with comparable functional properties 

as discussed in  section 4.1.  A 3rd acidic pre-extraction was not necessary as the 

L
dry matter 

was below 1%.
 
 

In addition to the acidic pre-extractions, the number of protein extractions was 

varied on laboratory scale to investigate the influences on protein recoveries. The 

protein recoveries using full-fat lupin flakes after one or two protein extractions at 

pH 7.2 with solid-to-liquid ratios of 1:5 are shown in Table 3.4. These experiments 

were carried out as a single determination due to the good reproducibility of  the 

previous extraction experiments. 

Table 3.4: Effects of the number of protein extractions on protein recoveries in the LPI

Number of protein 
extractions

Protein recoveries [%]

1 27

2 41

In addition to the two acidic pre-extractions, two protein extractions revealed a 

higher protein recovery than a single protein extraction on laboratory scale. Thus, 

further extraction experiments were carried out using two acidic pre-extractions and 

two  protein  extractions  due  to  similar  functional  properties  and  higher  protein 

recoveries.  Therefore,  the process used for  comparing  the protein recoveries of 

different lupin varieties consisted of two acidic pre-extractions at pH 4.5 and two 

protein  extractions  at  pH  7.2  followed  by  an  isoelectric  precipitation  and 

neutralisation to receive the LPI as described in section 6.6.1.
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    3.2.3 Effect of annual raw material variance within one variety (L. angustifo- 
          lius cv. Boregine) on dry matter and protein recoveries

In addition to the previously described influences of processing conditions, the 

protein  and  dry  matter  recoveries  of  full-fat  L.  angustifolius cv.  Boregine  flakes 

produced from seeds of  different  years  of  harvest  (2006,  2008)  were compared 

(Table 3.5).

Higher  dry  matter  recoveries  were  obtained  for  L.  angustifolius cv.  Boregine 

(2006) compared to the flakes of 2008, whereas the protein recoveries were similar 

(Table 3.5) indicating no effects of different weather or growing conditions on the 

protein recoveries.

Table 3.5: Comparison of protein recoveries and dry matter recoveries of LPI produced from 
two different  harvest  years of  L.  angustifolius cv.  Boregine (two  pre-extractions  and two 
protein extractions)

Protein recoveries 
[%]

Dry matter recoveries 
[%]

L. angustifolius cv. 
Boregine (2006)

41.1 ± 0.3 22.1 ± 1.1

L. angustifolius cv. 
Boregine (2008)

42.2 ± 1.7 15.2 ± 0.3

    3.3 COMPOSITION, PROTEIN RECOVERIES AND FUNCTIONAL PROPERTIES OF 
       LUPIN PROTEIN ISOLATES OF DIFFERENT VARIETIES

The LPI of different lupin varieties (Table 6.1) were produced using two acidic 

pre-extractions  and  two  protein  extractions  according  to  section  3.2.2.  The 

supernatants  of  the  protein  extractions  were  combined  and  the  proteins  were 

precipitated  at  the  isoelectric  point  at  pH  4.5.  The  precipitated  proteins  were 

neutralised at pH 6.8, lyophilised and ground for the analysis of their composition 

and their functional properties.

     3.3.1 Composition of lupin protein isolates

Table  3.6 shows  the  composition  of  the  LPI  prepared  by  two  acidic  pre-

extractions at pH 4.5 and two protein extractions at pH 7.2. 

All LPI exhibited similar dry matter contents of a minimum of 900 g kg -1 and ash 

contents  ranging  from  32  to  43  g  kg-1.  The  protein  and  fat  contents  of  the 
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investigated LPI showed significant variations. The highest protein content and least 

fat content was obtained for L. luteus cv. Bornal. The fat and protein contents of LPI 

were comparable for L. albus cv. TypTop and all L. angustifolius L. varieties, except 

for L. angustifolius cv. Bolivio having the lowest fat content and L. angustifolius cv. 

Boruta having the highest protein content of all narrow-leafed lupin varieties. The 

sum of protein, fat and ash contents were higher than 1,000 g kg -1 for L. luteus cv. 

Bornal  and  L.  angustifolius cv.  Boruta,  which  could  be  attributed  to  the  protein 

conversion factor of 5.8. This factor seems to be lower for L. luteus cv. Bornal and 

L.  angustifolius cv.  Boruta,  respectively,  and  might  be  in  the  focus  of  further 

investigations.

Table 3.6: Composition of lupin protein isolates from different lupin varieties

Lupin species Lupin 
variety

Dry Matter 
[g kg-1]

Protein 
[g kg-1]1, 2

Fat [g kg-

1]1

Minerals 
[g kg-1]1

L. albus L. TypTop 966 ± 1 889 ± 10 84 ± 8 32 ± 0

L. luteus L. Bornal 905# 970# 54# 43#

L. angustifolius L. Boregine 
(2008)

907 ± 13 856 ± 20 63 ± 5 41 ± 4

Boregine 
(2006)

971 ± 0 877 ± 12 105 ± 7 37 ± 0

Bolivio 904 ± 9 904 ± 2 79 ± 2 40 ± 1

Boltensia 940 ± 26 845 ± 1 105 ± 0 41 ± 2

Bora 923 ± 10 856 ± 8 108 ± 5 39 ± 5

Boruta 931 ± 41 919 ± 11 105 ± 30 38 ± 7
1   given in dry matter
2 calculated with a protein conversion factor of 5.8 (N*5.8) according to Mossé, 1990
# values of a single determination

   3.3.2 Protein and dry matter recoveries in protein isolates of various lupin  
         varieties

The protein and dry matter recoveries varied significantly between different lupin 

varieties (Figure 3.5). The protein as well as the dry matter recovery was highest for 

L. albus cv. TypTop with about  60% and 25%, respectively.  L. luteus cv. Bornal 

exhibited a similar dry matter recovery to the white lupin variety, but a significantly 

lower  protein  recovery  was  obvious.  In  general,  the  protein  and  dry  matter 

recoveries were lower for  all  narrow-leafed lupin varieties compared to the white 

and yellow lupin varieties. Within the  L. angustifolius varieties the protein and dry 
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matter recoveries were highest for Boregine (51%, 23%), followed by Boruta (44%, 

21%),  Bora (41%, 20%)  and Boltensia  (38%, 16%).  The lowest  protein  and dry 

matter  recoveries  with  32%  and  14%,  respectively,  were  obtained  for  L.  

angustifolius cv. Bolivio (Figure 3.5). 

Figure 3.5: Protein and dry matter recoveries after protein isolation of various lupin varieties

     3.3.3 Functional properties of lupin protein isolates

As parameters  for  protein  functionality  the  protein  solubility  at  pH 7  and  the 

emulsifying  capacities  were  determined  using  standardised  methods  for  LPI 

produced from different lupin varieties (Figures 3.6 and 3.7).

Generally,  the  investigated  LPI  exhibited  excellent  protein  solubilities  of  a 

minimum  of  85% with  only  slight  deviations.  L.  luteus cv.  Bornal  had a  protein 

solubility of 100% and thus, was significantly higher compared to the others. The 

other isolates displayed similar solubilities of about 90%, except the protein isolate 

derived  from  L.  angustifolius cv.  Bora  and  L.  angustifolius cv.  Boltensia,  which 

showed significantly lower, but still excellent solubilities of about 85% (Figure 3.6). 

The emulsifying  capacities  of  the  protein  isolates  derived from different  lupin 

varieties showed higher variations between different species than the results of the 

protein solubilities (Figures 3.6 and 3.7). 
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Figure 3.6: Protein solubility at pH 7 of protein isolates derived from several lupin varieties 

The lowest emulsifying capacities were obtained for L. luteus cv. Bornal (530 mL 

g-1),  followed  by  L.  albus cv.  TypTop (580  mL  g-1),  whereas  the  isolates  of  L.  

angustifolius L. revealed superior emulsifying capacities ranging from 620 to 720 

mL g-1.  Within the varieties of the narrow-leafed lupins the emulsifying capacities 

differed only slightly.

Figure 3.7: Emulsifying capacities of protein isolates derived from several lupin varieties
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In  addition  to  the  protein  solubilities  and  the  emulsifying  capacities,  the  gel 

forming  properties  of  selected  LPI  were  determined  using  an oscillatory test  as 

described in  section 6.8 (Figures  3.8 and  3.9).  The heat-set gels of  L. albus cv. 

TypTop protein  isolates  exhibited  the highest  storage  (G')  and loss  moduli  (G'') 

values  of  the  investigated  isolates  with  values  of  maximum 4,297  and 779  Pa, 

respectively,  representing  a  moderate  gel  strength.  Gel  formation  could  not  be 

obtained for isolates of L. angustifolius cv. Boregine and L. luteus cv. Bornal, which 

is displayed by only slight increases in storage and loss moduli (G' and G'') after 

heating to 90°C and subsequent cooling to 20°C. 

The Weissenberg numbers W' of the lupin gels of  L. albus cv. TypTop ranged 

from 5 to 6 representing viscous gels with little elastic proportions. 

Figure 3.8: Storage modulus G' of selected lupin protein isolates during heating and cooling 
measured at an oscillatory frequency of 0.1 Hz
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Figure  3.9: Loss modulus G'' of selected lupin protein isolates during heating and cooling 
measured at an oscillatory frequency of  0.1 Hz

     3.3.4 Thermal properties of selected lupin protein isolates

In addition to the gel forming properties, which were described in section 3.3.3, 

the  thermal  behaviour  of  selected  LPI  were  analysed  by  means  of  differential 

scanning calorimetry (DSC). The protein isolates of L. angustifolius cv. Boregine, L.  

angustifolius cv.  Boltensia,  L.  angustifolius cv.  Bora  and  L.  albus cv.  TypTop 

exhibited  two  endothermic  transitions  during  heating  from  40°C  to  120°C  at  a 

heating rate of 2 K min-1. For the yellow lupin (L. luteus cv. Bornal) protein isolate 

only one transition was obvious. 

These endothermic transitions indicated irreversible protein denaturation as they 

were not present during the second subsequent heating step in all protein samples. 

As  parameters  for  the  protein  denaturation  the  mean  transition  temperatures 

(= denaturation temperatures) and the mean endothermic enthalpies of the LPI are 

shown in Table 3.7.

The mean denaturation temperatures of the 1st and 2nd endothermic transitions 

for L. angustifolius L. and L. albus cv. TypTop ranged from 81.9 to 86.2°C and from 

93.0  to  95.4°C,  respectively.  Additionally,  the  endothermic  enthalpies  of  these 

transitions  varied  from  mean  values  of  4.1  J  g -1 protein  (L.  angustifolius cv. 
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3.3 J g-1 protein (L. angustifolius cv.  Boregine and  L.  angustifolius cv.  Boltensia), 

respectively.  In  contrast  to  these  isolates  the  proteins  of  L.  luteus cv.  Bornal 

exhibited  only  one  endothermic  transition  at  91.6 °C  with  a  mean  enthalpy  of 

13.0 J g-1 protein. 

Table  3.7: Transition temperatures and enthalpies of selected lupin protein isolates during 
heating using differential scanning calorimetry

Lupin species
Lupin 
variety

Transition 1 Transition 2

Peak 
temperature 

[°C]

Endothermic 
enthalpy 

[J g-1]

Peak 
temperature 

[°C]

Endothermic 
enthalpy 

[J g-1]

L. albus L. TypTop 82.1 ± 0.3 7.1 ± 0.6 95.4 ± 0.9 0.4 ± 0.2

L. luteus L. Bornal 91.6 ± 0.7 13.0 ± 0.8

L. angustifolius 
L.

Boregine 
(2006)

81.9 ± 0.6 4.1 ± 0.3 93.7 ± 1.6 3.3 ± 0.9

Boltensia 84.7 ± 0.5 6.9 ± 0.7 93.0 ± 1.7 3.3 ± 0.3

Bora 86.2 ± 0.1 6.2 ± 0.8 93.8 ± 1.0 1.0 ± 0.2

     3.3.5 Protein fractions of selected lupin protein isolates

The protein fractions of selected LPI were determined by one-dimensional SDS 

gel electrophoresis as described in section 6.10. The molecular weights of the lupin 

protein  fractions  were  calculated  by  their  migration  length  (R
f
)  relative  to  the 

migration  of  the  molecular  weight  standard  for  qualitative  analysis.  Figure  3.10 

shows the calculated molecular weights of the protein fractions of isolates from L. 

luteus cv.  Bornal,  L.  albus cv.  TypTop,  L.  angustifolius cv.  Boregine  and  L.  

angustifolius cv. Vitabor. 

The number  as  well  as  the molecular  weights  of  the  protein  fractions  of  the 

investigated lupin species varied considerably. The protein isolate of  L. luteus cv. 

Bornal displayed 12 protein fractions; L. albus cv. TypTop protein isolates exhibited 

15 fractions. The molecular weights of the fractions of these two isolates ranged 

from 18 to 52 kDa, whereas fractions with significantly higher molecular  weights 

were determined for protein isolates of  L. angustifolius  cv. Vitabor and Boregine. 

Altogether, 17 protein fractions with molecular weights of 19 to 89 kDa and 17 to 

108 kDa, respectively, were identified for the two narrow-leafed LPI (Figure 3.10). 
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Figure  3.10: Molecular weights of protein fractions from selected LPI determined by SDS-
PAGE

   3.4 SENSORY PROPERTIES AND ODOUR-ACTIVE COMPOUNDS OF L. AN-  
        GUSTIFOLIUS CV. BOREGINE

The  sensory  properties  and  odour-active  compounds  of  L.  angustifolius cv. 

Boregine (2008) were analysed to determine the aroma profile and important odour-

active compounds of lupin flour and lupin protein isolate, respectively. Aroma extract 

dilution analysis (AEDA) was used as a screening method to characterise odour-

active compounds present in lupin flour and lupin protein isolate, respectively, and 

to identify possible differences between flour stored at different temperatures and 

LPI.

     3.4.1 Aroma profile and odour-active compounds of lupin flour

The  aroma  profile  as  well  as  odour-active  compounds  of  the  lupin  flour  (L.  

angustifolius cv. Boregine (2008)) were determined directly after cryo-milling using 
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L.  angustifolius cv.  Boregine  was  determined  by  evaluating  the  pre-defined 

attributes by 10 or 11 panellists, respectively, in triplicate as described by Bader et

al., 2009. The mean aroma profile of the lupin flour is displayed in Figure 3.11.

Figure 3.11: Aroma profile of L. angustifolius cv. Boregine flour [Bader et al., 2009]

The aroma profile analysis revealed weak to medium intensities (mean odour 

intensity  between  1  and  2)  for  the  cheese-like,  hay-like and  fruity odour 

impressions. The other attributes (green/grassy,  meat-like,  fatty, and metallic were 

perceived weakly (mean intensity below 1) during orthonasal evaluation of the lupin 

flour. Additionally, the overall flavour intensity of lupin flour was rated to be weak to 

medium (mean intensity between 1 and 2) [Bader et al., 2009]. 

Characterisation of odour-active compounds of lupin flour

HRGC-O  analysis  (high-resolution  gas  chromatography-olfactometry)  was 

performed as described in section 6.14.3 using the aroma extract of lupin flour after 

SAFE  distillation  and  concentration  to  150  µL.  Altogether,  49  odour-active 

compounds were detected among the wide range of volatiles present in the lupin 

flour extract. Aroma extract dilution analysis (AEDA) was performed by diluting the 

aroma extract stepwise in a ratio of 1:2 in order to determine the relative intensities 

of  the perceived odour-active compounds in the lupin flour  extracts.  At  the 1:32 

dilution, which corresponds to a flavour dilution (FD-) factor of 32, only 25 odour-
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active compounds were still perceived at the sniffing port and these compounds are 

listed in Table 3.8 according to their retention indices on the FFAP column. 

The AEDA of the lupin flour was repeated after a storage period of six month at 

-20°C and at 14°C in order to study changes of  odour-active compounds during 

frozen and cool storage, respectively. 15 out of the 25 odour-active compounds of 

non-stored lupin kernels with FD-factors equal to or higher than 32 were identified 

by mass spectral data; 5 substances were tentatively identified by comparing their 

retention indices to reference compounds, and one compound ((E,E,Z)-nona-2,4,6-

trienal  or  (E,Z,E)-nona-2,4,6-trienal)  was  tentatively  identified  by  comparing  its 

retention  index  to  values  reported  by  Schuh  &  Schieberle,  2005.  AEDA  in 

combination with the identification experiments using HRGC-GC/MS revealed the 

sweaty and  cheese-like substances  2-  and  3-methylbutanoic  acid  to  have  the 

highest FD-factor of 2048 during the 1st AEDA of the non-stored lupin kernels.

These  two  substances  could  not  be  separated  on  the  two  capillary  columns 

DB-FFAP and DB-5; the respective mass spectral data represented a mixture of 

both  substances.  High  intensities  corresponding  to  FD-factors  of  512 and  1024 

were also found for  trans-4,5-epoxy-(E)-dec-2-enal (metallic), vanillin (vanilla-like), 

and β-ionone (violet-like, flowery) in the 1st experimental series [Bader et al., 2009]. 

3-Isopropyl-2-methoxypyrazine  (pea-like,  green-pepper-like),  (E)-non-2-enal 

(cardboard-like,  fatty,  green),  (E,Z)-nona-2,6-dienal  (cucumber-like,  green),  the 

tentatively  identified  compounds  (E,E,Z)-nona-2,4,6-trienal  or  (E,Z,E)-nona-2,4,6-

trienal (nutty, oat flake-like, tentatively identified by comparing retention indices and 

odour quality to literature data), maltol (caramel-like),  γ-nonalactone (coconut-like, 

sweet), sotolone (spicy,  savoury-like; tentatively identified), phenylacetic acid (bee 

wax-like,  honey-like; tentatively identified) and two unknowns (nos. 12 (plastic-like) 

and 20 (musty, clam-like)) according to Table 3.8 revealed a FD-factor of 256 each. 

Additionally,  ten  odour-active  compounds  revealed  medium  intensities  with  FD-

factors  of  32 to  128.  (Z)-Octa-1,5-dien-3-one (geranium-like,  metallic;  tentatively 

identified) revealed a FD-factor of 128 and  γ-octalactone (coconut-like,  sweet) as 

well as an unknown compound (no.  22 (phenolic,  spicy) according to  Table 3.8) 

revealed FD-factors of 64. Substances with FD-factors of 32 were oct-1-en-3-one 

(mushroom-like),  2-acetyl-1-pyrroline  (popcorn-like;  tentatively  identified),  acetic 

acid  (vinegar-like),  (Z)-non-2-enal  (cardboard-like),  3-isobutyl-2-methoxypyrazine 

(green  pepper-like,  earthy),  pentanoic  acid  (cheese-like,  sweaty,  fruity),  and  γ-

decalactone (peach-like, fruity; tentatively identified) (Table 3.8) [Bader et al., 2009]. 



Table 3.8: Odour-active compounds with FD-factors equal to or higher than 32 in the aroma extracts of lupin flour of L. angustifolius cv. 
Boregine [Bader et al., 2009]

Number a Odour-active compound Odour quality b FD-factor c
Retention indices d on

DB-FFAP DB-5

1 Oct-1-en-3-one f Mushroom-like 32 1296 976

2 2-Acetyl-1-pyrroline e Popcorn-like 32 1333 922

3 (Z)-Octa-1,5-dien-3-one e Geranium-like, metallic 128 1363 979

4 3-Isopropyl-2-methoxypyrazine f Pea-like, green pepper-like 256 1419 1049

5 Acetic acid f Vinegar-like 32 1456 619

6 Unknown Earthy 32 1478 1158

7 (Z)-Non-2-enal f Cardboard-like 32 1494 1140

8 3-Isobutyl-2-methoxypyrazine f Green pepper-like, earthy 32 1518 1169

9 (E)-Non-2-enal f Cardboard-like, fatty, green 256 1526 1162

10 (E,Z)-Nona-2,6-dienal f Cucumber-like, green 256 1576 1152

11 2-Methylbutanoic acid/ 3-

methylbutanoic acid f

Sweaty, fruity, cheese-like 2048 1673 880

12 Unknown Plastic-like 256 1710 1251

13 Pentanoic acid f Cheese-like, sweaty, fruity 32 1742 910

14 (E,E,Z)-Nona-2,4,6-trienal/ (E,Z,E)-

Nona-2,4,6-trienal g

Nutty, oatflake-like 256 1875 1263

15 γ-Octalactone f Coconut-like, sweet 64 1918 1256

16 4-(2,6,6-Trimethyl-1-cyclohexenyl)-

3-buten-2-one (β- ionone) f

Violet-like, flowery 512 1932 1486

17 3-Hydroxy-2-methyl-pyran-4-one 

(Maltol) f

Caramel-like 256 1964 1117
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Number a Odour-active compound Odour quality b

FD-factor c
Retention indices d on

DB-FFAP DB-5

18 trans-4,5-Epoxy-(E)-dec-2-enal f Metallic 1024 2004 1370

19 γ-Nonalactone f Coconut-like, sweet 256 2025 1359

20 Unknown Musty, clam-like 256 2082 1078

21 γ-Decalactone e Peach-like, fruity 32 2142 1469

22 Unknown Phenolic, spicy 64 2169 1522

23 3-Hydroxy-4,5-dimethyl-2(5H)-

furanone (sotolone) e

Spicy, savoury-like 256 2204 1110

24 Vanillin f Vanilla-like, sweet 1024 2580 1403

25 Phenylacetic acid e Bee wax-like, honey-like 256 2595 1259

a Numbers correspond to the elution series on capillary column DB-FFAP
b Odour quality as perceived at the sniffing port
c FD-factor on capillary column DB-FFAP
d Linear retention indices according to Dool & Kratz, 1963 and Kovats, 1958
e The compounds were tentatively identified by comparing the following properties of the odour-active compound with the corresponding 

properties of reference compounds: retention indices named in Table 3.8, odour quality and intensity perceived on sniffing port 
f The compounds were identified by comparing the following properties of the odour-active compound with the corresponding reference 

compounds: retention indices named in Table 3.8, mass spectra obtained by MS-EI, odour quality and intensity perceived on sniffing port 
g The compounds were tentatively identified by comparing the following properties of the odour-active compound with literature data:  

retention indices named in Table 3.8 and odour quality
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Ethyl vanillin, which was reported to be likely to be present in lupin flour [Bader et

al., 2009], could not be identified using HRGC-GC/MS as it was not present in the 

repetition of these experiments. One reason might be that impurities were present in 

the apparatus used for SAFE distillation in the first series of experiments.

After storage of the lupin kernels at 14°C and -20°C for six month in evacuated 

aluminium bags a comparative AEDA (cAEDA) was performed. 23 of the previously 

identified 25 odour-active compounds were perceived at  the sniffing  port,  except 

one  earthy smelling  unknown  compound  (no.  6,  Table  3.8)  and  γ-decalactone, 

which were not present in these extracts. By comparing the differently stored lupin 

kernels  one  can  see  that  similar  FD-factors  (within  one  step  of  dilution)  were 

obtained for  17 odour-active compounds,  whereas only six compounds revealed 

differences in their FD-factors (Table 3.9). 

Similar  FD-factors of  512 and 1024 were obtained for  2-methyl  butanoic  acid 

together with 3-methyl butanoic acid (cheese-like, sweaty), trans-4,5-epoxy-(E)-dec-

2-enal  (metallic)  and  vanillin  (vanilla-like)  which  exhibited  high  intensities.  In 

addition, the unknown plastic-like compound (no. 12) had FD-factors of 128 and 256 

after  storage  at  14°C  and  -20°C,  respectively,  while  FD-factors  of  64  to  128 

(medium to high intensities) were obtained for 3-isopropyl-2-methoxypyrazine (pea-

like,  green  pepper-like),  (E,E,Z)-nona-2,4,6-trienal  or  (E,Z,E)-nona-2,4,6-trienal 

(nutty,  oat  flake-like;  tentatively  identified),  β-ionone  (violet-like,  flowery),  maltol 

(caramel-like), γ-nonalactone (coconut-like, sweet) and phenylacetic acid (bee wax-

like, honey-like) (Table 3.9).

2-Acetyl-1-pyrroline  (popcorn-like,  FD 16),  (Z)-octa-1,5-dien-3-one  (geranium-

like,  metallic, FD 32), acetic acid (vinegar-like, FD 16 or 32),  (E,Z)-nona-2,6-dienal 

(cucumber-like, FD 32), pentanoic acid (cheese-like, FD 16 or FD 32), γ-octalactone 

(coconut-like, peach-like, FD 8) revealed low intensities (Table 3.9). 

For the frozen stored lupin kernels lower FD-factors were obtained for oct-1-en-

3-one (mushroom-like,  no. 1) with FD 32 compared to FD 128 (storage at 14°C), 

(E)-Non-2-enal (cardboard-like,  fatty,  green,  no.8) FD 16 to FD 64 and (Z)-Non-2-

enal (cardboard-like,  no. 6) with FD 8 compared to FD 32. Higher FD-factors for 

frozen  storage  compared  to  storage  at  14°C  were  determined  for  3-isobutyl-2-

methoxypyrazine (green  pepper-like,  earthy,  no.  7,  FD 256 to  FD 32),  sotolone 

(savoury-like,  spicy,  no.  21,  FD 512 to FD 16)  and an unknown  phenolic,  spicy 

compound (no. 20, FD 256 to FD 64) (Table 3.9). 



Table 3.9: Odour-active compounds of lupin kernels after storage at -20°C and 14°C for six months in aluminium bags of L. angustifolius 
cv. Boregine (cAEDA)

Number a Odour-active compound Odour quality b
FD-factor c Retention indices f 

on

1st AEDA d 2nd AEDA e DB-FFAP DB-5

1 Oct-1-en-3-one h Mushroom-like 128 32 1295 980

2 2-Acetyl-1-pyrroline g Popcorn-like 16 16 1329 926

3 (Z)-Octa-1,5-dien-3-one g Geranium-like, metallic 32 32 1376 983

4 3-Isopropyl-2-methoxypyrazine h Pea-like, green pepper-like 64 128 1425 1050

5 Acetic acid h Vinegar-like 16 32 1464 < 700

6 (Z)-Non-2-enal h Cardboard-like 32 8 1484 1147

7 3-Isobutyl-2-methoxypyrazine h Green pepper-like, earthy 32 256 1518 1179

8 (E)-Non-2-enal h Cardboard-like, fatty, 

green

64 16 1529 1163

9 (E,Z)-Nona-2,6-dienal h Cucumber-like, green 32 32 1571 1153

10 2-Methylbutanoic acid/ 3-

methylbutanoic acid h

Sweaty, fruity, cheese-like 1024 512 1675 877

11 Unknown Plastic-like 128 256 1716 1240

12 Pentanoic acid h Cheese-like, sweaty, fruity 16 32 1743 880

13 (E,E,Z)-Nona-2,4,6-trienal/ (E,Z,E)-

Nona-2,4,6-trienal i

Nutty, oatflake-like 64 64 1876 1270

14 γ-Octalactone h Coconut-like, sweet 8 8 1914 1258

15 4-(2,6,6-Trimethyl-1-cyclohexenyl)-

3-buten-2-one (β- ionone) h

Violet-like, flowery 128 128 1932 1486

16 3-Hydroxy-2-methyl-pyran-4-one 

(Maltol) h

Caramel-like 64 64 1968 1109

17 trans-4,5-Epoxy-(E)-dec-2-enal h Metallic 1024 512 2007 1376
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Number a Odour-active compound Odour quality b FD-factor c Retention indices f 

on

1st AEDA d 2nd AEDA e DB-FFAP DB-5

18 γ-Nonalactone h Coconut-like, sweet 64 64 2025 1359

19 Unknown Musty, clam-like 16 64 2086 1076

20 Unknown Phenolic, spicy 64 256 2157 1524

21 3-Hydroxy-4,5-dimethyl-2(5H)-

furanone (sotolone) g

Spicy, savoury-like 16 512 2195 1105

22 Vanillin h Vanilla-like, sweet 512 1024 2577 1397

23 Phenylacetic acid g Bee wax-like, honey-like 64 64 2583 1258

a Numbers correspond to the elution series on capillary column DB-FFAP
b Odour quality as perceived at the sniffing port
c FD-factor on capillary column DB-FFAP
d 1st Aroma extract dilution analysis (AEDA) after six month of storage at 14°C
e 2nd Aroma extract dilution analysis (AEDA) after six month of storage at -20°C 
f Linear retention indices according to Dool & Kratz, 1963 and Kovats, 1958
g The compounds were tentatively identified by comparing the following properties of the odour-active compound with the corresponding 

properties of reference compounds: retention indices named in Table 3.9, odour quality and intensity perceived on sniffing port 
h The compounds were identified by comparing the following properties of the odour-active compound with the corresponding reference 

compounds: retention indices named in Table 3.9, mass spectra obtained by MS-EI, odour quality and intensity perceived on sniffing port 
i The compounds were tentatively identified by comparing the following properties of the odour-active compound with literature data: 

retention indices named in Table 3.9 and odour quality 
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      3.4.2 Aroma profile and odour-active compounds of lupin protein isolate

In  addition  to  the  lupin  flour,  the  aroma  profile  as  well  as  the  odour-active 

compounds of the full-fat LPI (L. angustifolius cv. Boregine) were determined. The 

odour-active compounds of the LPI were compared to the odour-active compounds 

of frozen stored lupin kernels (six months, -20°C) in order to investigate the effects 

of processing of lupin kernels to produce protein isolates on the aroma profile and 

the odour-active compounds. 

Aroma profile analysis of lupin protein isolate

The aroma profile of the full-fat LPI of L. angustifolius cv. Boregine was assessed 

by 10 panellists by sniffing the liquid protein sample at pH 6.8 (dry matter content 

was  180  g  kg-1)  (Figure  3.12).  In  addition  to  the  previously  determined  odour 

attributes green/grassy, metallic, cheese-like, hay-like, meat-like, fatty and fruity, an 

oat flakes-like odour note was perceived for  the LPI. The aroma profile revealed 

high  intensities  (mean  intensity  ≥ 2)  for  the  oat  flakes-like and  fatty odour 

impressions. Weak to medium intensities (mean odour intensity between 1 and 2) 

were obtained for the attributes  hay-like and  green/grassy,  while weak intensities 

(mean intensities below 1) were received for  metallic,  cheese-like,  hay-like,  fruity 

and meat-like odour impressions (Figure 3.12). 

Figure 3.12: Aroma profile of the full-fat L. angustifolius cv. Boregine protein isolate
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Odour-active compounds of the lupin protein isolate

A comparative AEDA (cAEDA) of stored lupin kernels (six months at -20°C) and 

the liquid and neutralised full-fat LPI (pH 6.8) of  L. angustifolius cv. Boregine was 

carried out. The results of the cAEDA are listed in Table 3.10. 

HRGC-O  analysis  (high-resolution  gas  chromatography-olfactometry)  was 

performed as described in section 6.14.3 using the aroma extract of lupin flour and 

LPI after SAFE distillation and concentration to a volume of 150 µL. 

Altogether, 49 odour-active compounds were detected among the wide range of 

volatiles present in the lupin flour extract, whereas 47 odour-active compounds were 

perceived at  the  sniffing  port  when  sniffing  the extract  of  the  LPI.  Comparative 

aroma  extract  dilution  analysis  (cAEDA)  was  performed  by  diluting  the  aroma 

extract stepwise in a ratio of 1:2 in order to determine the relative intensities of the 

perceived odour-active compounds in the lupin flour extracts and the LPI extract. 

Only 19 odour-active compounds revealed FD-factors of equal to or higher than 32 

in  one  of  the  extracts,  respectively  (Table  3.10).  Out  of  these  19  odour-active 

compounds, 10 were identified by mass spectral data; 5 substances were tentatively 

identified by comparing their retention indices and their odour attributes to reference 

compounds.  One compound (no.  13,  (E,E,Z)-Nona-2,4,6-trienal  or  (E,Z,E)-nona-

2,4,6-trienal) was tentatively identified by comparing its retention index to literature 

data [Schuh & Schieberle, 2005]. In addition, 3 unknown compounds were present 

in the extracts of lupin flour or LPI. Similar FD-factors within two steps of dilution 

were obtained for 7 odour-active compounds: amongst them were  (Z)-non-2-enal 

(no.  4,  cardboard-like),  (E,Z)-nona-2,6-dienal  (no.  6,  cucumber-like,  green),  β-

ionone  (no.  14,  violet-like,  flowery),  trans-4,5-epoxy-(E)-dec-2-enal  (no.  16, 

metallic), vanillin (no. 19, vanilla-like, sweet) and two unknown substances (nos. 11 

(plastic-like) and 18 (phenolic, spicy)). For all other compounds clear differences in 

their FD-factors were observed. Regarding the lupin flour extract, the highest FD-

factor with 2048 was obtained for 2-methyl/ 3-methyl butanoic acid (no. 9, sweaty,  

fruity,  cheese-like),  whereas the LPI  extract  showed an FD-factor  of  64 for  this 

compound.  Furthermore,  oct-1-en-3-one  (no.  2,  mushroom-like),  3-isopropyl-2-

methoxypyrazine (no. 3,  pea-like, green pepper-like), maltol (no. 15,  caramel-like) 

and one unknown compound (no. 17, musty, clam-like) had higher FD-factors in the 

lupin flour extract than in the LPI extract. 



Table 3.10: Odour-active compounds with FD-factors ≥ 32 of stored lupin kernels (six months at -20°C; 1st AEDA) and L. angustifolius cv. 
Boregine protein isolate (2nd AEDA) as determined by a comparative AEDA

Number a Odour-active compound Odour quality b
FD-factor c Retention indices f 

on

1st AEDA d 2nd AEDA e DB-FFAP DB-5

1 Hexanal g Grassy, green 16 256 1097 807

2 Oct-1-en-3-one h Mushroom-like 128 16 1295 978

3 3-Isopropyl-2-methoxypyrazine h Pea-like, green pepper-like 128 2 1425 1058

4 (Z)-Non-2-enal h Cardboard-like 32 64 1497 1145

5 (E)-Non-2-enal h Cardboard-like, fatty, green 32 512 1526 1157

6 (E,Z)-Nona-2,6-dienal h Cucumber-like, green 32 32 1579 1150

7 (Z)-Dec-2-enal g Cardboard-like 2 64 1603 1195

8 (E)-Dec-2-enal g Cardboard-like 16 512 1644 1203

9 2-Methylbutanoic acid/ 3-

methylbutanoic acid h

Sweaty, fruity, cheese-like 2048 64 1666 871

10 (E,E)-Nona-2,4-dienal g Fatty, rancid 4 512 1694 1208

11 Unknown Plastic-like 32 64 1713 1250

12 (E,E)-Deca-2,4-dienal g Fatty, rancid 16 256 1807 1316

13 (E,E,Z)-Nona-2,4,6-trienal/ (E,Z,E)-

Nona-2,4,6-trienal i

Nutty, oatflake-like 128 512 1883 1270

14 4-(2,6,6-Trimethyl-1-cyclohexenyl)-

3-buten-2-one (β- ionone) h

Violet-like, flowery 128 128 1929 1489

15 3-Hydroxy-2-methyl-pyran-4-one 

(Maltol) h

Caramel-like 64 8 1964 1121

16 trans-4,5-Epoxy-(E)-dec-2-enal h Metallic 1024 512 2008 1376
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Number a Odour-active compound Odour quality b FD-factor c Retention indices f 

on

1st AEDA d 2nd AEDA e DB-FFAP DB-5

17 Unknown Musty, clam-like 32 4 2081 1327

18 Unknown Phenolic, spicy 32 16 2169 1536

19 Vanillin h Vanilla-like, sweet 1024 512 2583 1406

a Numbers correspond to the elution series on capillary column DB-FFAP
b Odour quality as perceived at the sniffing port
c FD-factor on capillary column DB-FFAP
d 1st Aroma extract dilution analysis (AEDA) after six month of storage at -20°C
e 2nd Aroma extract dilution analysis (AEDA) of L. angustifolius cv. Boregine protein isolate 
f Linear retention indices according to Dool & Kratz, 1963 and Kovats, 1958
g The compounds were tentatively identified by comparing the following properties of the odour-active compound with the corresponding 

properties of reference compounds: retention indices named in Table 3.10, odour quality and intensity perceived on sniffing port
h The compounds were identified by comparing the following properties of the odour-active compound with the corresponding reference 

compounds: retention indices named in Table 3.10, mass spectra obtained by MS-EI, odour quality and intensity perceived on sniffing 

port 
i The compounds were tentatively identified by comparing the following properties of the odour-active compound with literature data: 

retention indices named in Table 3.10 and odour quality 
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All  other  odour-active compounds revealed lower  FD-factors  in the lupin flour 

extracts;  amongst  them were  several  compounds  having  cardboard-like or  fatty 

odour impressions ((E)-non-2-enal, no. 5, (Z)-dec-2-enal, no. 7, (E)-dec-2-enal, no. 

8,  (E,E)-nona-2,4-dienal,  no.  10  and  (E,E)-deca-2,4-dienal,  no. 12)  and  the 

oatflake-like substance (E,E,Z)-nona-2,4,6-trienal or (E,Z,E)-nona-2,4,6-trienal (no. 

13) (Table 3.10).

    3.5 DE-OILING OF LUPIN FLAKES

As discussed in  section 4.4, several odour-active compounds of lupin flour and 

lupin protein isolates are most likely derived from fat oxidation by autoxidation or 

lipoxygenase-mediated reactions. Therefore, one possibility to improve the flavour 

and to retain the functional properties of flours and isolates is de-oiling of the flakes 

prior  to  the  isolation  procedure.  For  the  extraction  of  fats,  free  fatty  acids, 

phospholipids, and fat accompanying substances, different organic solvents as well 

as supercritical CO
2
 can be used. In the following sections the effects of both the 

organic solvents and the supercritical CO
2
 extractions on residual fat contents and 

protein solubilities of  the lupin flours were investigated.  Furthermore,  the protein 

recoveries after the isolation procedure, the functional (protein solubility, emulsifying 

capacities), the thermal and the sensory properties of the LPI derived from de-oiled 

lupin flakes were characterised.

      3.5.1 Organic solvent extractions of full-fat lupin flakes

Acetone, n-hexane, 2-methyl pentane, diethyl ether, 2-propanol and ethanol were 

used as organic solvents for the de-oiling of lupin flakes on laboratory scale.  

Composition of de-oiled lupin flakes 

The compositions of the full-fat and de-oiled lupin flakes of  L. angustifolius cv. 

Boregine  (2008)  are  shown  in  Table  3.11.  The  full-fat  lupin  flakes  contained 

876 g kg-1 dry matter which consisted of 309 g kg -1 proteins, 32 g kg-1 minerals, and 

69 g  kg-1 fat,  respectively.  After  de-oiling  with  different  organic  solvents the dry 

matter  content  of  all  flakes increased to mean values of  902 to 917 g kg -1.  The 

protein contents and mineral contents raised to 340 to 373 g kg-1 and to about 38 g 

kg-1, respectively, while the residual fat content was reduced to 2 to 7 g kg-1 related 
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to the dry matter content (Table 3.11). Due to deviations, these differences were 

only  significant  for  the  acetone-,  ethanol-  and  2-propanol-extracted  lupin  flakes. 

Furthermore,  the  mineral  contents  of  the  de-oiled  lupin  flakes  were  significantly 

higher than the mineral content of the full-fat flakes, which is most likely due to the 

depletion of the oil content of the flakes without extraction of minerals [Bader et al.,

2011].

Table  3.11: Composition of  L. angustifolius cv. Boregine (2008) full-fat and de-oiled lupin 
flakes [Bader et al., 2011]

Dry Matter 
[g kg-1]

Protein 
[g kg-1]1, 2

Fat [g kg-

1]1

Minerals 
[g kg-1]1

Full-fat lupin flakes 876* 309* 69* 32*

n-Hexane-extracted flakes 904 ± 1 364 ± 6 6 ± 0 38 ± 0

2-Methyl pentane-extracted 
flakes

903 ± 2 340 ± 0 7 ± 0 37 ± 0

Diethyl ether-extracted flakes 902 ± 2 342 ± 5 7 ± 1 37 ± 1

Acetone-extracted flakes 914 ± 2 356 ± 3 7 ± 1 38 ± 1

2-Propanol-extracted flakes 917 ± 5 360 ± 1 3 ± 1 38 ± 2

Ethanol-extracted flakes 906 ± 6 373 ± 11 2 ± 0 38 ± 0
1 given in dry matter
2 calculated with a protein conversion factor of 5.8 (N*5.8) according to Mossé, 1990
* one single determination

Protein solubility of de-oiled lupin flakes

Protein  solubility  is  an important  factor  for  the  effective  production  of  LPI  as 

described  in  section  4.3.2.  Thus,  protein  solubility  at  pH 7 was used to  assess 

possible protein alterations which might be related to denaturation of proteins during 

de-oiling with the various organic solvents applied (Figure 3.13).

The mean protein solubility of the 2-methyl pentane-defatted flakes was highest 

with 87% followed by diethyl ether- (82%), acetone- (80%) and  n-hexane-de-oiled 

flakes (79%).  However, the solubilities did not vary significantly compared to the 

full-fat lupin flakes (82%), which indicated little or no protein alterations due to the 

de-oiling step. The mean protein solubility of the ethanol-de-oiled lupin flakes was 

64%  and  thus,  was  significantly  lower  than  that  of  the  other  lupin  flakes. 

Furthermore, the solubility of the 2-propanol-extracted lupin flakes (75%) tended to 
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be also lower  compared to all  other flakes.  However,  due to the deviations,  this 

trend was only significant compared to the 2-methyl pentane-defatted lupin flakes, 

but not significant to the full-fat lupin flakes [Bader et al., 2011, Figure 3.13].

Figure  3.13: Protein solubilities of full-fat and de-oiled  L. angustifolius cv. Boregine (2008) 
flakes determined at pH 7 (means with the same superscript letters indicate no significant 
differences at a confidence level of 95%) [Bader et al., 2011]

Protein recoveries and composition of LPI after de-oiling

The differently de-oiled lupin flakes were used as raw materials for protein isolate 

production. As described in  section 6.6.1 the isolation procedure consisted of two 

acidic  pre-extractions  and  two  protein  extractions  at  neutral  pH  followed  by 

isoelectric  precipitation  and  neutralisation.  The  composition  of  the  isolates,  the 

protein recoveries, as well as the functional, thermal and sensory properties of the 

different  LPI were assessed.  All  LPI  had similar  dry matter  and protein contents 

ranging from 888 g kg-1 to 902 g kg-1 and from 856 to 913 g kg-1, respectively (Table

3.12). 

The protein recoveries after the isolation procedure were referred to the initial 

protein  content  of  the lupin  flakes.  The application  of  the organic  solvents,  and 

therefore, the de-oiling procedure had no significant influence on protein recoveries 

as shown in Figure 3.14 [Bader et al., 2011]. 
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Table 3.12: Dry matter and protein contents of the protein isolates derived from de-oiled lupin 
flakes using various organic solvents [Bader et al., 2011]

Dry Matter 
[g kg-1]

Protein [g kg-

1]1, 2

LPI
full-fat 

907 ± 13 856 ± 20

LPI
n-hexane

 906 ± 1 903 ± 3

LPI
2-methyl pentane

 888 ± 1 880 ± 3

LPI
diethyl ether

 908 ± 5 901 ± 0

LPI
acetone

 901 ± 5 913 ± 14

LPI
2-propanol

900 ± 19 896 ± 13

LPI
ethanol

897 ± 16 898 ± 35
1 given in dry matter
2 calculated with the protein conversion factor of 5.8 (N*5.8) according to Mossé, 1990

Figure  3.14: Protein recovery after protein isolation from full-fat  and defatted lupin flakes 
referred to initial protein contents of the flakes used for protein isolation (means with the 
same superscript letter indicate no significant differences) [Bader et al., 2011]

Functional properties of LPI after de-oiling and protein isolation

Protein  solubilities  and  emulsifying  capacities  were  determined  at  pH 7  after 

de-oiling of the lupin flakes and the protein isolation procedure (Table 3.13).
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Table 3.13: Protein solubilities and emulsifying capacities determined at pH 7 of the protein 
isolates produced from de-oiled lupin flakes [Bader et al., 2011]

Protein solubility 
at pH 7 [%]

Emulsifying capacity [mL 
g-1 protein isolate]

LPI
full-fat 

93 ± 6 720 ± 10

LPI
n-hexane

 96 ± 2 745 ± 10

LPI
2-methyl pentane

 91 ± 2 720 ±  5

LPI
diethyl ether

 93 ± 4 760 ± 10

LPI
acetone

 97 ± 3 730 ± 10

 LPI
2-propanol

94 ± 3 710 ± 20

LPI
ethanol

98 ± 2 710 ±  5

Excellent  protein  solubilities  were  obtained  for  all  LPI  at  pH  7.  Significant 

influences on the protein solubility applying different organic solvents could not be 

observed. Additionally, the different LPI showed high emulsifying capacities ranging 

from 710 to 760 mL oil g-1 protein isolate, which is about 70% of the value of sodium 

caseinate,  a  commonly  used  food  emulsifier  (Table  3.13).  In  detail,  the  LPI 

produced  from  diethyl  ether-de-oiled  lupin  flakes  had  a  significantly  higher 

emulsifying  capacity  than  the  LPI  from  full-fat,  2-methyl  pentane-,  acetone-,  2-

propanol-  and ethanol-de-oiled flakes.  The emulsifying  capacity of  LPI
n-hexane

 was 

also significantly higher than that of LPI
2-propanol

 and LPI
ethanol

 [Bader et al., 2011]. 

Thermal behaviour of LPI after de-oiling and protein isolation

In  addition  to  the  functional  properties,  the  thermal  behaviour  of  the  protein 

isolates produced from de-oiled lupin flakes were analysed by means of  DSC in 

order  to  study  differences  in  protein  denaturation  which  might  indicate  protein 

alterations  after  de-oiling  and  protein  isolation.  The  majority  of  thermograms 

revealed two endothermic transitions of the LPI at transition temperatures of 81.7 to 

86.7°C  and  92.9  to  98.0°C,  respectively,  with  exception  of  the  protein  isolate 

produced  from  ethanol-de-oiled  lupin  flakes  which  had  significantly  lower  mean 

transition temperatures of 78.8°C and 89.0°C, respectively (Figure 3.14). 



Table 3.14: Transition temperatures and enthalpies of full-fat and de-oiled lupin protein isolates [Bader et al., 2011]

Transition 1 Transition 2

Peak temperature [°C] Endothermic 
enthalpy [J g-1]

Peak temperature 
[°C]

Endothermic 
enthalpy [J g-1]

LPI
full-fat

85.6 ± 2.0 4.0 ± 0.5 98.0 ± 0.1 5.6 ± 0.9

LPI
n-hexane

81.7 ± 4.2 4.9 ± 0.9 95.8 ± 2.8 6.4 ± 2.6

LPI
2-methyl pentane

84.8 ± 0.9 3.9 ± 0.3 95.6 ± 0.3 5.1 ± 0.7 

LPI
diethyl ether

86.7 ± 1.2 4.1 ± 0.8 96.3 ± 2.3 5.0 ± 0.5

LPI
acetone

86.7 ± 0.9 4.2 ± 0.3 95.5 ± 1.1 5.3 ± 0.4

LPI
2-propanol

84.1 ± 4.2 4.9 ± 1.0 92.9 ± 2.7 6.4 ± 0.9

LPI
ethanol

78.8 ± 0.5 2.5 ± 0.5 89.0 ± 2.3 9.5 ± 1.7
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In addition, the LPI
ethanol

 exhibited a significantly lower transition enthalpy at the 1st 

endotherm (2.5 J g-1 protein),  whereas the enthalpy was significantly higher at the 

2nd endothermic  transition  (9.5  J  g-1 protein).  No  significant  differences  were 

obtained for the transition temperatures and enthalpies of all other isolates. 

A 3rd endothermic transition was received for LPI
full-fat

, LPI
2-methyl pentane

 and LPI
ethanol 

with a very low enthalpy of about 0.5 J g -1, and thus, was not listed separately in 

Figure 3.14 [Bader et al., 2011]. 

Sensory evaluation of the LPI after de-oiling and protein isolation

The sensory evaluation of the LPI was performed using diluted protein solutions 

with a dry matter content of 30 ± 5 g kg -1 (w/w) at room temperature rather than 

food products to gain information on the specific flavour impressions of the lupin 

protein isolates [Bader et al., 2011]. The LPI
acetone

 revealed a disgusting smell and 

was therefore omitted from the sensory evaluations. The other LPI obtained from 

de-oiled lupin flakes were rated slightly higher ranging from 3.3 to 4.6 in their overall  

acceptance, compared to LPI from full-fat flakes with a value of 2.9 (Figure 3.15). 

The overall acceptance of the isolates revealed no significant differences due to the 

high standard deviations of the evaluations. However, LPI
2-methyl pentane

, LPI
2-propanol

 and 

LPI
ethanol

 tended to have a higher acceptance than the other isolates.

Additionally,  the flavour attributes  grassy or green,  solvent-like,  cardboard-like, 

bitter and  astringent were  evaluated  to  be  similar  for  all  protein  isolates  and 

therefore,  the isolates differed not  significantly in these attributes.  A significantly 

less legume-like flavour was found for the LPI
2-propanol

 and the LPI
ethanol

 compared to 

the LPI
full-fat

. Besides this significant reduction in  legume-like flavour, de-oiling with 

2-propanol  and  ethanol  also  gradually  reduced  cardboard-like and  bitter flavour 

attributes. The grassy or green flavour impression of LPI
ethanol

 was similar to that of 

the  LPI
full-fat

.  Altogether,  the  LPI  produced  from  full-fat  lupin  flakes  showed  the 

highest mean values in all flavour attributes, with the exception of astringency which 

was rated highest for LPI
2-methyl pentane

 (Figures 3.16 and 3.17) [Bader et al., 2011].  



 3  Results           58

Figure  3.15:  Overall  acceptance  of  LPI  derived  from  full-fat  and  de-oiled  lupin  flakes 
(0 = dislike to 10 = loving) [Bader et al., 2011]

 

Figure  3.16:  Flavour profiles of  LPI
full-fat

,  LPI
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2-methyl pentane

 and LPI
diethyl  ether
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Figure 3.17: Flavour profiles of LPI
full-fat

, LPI
2-propanol

 and LPI
ethanol

 (0 = not present to 10 = very 
strong perceived)

Colour measurements of lupin protein isolates

In addition to the sensory evaluation, the colour of the de-oiled protein isolates 

was determined using a Minolta Chromameter CR-300 (Konica Minolta Business 

Solutions  Deutschland  GmbH,  Langenhagen,  Germany).  The  lyophilised  protein 

isolates were ground and an aliquot of 15 g were used for the colour measurements 

as described in section 6.12. 

The lightnesses (L* values) of the LPI ranged from 88 to 90 being highest for 

LPI
ethanol

,  which  represents  quite  bland products.  In  addition,  the  a*  representing 

green to red shades and b* values, which indicates blue to yellow colour of  the 

different LPI is shown in Figure 3.18.  

All LPI revealed a similar yellow colour, which corresponded to b* values of 18 to 

22. Significant differences were obtained for the a* values. The LPI derived from 

full-fat,  n-hexane-  and  2-methyl  pentane-de-oiled  flakes  exhibited  a  slightly  red 

colour shade, whereas the LPI
diethyl ether

, LPI
2-propanol

, LPI
acetone

 and LPI
ethanol

 revealed a 

slightly green hue (Figure 3.18).
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Figure 3.18: a* and b* values of the LPI derived from full-fat and de-oiled lupin flakes

      3.5.2 De-oiling of full-fat lupin flakes using supercritical CO
2

Supercritical CO
2
 extraction is an alternative process to solvent extraction for de-

oiling  of  plant  materials  and  the  recovery  of  secondary  plant  metabolites  and 

essential oils. Therefore, the de-oiling of lupin flakes by applying supercritical CO
2 

was  investigated  in  addition  to  the  commonly  applied  solvent  extractions.  The 

effectiveness of supercritical CO
2
 extraction, which was determined by oil depletion 

relative  to  the  initial  oil  content  of  the  lupin  flakes,  and  the  impact  on  protein 

solubility of the extracted flakes is influenced by extraction temperature, extraction 

pressure,  the  ratio  of  CO
2
 to  flakes  and the  application  of  aqueous  ethanol  as 

organic modifier.

        3.5.2.1 Exploratory experiments with L. albus cv. TypTop  

Prior  to  the  supercritical  CO
2
 extractions  using  L.  angustifolius  cv.  Boregine 

flakes, three exploratory experiments with full-fat flakes of L. albus cv. TypTop were 

carried out in order to determine the feasibility of supercritical extractions for de-

oiling of lupin flakes. The experiments were carried out at a constant temperature of 

50°C. Extraction pressures were set to values of 28,500 kPa and 80,000 kPa with 
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varying CO
2
 to  flakes  ratios  of  50,  100 and 36 kg CO

2
 kg-1 full-fat  lupin flakes, 

respectively. The composition of the supercritical CO
2
-extracted lupin flakes and the 

full-fat L. albus cv. TypTop flakes are listed in Table 3.15. 

Table 3.15: Composition of full-fat and CO
2
-extracted L. albus cv. TypTop flakes

Dry Matter 
[g kg-1]

Protein 
[g kg-1]1, 2

Fat [g kg-

1]1

Minerals 
[g kg-1]1

Full-fat lupin flakes 900 417 164 36

28,500 kPa, 50°C, 50 kg kg-1 941 483 40 42

28,500 kPa, 50°C, 100 kg kg-1 957 490 39 42

80,000 kPa, 50°C, 36 kg kg-1 938 493 29 41

1 given in dry matter
2 calculated with the protein conversion factor of 5.8 (N*5.8) according to Mossé, 1990

The dry matter contents of the CO
2
-extracted flakes increased from 900 g kg-1 

(full-fat  flakes) to a maximum of 957 g kg -1 due to the concomitant  extraction of 

water as shown in Figure 3.19. Higher protein contents and higher mineral contents 

were also obtained for the extracted flakes in relation to the full-fat raw material,  

whereas the fat content of the flakes was decreased to 29 g kg-1 for supercritical 

CO
2
 extraction at 80,000 kPa and to 40 g kg -1 at 28,500 kPa. These results are in 

good agreement with the results of the oil recoveries in the separator with 11.5 to 

12.7% for supercritical CO
2
 extraction at 28,500 kPa and 80,000 kPa, respectively 

(Figure 3.19).

The extract collected in the 1st separator contained lupin oil, fat accompanying 

substances like  carotenoids,  and water,  which was concomitantly extracted from 

lupin flakes. In order to determine the oil recovery, the water phase was segregated 

at room temperature from the oil phase using a separating funnel. The amount of 

water in the extract ranged from 41 g kg -1 at 80,000 kPa to 60 g kg-1 at 28,500 kPa, 

whereas the oil recoveries varied from 11.5 % to 12.7% (Figure 3.19). The protein 

solubilities  of  the  full-fat  and  the  supercritical  CO
2
-extracted lupin  flakes  were 

determined in the range from pH 3 to pH 9 and revealed no significant differences 

(Figure 3.20).      
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Figure 3.19: Recovery of extract (mixture of oil and water) and lupin oil in the 1st separator 
after supercritical CO

2
 extraction of full-fat L. albus cv. TypTop flakes

Figure  3.20: Protein solubilities of supercritical CO
2
-extracted L. albus cv. TypTop flakes in 

comparison to the corresponding full-fat flakes at pH 3 to pH 9

      3.5.2.2 Supercritical CO
2
 extraction of L. angustifolius cv. Boregine 

The feasibility of supercritical CO
2
 extraction for the de-oiling of lupin flakes was 

previously shown for  L. albus cv. TypTop flakes as described in  section 3.5.2.1. 

Therefore,  the  factors  which  might  influence  the  de-oiling  of  full-fat  lupin  flakes 
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using  supercritical  CO
2
,  namely  particle  size  of  the  starting  material,  extraction 

temperature, the ratio of  supercritical CO
2
 to flakes,  extraction pressure, and the 

application of aqueous ethanol (70% (v/v)) as organic modifier were studied in detail 

using full-fat L. angustifolius cv. Boregine flakes as raw material.

Influence of the particle size of the raw material on de-oiling with supercritical 
CO

2

Initially,  different  raw materials (full-fat  lupin flakes,  lupin grits and lupin flour) 

were used for the supercritical CO
2
 extractions, whereas the extraction conditions 

were held constant at 28,500 kPa, 50°C and 100 kg CO
2
 kg-1 starting material. The 

composition of  the extracted lupin flakes,  lupin grits and lupin flour  differed only 

slightly  in  their  dry  matter  contents  and  their  protein  contents,  whereas  the  fat 

contents and the mineral contents were similar for all raw materials (Table 3.16).

Table 3.16: Composition of extracted lupin flakes, lupin grits and lupin flour at 28,500 kPa, 
50°C and 100 kg CO

2
 kg-1 starting material

Dry 
Matter 
[g kg-1]

Protein 
[g kg-1]1, 2

Fat 
[g kg-1]1

Minerals 
[g kg-1]1

Full-fat lupin flakes 872 323 76 34

28,500 kPa, 50°C, 100 kg kg-1, flakes 930 348 20 38

28,500 kPa, 50°C, 100 kg kg-1, grits 953 348 19 35

28,500 kPa, 50°C, 100 kg kg-1, flour 933 356 20 32
1 given in dry matter
2 calculated with the protein conversion factor of 5.8 (N*5.8) according to Mossé, 1990

 

These slight variations were also visible when comparing the amounts of total 

extract (lipids and water) and the amounts of the lipid phase. Additionally, the fat 

content  of  the lipid phase was analysed by means of  GC-FID by the method of 

Caviezel as described in section 6.7. The lipid phase contained about 65 to 90% of 

lupin oil, whereas 10 to 35% of emulsified water was present in these lipid phases. 

Therefore, the oil recoveries – calculated as the amount of lupin oil present in the 

lipid  phase – were  lower  as  the corresponding  amount  of  the  lipid  phases and 

amounted to 5% for all raw materials (Figure 3.21). As only slight differences were 
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obtained for the extraction of the varying raw materials, the subsequent supercritical 

CO
2
-extractions were carried out using full-fat lupin flakes as starting material. 

Figure  3.21:  Amount  of  total  extract,  lipid phase and oil  recoveries of  supercritical  CO
2
-

extracted lupin flakes, grits and flour 

Influence of extraction temperature on the de-oiling properties of supercritical 
CO

2

The influence  of  the  extraction  temperature  on oil  recoveries  and  on  protein 

solubility at  pH 7 was investigated.  The extraction  temperatures  were increased 

from 30°C to 90°C, whereas the extraction pressure and the CO
2
 to flakes ratio 

were held constant at 28,500 kPa and 100 kg CO
2
 kg-1 flakes, respectively.  The 

compositions of  the full-fat  and de-oiled lupin flakes in relation to the increasing 

extraction temperature are shown in Table 3.17.

The dry matter  content of the de-oiled flakes increased noticeable from 872 g 

kg-1 for  the  full-fat  lupin  flakes  up  to  968  g  kg-1 after  extraction  at  90°C  with 

increasing  extraction  temperatures.  Therefore,  the  residual  water  content  of  the 

flakes decreased. The protein content of the extracted lupin flakes exhibited quite 

contradictory  results.  After  supercritical  CO
2
-extraction  the  protein  content  was 

lower  than  that  of  the  starting  material  at  all  extraction  temperatures,  with  an 

exception at 50°C. 

0

5

10

15

20

28,500 kPa, 50 °C, 100 kg/kg
flakes

28,500 kPa, 50 °C, 100 kg/kg grits 28,500 kPa, 50 °C, 100 kg/kg flour

A
m

o
u

n
t 

o
f 

ex
tr

ac
ts

 [
%

],
o

il 
re

co
ve

ry
 [

%
]

complete extract in separator 1 [%] extract without free water [%]
oil recovery in extract [%] oil content of full-fat flakes [%]



 3  Results           65

Table  3.17:  Composition of  full-fat  and de-oiled  L. angustifolius cv.  Boregine flakes  after 
supercritical CO

2 
extraction at temperatures of 30°C, 50°C, 70°C and 90°C

Dry Matter 
[g kg-1]

Protein 
[g kg-1]1, 2

Fat 
[g kg-1]1

Minerals 
[g kg-1]1

Full-fat lupin flakes 872 323 76 34

28,500 kPa, 30°C, 100 kg kg-1 904 318 16 35

28,500 kPa, 50°C, 100 kg kg-1 933 347 18 37

28,500 kPa, 70°C, 100 kg kg-1 958 305 19 34

28,500 kPa, 90°C, 100 kg kg-1 968 279 16 34

1 given in dry matter
2 calculated with the protein conversion factor of 5.8 (N*5.8) according to Mossé, 1990

Additionally, the fat contents after CO
2
-extraction ranged from 16 to 19 g kg -1 and 

thus,  increasing  extraction  temperatures  had  no  considerable  influence  on  the 

residual oil content of the de-oiled lupin flakes. Moreover, the mineral content of the 

extracted flakes was similar to that of the full-fat L. angustifolius cv. Boregine flakes 

(Table 3.17).

The amounts of the extract as well as the oil recoveries are shown in Figure 3.22 

as function of the extraction temperatures.

Figure 3.22: Amount of total extract, lipid phase and oil recoveries in the 1st separator of the 
CO

2
-extraction unit 
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The  total  amount  of  extract  increased  from  11%  to  17%  with  increasing 

temperatures from 30 to 90°C, which is related to the decreasing residual water 

content of the flakes (Table 3.17). A maximum of 5% of lupin oil was recovered at 

50°C,  whereas  below and  above  50°C  the  oil  recovery  was  slightly  lower.  The 

amount of lipid phase was also maximum at 50°C and it was noticeably higher than 

the oil recovery, which is related to the emulsified water content in the lipid phase as 

described previously. 

In addition to the oil recoveries and the amount of extract obtained at different 

extraction  temperatures,  the  protein  solubility  at  pH  7  was  determined  as  a 

parameter  for  the extraction behaviour of  the lupin proteins,  as high solubility is 

recommended for the efficient production of LPI as described before. The protein 

solubility at pH 7 was slightly lower for the supercritical CO
2
-de-oiled flakes at 30°C, 

50°C  and  70°C  compared  to  that  of  the  full-fat  lupin  flakes.  After  supercritical 

CO
2
-extraction at 90°C the solubility was reduced by about  30% and thus,  CO

2
-

extractions at these high temperatures most likely caused protein alterations (Figure

3.23).

Due to the slightly higher protein solubility and the acceptable oil removal in the 

lupin flakes a temperature of 50°C was chosen for further experiments.

Figure  3.23:  Protein  solubility  at  pH  7  after  supercritical  CO
2
-extraction at  varying 

temperatures
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Influence of CO
2
 to flakes ratios on the de-oiling with supercritical CO

2

In order to increase the oil recoveries the influences of different CO
2
 to flakes 

portions were investigated keeping extraction pressure and temperatures constant 

at 28,500 kPa and 50°C, respectively. The composition of the extracted lupin flakes 

is shown in Table 3.18.

Table 3.18: Composition of lupin flakes after supercritical CO
2
-extractions at 28,500 kPa and 

50°C with varying CO
2
 to flakes ratios

Dry Matter 
[g kg-1]

Protein 
[g kg-1]1, 2

Fat [g kg-

1]1

Minerals 
[g kg-1]1

Full-fat lupin flakes 872 323 76 34

28,500 kPa, 50°C, 100 kg kg-1 933 356 20 32

28,500 kPa, 50°C, 200 kg kg-1 950 305 17 34

28,500 kPa, 50°C, 300 kg kg-1 957 315 18 35

28,500 kPa, 50°C, 400 kg kg-1 953 351 17 37

1 given in dry matter
2 calculated with the protein conversion factor of 5.8 (N*5.8) according to Mossé, 1990

As shown in Table 3.18, the composition of the lupin flakes depended on the CO
2 

to flakes ratios, especially for the dry matter content which raised with increasing 

CO
2
 to flakes ratios from 933 g kg-1 at 100 kg CO

2
 kg-1 full-fat lupin flakes to 957 g 

kg-1 at  300  kg  CO
2
 kg-1 flakes.  No  tendencies  were  apparent  for  the  protein 

contents, the fat contents and the mineral contents, respectively. 

The amounts of the total extract accumulated with increasing CO
2
 to flakes ratio 

are shown in  Figure 3.24. These are in good agreement with the increasing dry 

matter  contents  of  the  extracted lupin flakes (Table 3.18).  The amounts  of  lipid 

phase and the oil  recoveries were similar  for  all  CO
2
 to flakes ratios,  except  for 

400 kg CO
2
 kg-1 flakes.  At 400 kg CO

2
 kg-1 lupin flakes a higher amount of  lipid 

phase was observed, which is related to a higher percentage of emulsified water 

and less lupin oil as described previously (Figure 3.24).
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Figure 3.24: Amount of total extract, amount of lipid phase and oil recovery in relation to the 
used CO

2
 to flakes ratios

Figure 3.25: Protein solubility at pH 7 of CO
2
 de-oiled lupin flakes extracted with varying CO

2 

to flakes ratios ranging from 100 kg kg-1 to 400 kg kg-1 

The protein solubility of the full-fat L. angustifolius cv. Boregine flakes was similar 

to the solubility of the supercritical CO
2
-extracted flakes at CO

2
 to flakes ratios of 

100 kg kg-1 and 400 kg kg-1. At 200 kg CO
2
 kg-1 flakes and at 300 kg CO

2
 kg-1 flakes 
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slightly lower protein solubilities were obtained at pH 7 (Figure 3.25). Due to the 

similar oil recoveries and compositions of the extracted lupin flakes as well as the 

similar protein solubilities, a CO
2
 to flakes portion of 100 kg CO

2
 kg-1 full-fat lupin 

flakes was chosen for further experiments.

Influence of the extraction pressure on de-oiling with supercritical CO
2
 and 

the preparation of protein isolates

The extraction pressure was varied from 6,000 kPa to 100,000 kPa, while the 

extraction temperature was kept constant at 50°C as stated above and the CO
2
 to 

flakes ratio was constant at 100 kg CO
2
 kg-1. The compositions of the full-fat and the 

de-oiled lupin flakes are shown in Table 3.19.

The dry matter  content  of  the  de-oiled  lupin flakes  increased  with  increasing 

extraction pressure up to 937 g kg-1 and therefore, the corresponding residual water 

content  decreased  markedly.  The  protein  contents  of  the  de-oiled  lupin  flakes 

decreased at  6,000 kPa and at  10,000 kPa to 298 and 289 g  kg-1,  whereas at 

extraction  pressures  of  30,000,  50,000,  80,000  and  100,000 kPa  the  protein 

contents were comparable to that of the full-fat lupin flakes with 323 g kg -1  (Table

3.19).  A  decrease  in  the  protein  content  might  be  related  to  the  concomitant 

extraction of proteins with the water present in the flakes. In addition, the fat content 

of the lupin flakes decreased only slightly to 65 and 66 g kg-1 after  extraction at 

near-critical conditions at 6,000 kPa, 50°C and at 10,000 kPa, 50°C, respectively, 

whereas at  higher  extraction pressures the oil  content  ranged from 15 g kg -1 at 

80,000 kPa to 18 g kg-1 at 30,000 and 50,000 kPa, respectively. The mineral content 

of the de-oiled flakes was similar to that of the full-fat raw material (Table 3.19). 

The  amount  of  total  extract  increased  from  2%  at  6,000  kPa  to  15%  at 

30,000 kPa. At higher extraction pressures the amounts of  the total extract were 

similar  for  all  extraction  settings.  The  amount  of  the  lipid  phases  and  the  oil  

recoveries  increased  with  rising  extraction  pressures  showing  a  maximum  at 

80,000 kPa  (Figure  3.26).  However,  the  oil  recoveries  varied  only  slightly  after 

extraction at 30,000 kPa, 50,000 kPa, 80,000 kPa and 100,000 kPa, respectively.

Furthermore,  the  protein  solubilities  of  the  CO
2
-de-oiled  lupin  flakes  were 

determined at pH 7 (Figure 3.27). Significant differences were not obtained for the 

full-fat  and the CO
2
-extracted flakes at  6,000 kPa and 10,000 kPa.  Supercritical 
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CO
2
-extractions at 30,000 kPa, 50,000 kPa, 80,000 kPa and 100,000 kPa resulted 

in lower, but still high protein solubilities of more than 80% (Figure 3.27).

Table  3.19: Composition of full-fat and de-oiled lupin flakes at varying extraction pressures 
from 6,000 to 100,000 kPa

Dry Matter 
[g kg-1]

Protein 
[g kg-1]1, 2

Fat [g kg-

1]1

Minerals 
[g kg-1]1

Full-fat lupin flakes 872 323 76 34

6,000 kPa, 50°C, 100 kg/kg 896 298 65 34

10,000 kPa, 50°C, 100 kg/kg 914 289 66 33

30,000 kPa, 50°C, 100 kg/kg 928 330 18 36

50,000 kPa, 50°C, 100 kg/kg 934 312 18 31

80,000 kPa, 50°C, 100 kg/kg 936 321 15 35

100,000 kPa, 50°C, 100 kg/kg 937 326 17 32

1 given in dry matter
2 calculated with the protein conversion factor of 5.8 (N*5.8) according to Mossé, 1990

Figure 3.26: Amount of extract, lipid phase and oil recoveries in the 1st separator of the CO
2
-

extraction unit    
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Figure 3.27: Protein solubility of CO
2
-de-oiled lupin flakes extracted with different pressures

In order to investigate the influences of supercritical CO
2
-extractions on protein 

recovery, protein functionality,  thermal characteristics and sensory properties, the 

de-oiled L. angustifolius cv. Boregine flakes extracted at 28,500 kPa and at 80,000 

kPa were further processed to protein isolates. As described previously the isolation 

process  consisted  of  two  acidic  pre-extractions  at  pH  4.5  and  two  protein 

extractions  at  pH  7.2  followed  by  isoelectric  precipitation,  neutralisation  and 

lyophilisation.  The properties  of  the LPI  derived from supercritical  CO
2
-extracted 

lupin flakes were compared to the LPI produced from full-fat lupin flakes. The dry 

matter contents were similar for all protein isolates ranging from 891 to 907 g kg -1. 

The  protein  contents  of  the  isolates  produced  with  CO
2
-extracted flakes  were 

slightly higher compared to the LPI
full-fat

, while no differences were obtained between 

the LPI
28,500 kPa

 and the LPI
80,000 kPa

, respectively (Table 3.20). 

The protein recovery was highest for LPI
28,500 kPa

 with about 48% compared to that 

of  LPI
full-fat

 (42%) and of  LPI
80,000  kPa

 (44%)  (Figure 3.28).  Furthermore,  significant 

differences  were  not  obtained  for  the  protein  solubilities  and  the  emulsifying 

capacities of the LPI
full-fat

, LPI
28,500 kPa

 and LPI
80,000 kPa

 (Table 3.21).
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Table  3.20:  Composition of  protein  isolates produced with  full-fat  and CO
2
-de-oiled lupin 

flakes

Dry Matter 
[g kg-1]

Protein [g kg-1]1, 2

LPI
full-fat 

907 ± 13 856 ± 20

LPI 28,500 kPa 902 ± 5 908 ± 11

LPI
 80,000 kPa

891 ± 8 892 ± 25
1 given in dry matter
2 calculated with the protein conversion factor of 5.8 (N*5.8) according to Mossé, 1990

Figure  3.28: Protein recoveries of LPI derived from CO
2
-extracted flakes compared to LPI 

full-fat

Table  3.21: Protein solubility at pH 7 and emulsifying capacities of LPI
full-fat

, LPI
28,500  kPa

 and 
LPI

80,000 kPa

Protein solubility at 
pH 7 [%]

Emulsifying capacity 
[mL oil g-1 protein isolate]

LPI
full-fat

 93 ± 6 720 ± 10

LPI
28,500 kPa

104 ± 4 710 ± 10

LPI
80,000 kPa

96 ± 5 715 ± 15

Furthermore,  the  thermal  behaviour  of  these  isolates  was  investigated  using 

DSC  (Table  3.22).  All  isolates  exhibited  two  endothermic  transitions  at  peak 

temperatures of 81.5 to 85.6°C and 95.3 to 98.0°C, respectively. The enthalpies of 
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the 1st endothermic transition were similar for the investigated LPI with about 4 J g -1 

protein,  whereas the enthalpies  of  the 2nd transition varied significantly.  The LPI 

produced from CO
2
-de-oiled flakes at 80,000 kPa revealed the highest enthalpy of 

9.0 J g-1 followed by the LPI
full-fat

 with 5.6 J g-1 and the LPI
28,500 kPa

 with the lowest 

enthalpy of 3.8 J g-1 (Table 3.22). 

In  addition  to  the functional  properties  and the thermal  behaviour  of  the  LPI 

produced from CO
2
-de-oiled lupin flakes, the sensory characteristics were studied 

using diluted solutions of the protein isolates as described in  section 6.11.2. The 

flavour profiles of LPI
28,500 kPa

 and LPI
80,000 kPa 

are shown in Figure 3.29 in comparison 

to the flavour profile of the LPI
full-fat

. The overall acceptance was rated higher for both 

LPI  produced  from  CO
2
-de-oiled  lupin  flakes  with  values  of  5.2  and  5.5, 

respectively,  compared to that of the LPI full-fat  (2.3). The profiles also revealed 

lower values for the LPI
28,500 kPa

 and LPI
80,000 kPa

 for all odour attributes compared to 

the LPI
full-fat

, thus representing a more neutral flavour (Figure 3.29).  

Figure 3.29: Flavour profiles of LPI
28,500 kPa

 and LPI
80,000 kPa

 in comparison to the LPI
full-fat

 (0 = not 
present, 10 = very strong perceived)
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Table 3.22: Transition temperatures and enthalpies of LPI
full-fat

, LPI
28,500 kPa

 and LPI
80,000 kPa

Transition 1 Transition 2

Peak temperature [°C] Endothermic 
enthalpy [J g-1]

Peak temperature 
[°C]

Endothermic 
enthalpy [J g-1]

LPI
 full-fat

85.6 ± 2.0 4.0 ± 0.5 98.0 ± 0.1 5.6 ± 0.9

LPI
 28,500 kPa

81.5 ± 1.9 4.0 ± 0.4 95.3 ± 0.4 3.8 ± 1.3

LPI
 80,000 kPa

84.6 ± 1.0 4.6 ± 0.1 95.7 ± 1.1 9.0 ± 2.0 
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Influence of aqueous ethanol as organic modifier on de-oiling with 
supercritical CO

2

As shown in  Figure 3.29 and in  section 3.5.1 both supercritical CO
2
-extraction 

and extraction  with  ethanol  resulted  in  more  neutral  flavour  profiles  of  the  LPI. 

Therefore,  combinations  of  both  ethanol  and  supercritical  CO
2
-extraction  on  oil 

recovery and protein solubility were investigated using aqueous ethanol (70% v/v) 

as  organic  modifier  during  the  supercritical  CO
2
-extractions.  The  addition  of 

aqueous  ethanol  was  varied  between  5%  and  10%  at  two  different  extraction 

pressures (28,500 kPa and 50,000 kPa). The extraction temperature was constant 

at 50°C.

The addition of aqueous ethanol as organic modifier resulted in an increase in 

dry matter contents, protein contents and in decreasing oil contents (Table 3.23). 

Changes in the mineral content of extracted lupin flakes were not present. However, 

the  protein  contents  of  the  extracted  lupin  flakes  were  higher  at  28,500  kPa 

compared to that extracted at 50,000 kPa. 

Table 3.23: Composition of lupin flakes after combined extraction using supercritical CO
2
 and 

ethanol as organic modifier at 28,500 and 50,000 kPa

Dry Matter 
[g kg-1]

Protein 
[g kg-1]1, 2

Fat 
[g kg-1]1

Minerals 
[g kg-1]1

Full-fat lupin flakes 872 323 76 34

28,500 kPa, 50°C, 0% modifier 930 317 19 35

28,500 kPa, 50°C, 5% modifier 947 341 17 36

28,500 kPa, 50°C, 10% modifier 943 353 18 35

50,000 kPa, 50°C, 0% modifier 934 312 18 31

50,000 kPa, 50°C, 5% modifier 949 319 17 35

50,000 kPa, 50°C, 10% modifier 952 323 17 36

1 given in dry matter
2 calculated with the protein conversion factor of 5.8 (N*5.8) according to Mossé, 1990

The addition of  70% aqueous ethanol did not increase the oil  recovery in the 

extract at both extraction pressures (Figures  3.30 and  3.31). However, at 50,000 

kPa even an adverse effect on oil recovery was visible when adding higher amounts 

of  70%  aqueous  ethanol  (Figure  3.31).  Altogether,  the  addition  of  ethanol  as 
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organic modifier did not result in a noticeable improvement of the supercritical CO
2
-

extraction and therefore, was not investigated further. 

Figure 3.30: Amount of extract without modifier, amount of extract without free water and oil 
recovery at 28,500 kPa, 50°C without modifier and with 5% and with 10% of 70% aqueous 
ethanol as modifier  

Figure 3.31: Amount of extract without modifier, amount of extract without free water and oil 
recovery at 50,000 kPa, 50°C without modifier and with 5% and with 10% of 70% aqueous 
ethanol as modifier  
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 4 DISCUSSION

Seeds of sweet lupins are a valuable source for the production of lupin protein 

concentrates and isolates due to their high protein content of up to 400 g kg-1 in dry 

matter of seeds. Moreover, lupin proteins offer a high nutritive value due to their 

amino acid composition and they exhibit excellent functional properties. However, 

the  sensory  properties  and  the  storage  stability  of  lupin  protein  isolates  are 

constraints for their commercial availability. 

Therefore, the aims of the present work were to characterise impact factors on 

the  functional  properties  of  lupin  protein  isolates  of  different  varieties  during 

processing. Additionally, the odour-active compounds most likely responsible for the 

flavour of lupin flours and lupin protein isolates were identified using HRGC-O (high 

resolution gas chromatography-olfactometry) and HRGC-GC/MS. Furthermore, de-

oiling with organic solvents and supercritical CO
2
 was investigated as a possibility to 

improve the flavour properties of the isolates. In the following sections the results 

presented in section 3 will be discussed in detail.   

    4.1 IMPACT OF THE NUMBER OF PRE-EXTRACTIONS AND PROTEIN      
      EXTRACTIONS AS WELL AS ANNUAL RAW MATERIAL VARIANCE ON

       PROTEIN RECOVERIES AND FUNCTIONAL PROPERTIES OF THE ISOLATES

In  general,  the isolation  procedure for  the production of  lupin protein isolates 

(LPI)  consisted  of  two  steps,  namely  an  acidic  pre-extraction  and  a  protein 

extraction  with  subsequent  isoelectric  precipitation  as  described  previously 

[D'Agostina et al., 2006, Wäsche et al., 2001]. In the present thesis the influences 

of the numbers of acidic pre-extractions and protein extractions on the dry matter 

(L
dry matter

)  and  protein  losses  (L
protein

) as  well  as  on  the  protein  recoveries  were 

investigated  on  laboratory  scale  (2  L  scale)  as  described  in  section  3.2.  The 

experiments on laboratory scale were based on the process parameters of the pilot 

scale process (2,000 L scale) applied at Fraunhofer IVV. This process comprised 

two acidic pre-extractions at pH 4.5 and one single protein extraction at pH 7.2. As 

expected, the laboratory scale and the pilot scale processes differed in their L
dry matter

, 

which were significantly higher on pilot scale with 24% and 8% for the 1st and the 2nd 

acidic pre-extraction compared to 17% and 3% on laboratory scale, respectively. 

Additionally,  the  protein  recoveries  were  significantly  higher  for  the  pilot  scale 
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process with up to 58% compared to 27% for laboratory scale regarding one single 

protein extraction step. The higher L
dry matter

 during the acidic pre-extractions as well 

as the higher protein recoveries are most likely attributed to the disruption of cells 

due to higher  shearing stress in the pilot  scale process,  which is  related to the 

extensive  disintegration  of  the  lupin  flakes.  The  decanter,  which  is  used  for 

separating the solid phases on pilot scale, might damage intact cell structures due 

to  higher  shear  stresses  and  thus,  the  proteins  might  be  more  accessible  for 

aqueous extraction. This hypothesis was confirmed by the application of de-oiled 

lupin  flour  as  raw  material  for  the  preparation  of  LPI  on  laboratory  scale  and 

resulted in a protein recovery of up to 53%. These results are in good agreement to 

the results of  Ruiz & Hove, 1976, who studied the effects of particle sizes of lupin 

flours  on  the  protein  recoveries.  They  found  a  clear  correlation  between  lower 

particle sizes and higher nitrogen solubility as well as higher protein recoveries. 

According  to  section  3.2.2 the  extraction  procedures  exhibited  good 

reproducibility  with  a  maximum  deviation  of  9%  for  four  individual  extraction 

experiments.  As  described  previously,  significant  variations  were  obtained  for 

L
dry matter  

after one, two and three acidic pre-extractions revealing the highest losses 

for the 1st pre-extraction with about 17%, followed by the 2nd with about 3%. During 

the 3rd acidic extraction only a negligible amount of dry matter of well below 1% was 

dissolved in the extract (Table 3.2). The amount of oil present in lupin flakes had no 

significant effect on L
dry matter 

during the acidic pre-extractions. 

The solid phases received after the acidic pre-extractions were further processed 

into  LPI  using  a  single  protein  extraction  at  pH  7.2.  The  composition  and  the 

functional properties (Table 3.3) of the corresponding LPI were comparable after 

one, two or three pre-extraction steps and a single protein extraction, with exception 

of the ash contents of the isolates prepared after two or three pre-extraction steps. 

These isolates showed slightly higher ash contents, which were closely related to 

the  amount  of  1  M  HCl  added  to  perform  these  acidic  pre-extractions.  With 

increasing pre-extraction steps higher amounts of 1 M HCl – summed up over all 

extraction steps – were needed to adjust a pH of 4.5. 

However,  acidic  extractions  are frequently used for  the preparation  of  protein 

concentrates, but are only scarcely applied during the production of protein isolates 

[Moure et al., 2006]. In course of the production of LPI acidic pre-extractions were 

mainly  used  to  dissolve  undesirable  non-proteic  constituents  like  minerals, 
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oligosaccharides,  soluble  fibres  and  anti-nutritional  factors,  whereas  only  small 

amounts of proteins are concomitantly extracted [D'Agostina et al., 2006,  Wäsche

et al., 2001]. These proteins mainly comprise functional proteins like enzymes and 

the acid soluble conglutin  γ [D'Agostina et al.,  2006, Duranti et al., 2008]. These 

dissolved  compounds  remained  in  the  supernatant  after  separation  and  were 

discarded,  while  the  solid  phase  containing  the  main  storage  protein  fractions 

(conglutin α, conglutin β and conglutin δ) was re-extracted under neutral or slightly 

alkaline conditions for protein isolation purposes. Additionally, the flavour of LPI was 

improved; in particular, the bitter taste of the isolates was reduced by the application 

of  two or  three acidic  pre-extractions  due to the extensive reduction  of  residual 

alkaloids and other flavour compounds (data not shown). For further experiments 

two  acidic  pre-extractions  were  chosen  due  to  the  balance  between  improving 

flavour and reducing production time, while maintaining the protein solubilities and 

emulsifying capacities of the isolates. 

In addition to two acidic pre-extractions, the number of protein extractions was 

varied on laboratory scale to investigate  the protein recoveries after  one or  two 

protein extraction steps. One single protein extraction revealed a protein recovery of 

about 27%, while after two protein extractions the protein recovery was enhanced to 

about  41%  (Table  3.4).  Slightly  higher  protein  recoveries  of  45  to  55%  were 

reported previously by several researchers for various lupin varieties [Aguilera et al.,

1983,  D'Agostina  et  al.,  2006,  Ruiz & Hove,  1976,  Sgarbieri  & Galeazzi,  1978]. 

However,  based  on  these  results,  two  acidic  pre-extractions  and  two  protein 

extractions were chosen for  further  experiments on laboratory scale to obtain at 

least 30 to 40 g LPI per 100 g lupin flakes after lyophilisation. 

Furthermore, the protein recoveries in the LPI seemed to be affected by the pre-

treatment of lupin flakes prior to the extraction procedure. The full-fat lupin flakes 

revealed slightly higher protein recoveries than the de-oiled lupin flakes (data not 

shown), which might be attributed to the de-oiling process itself. Thus, the effects of  

de-oiling on the protein recoveries as well as on protein functionality and sensory 

properties  were  studied  in  detail  using  organic  solvent  and  supercritical  CO
2 

extractions as described previously (section 3.5). 

In addition, the influences on protein recoveries of different raw materials within 

the same lupin variety  (L.  angustifolius cv.  Boregine)  derived from two different 

years of harvesting were investigated (section 3.2.3). The protein recoveries of both 
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LPI were very similar with about 41%, while the dry matter recovery was significantly 

lower for Boregine seeds harvested in 2008 (Table 3.5). This is most likely related 

to the lower protein content of the lupin flakes in 2008 compared to 2006 and thus, 

the  amount  of  recovered dry matter  is  significantly  lower  despite  similar  protein 

recoveries  (Table  3.1).  These  findings  imply  that  the  total  amount  of  proteins 

present in lupin flakes within one variety has no influence on the protein recoveries, 

but on the dry matter recoveries. Therefore, the protein content is one important 

parameter for influencing the total yield of protein isolate and the efficiency of the 

extraction procedure.  

Altogether,  these  results  indicate  that  the  protein  recoveries  are  not  only 

influenced by processing conditions (i.e. temperature, time, solid-to-liquid ratio, pH), 

but also by raw materials and by the equipment used for protein isolation as stated 

by Moure et al., 2006. Therefore, a clear prediction of protein recoveries in course 

of  up-scaling  from  laboratory  to  pilot  scale  or  industrial  scale  is  limited  as  the 

equipments used for dissolution (stirrer) and separation (decanter, disc separator) 

are likely to influence protein recoveries. 

    4.2 DRY MATTER AND PROTEIN RECOVERIES DEPENDING ON LUPIN        
       VARIETIES

Different varieties of white (L. albus L.), yellow (L. luteus L.) and narrow-leafed 

lupins (L. angustifolius L.)  were used as raw materials for  the production of  LPI 

using the described two stage process (section 6.6.1). The dry matter and protein 

recoveries in the LPI of the different lupin varieties exhibited significant differences 

between lupin species and lupin varieties, respectively (Figure 3.5). Both  L. albus 

cv.  TypTop and  L. luteus cv.  Bornal  exhibited similar  dry matter  recoveries with 

25%, whereas the varieties of  L.  angustifolius L.  revealed dry matter  recoveries 

ranging  from  14%  (L.  angustifolius cv.  Bolivio)  to  23%  (L.  angustifolius  cv. 

Boregine). Different results were obtained for the protein recoveries being highest 

for  L.  albus cv.  TypTop and  L.  angustifolius cv.  Boregine  with  59% and  51%, 

respectively,  whereas  L.  angustifolius cv.  Bolivio  exhibited  the  lowest  protein 

recovery  with  32%  (Figure  3.5).  The  protein  recoveries  of  the  lupin  varieties 

investigated  are  comparable  to  the  recoveries  previously  reported  by  several 

researchers  [Aguilera  et  al.,  1983,  D'Agostina  et  al.,  2006,  King  et  al.,  1985, 

Lampart-Szczapa, 1996, Ruiz & Hove, 1976, Sgarbieri & Galeazzi, 1978]. 
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As expected,  the dry matter  recoveries and the protein recoveries revealed a 

positive correlation with an acceptable coefficient  of  R2 = 0.72 (Figure 4.1).  The 

higher the dry matter recoveries, the higher were also the protein recoveries in the 

isolates, with an exception for L. luteus cv. Bornal, which exhibited a high dry matter 

recovery of 25%, but in comparison to the other LPI a low protein recovery of 43%. 

By omitting the data of L. luteus cv. Bornal the coefficient of correlation increased to 

R2 = 0.95. The increasing R² for the correlation of dry matter and protein recoveries 

indicates  that  during  the  extraction  of  L.  luteus cv.  Bornal  other  non-proteic 

components resulting in a higher dry matter recovery might be accumulated in the 

LPI.  These non-proteic  components might  comprise carbohydrates or  secondary 

plant metabolites. However, in literature no data referring to an accumulation of one 

specific compound in yellow lupin protein isolates was found. 

Figure 4.1: Correlation between dry matter recoveries and protein recoveries

Though, no correlations were found between the dry matter and accordingly the 

protein recoveries and the dry matter contents, the protein contents, the fat contents 

and the protein solubilities at pH 7 of the various lupin flours, respectively (Appendix 

B,  Figure  8.1 to  Figure  8.7).  The  lack  of  interdependencies  between  protein 

solubility and either dry matter recoveries or protein recoveries might be attributed 

to  the  complex  process  of  dissolution  and  precipitation  of  proteins  during  the 
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isolation procedure. Additionally,  the natural variations within the protein fractions 

might also be responsible for the missing correlations. 

The present work also revealed significant differences in the protein recoveries 

of different batches of lupin flakes within the same year of growth and within the 

same variety. During the experiments with different steps of acidic pre-extractions 

and protein extractions, the mean protein recovery of four individual experiments 

was  41%  (section  3.2),  whereas  a  higher  protein  recovery  of  about  50%  was 

obtained for L. angustifolius cv. Boregine flakes (section 3.3). Thus, these variations 

might be related to either variations in the temperature during flaking or variations in 

the thickness of the flakes. Higher temperatures might result in a denaturation of 

proteins, while thinner flakes tend to a higher disintegration of cell structures than 

thicker flakes even on laboratory scale processes. Higher disruption of cells might 

result  in a higher protein recovery as discussed in  section 4.1 for the pilot  scale 

process.  The  influences  of  particle  sizes  on  protein  recoveries  were  previously 

investigated by  Ruiz & Hove, 1976, who reported an increase in protein recovery 

when decreasing the mean particle size of lupin flour. Certainly, increased thickness 

of lupin flakes results in reduced mass transfer [Cussler, 1997] and thus, the time 

for the extraction of proteins might ascend.

    4.3 COMPOSITION, FUNCTIONAL PROPERTIES AND THERMAL BEHAVIOUR OF 
       LUPIN FLOURS AND LUPIN PROTEIN ISOLATES

Lupin flours and lupin protein isolates of the different lupin varieties (Table 6.1) 

were prepared by either grinding the full-fat lupin flakes using an ultra centrifugal 

mill  to  fine  flours  or  by  isolating  the  proteins  by  an  aqueous  processing.  As 

described previously, the isolation procedure consisted of two acidic pre-extractions 

at pH 4.5 and two protein extractions at pH 7.2 followed by isoelectric precipitation 

(pH 4.5) and subsequent neutralisation. The neutralised proteins were lyophilised 

and also ground for further analysis using the ultra centrifugal mill. 

      4.3.1 Composition of lupin flours and lupin protein isolates

The composition (dry matter, protein, fat and mineral contents) of the different 

lupin flours and the LPI derived thereof were analysed according to standardised 

methods as described in section 6.7. 
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Composition of lupin flours

The lupin flours of the different lupin varieties showed strong variations in their 

protein, fat and mineral contents, whereas the dry matter contents were quite similar 

for all flours ranging from 870 g kg -1 to 920 g kg-1 (Table 3.1). Dry matter contents of 

lupin flours are directly influenced by the dry matter contents of  the lupin seeds, 

which are affected by the drying process of the mature lupin pods after harvesting.  

To retain  long  term storage  stability  of  lupin  seeds  the  residual  water  contents 

should not exceed levels of 130 g kg-1, which equates to 870 g kg-1 dry matter. The 

observed dry matter contents of all lupin flours were higher than 870 g kg -1, with an 

exception of the flour of  L. angustifolius cv. Boregine (2006). Nevertheless, similar 

results for dry matter contents or residual water contents of lupin flours of different  

lupin varieties were previously reported by several researchers [Dervas et al., 1999, 

El-Adawy et al., 2001, Erbaş et al., 2005, Petterson, 1998, Sujak et al., 2006].

The mineral contents of the lupin flours varied in the range from 16 to 51 g kg-1 

and  were  within  the  same  range  as  reported  previously  [Aguilera  et  al.,  1985, 

Barnett & Batterham, 1981,  Batterham et al., 1986,  Hove, 1974,  Petterson, 1998, 

Sujak et al., 2006]. The highest mineral content was determined for  L. luteus cv. 

Bornal  with  51  g  kg-1,  while  the  narrow-leafed  lupin  varieties  Boregine,  Bolivio, 

Boltensia and Bora and L. albus cv. TypTop flour had similar mineral contents. The 

lowest mineral content was found for L. angustifolius cv. Boruta with 16 g kg-1, which 

was about half of that of the other lupin varieties investigated (Table 3.1). According 

to  Porres et al.,  2007, the most abundant  mineral present  in all  lupin species is 

potassium  with  about  10  to  15  g  kg -1 followed  by  phosphor,  calcium  and 

magnesium. 

Regarding  the  protein  contents  of  the  investigated  lupin  flours, L.  luteus cv. 

Bornal exhibited the highest  protein content  of  the lupin varieties with 546 g kg-1 

followed  by  the  two  narrow-leafed  lupin  varieties  Boruta  and  Bora  with  protein 

contents  of  432  and  409 g kg-1,  respectively.  The  lowest  protein  content  was 

observed for  L. angustifolius cv. Boregine (2008) with 330 g kg-1 which might be 

related to environmental conditions during growth as the flour of L. angustifolius cv. 

Boregine (2006) had a protein content of 402 g kg-1.

Besides the variations of the protein contents, the fat contents of the lupin flours 

ranged from 83 to 138 g kg-1, being lowest for L. angustifolius cv. Boregine (2008). 

The lowest fat content together with the lowest protein content of this lupin variety 

corroborates  that  the  environmental  conditions  had  significant  effects  on  the 
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composition of lupin seeds and thus, the lupin flours. Altogether, the protein and fat 

contents of L. albus cv. TypTop are in good agreement to those previously reported, 

whereas the protein and oil contents of  L. angustifolius L. and  L. luteus cv. Bornal 

were  remarkably higher  (Table 1.1)  [Aguilera  et  al.,  1985,  Barnett  & Batterham,

1981, Batterham et al., 1986, Hove, 1974, Petterson, 1998, Sujak et al., 2006, Uzun

et  al.,  2007,  Wäsche  et  al.,  2001].  In  particular,  the  fat  content  of 

L. angustifolius cv. Boruta,  which  amounted  to  138 g kg-1,  was  about  two  times 

higher than the average values reported previously for narrow-leafed lupin varieties. 

The variations of  protein,  fat  and mineral contents between the different  lupin 

flours might be attributed to genotypic variations between lupin species and lupin 

varieties,  but  also  to  environmental  conditions  during  growth.  In  particular, 

differences in the protein and fat contents of flours of L. angustifolius cv. Boregine 

harvested in 2006 (protein content:  402 g kg-1; fat content:  103 g kg-1) and 2008 

(protein content: 303 g kg-1; fat content: 83 g kg-1) are most likely related to different 

environmental  conditions  rather  than  genotypic  variations  (Table  3.1). However, 

literature  data  revealed  contradictory results  on the influences  of  genotypic  and 

environmental  conditions  on the composition  of  lupin seeds.  Porres et  al.,  2007 

found only slight variations between different lupin varieties within the same lupin 

species,  whereas  Bhardwaj  et  al.,  1998 and  Jimenez  et  al.,  1991 observed 

remarkable  effects  of  environmental  conditions  and  genotypic  variations, 

respectively.  Altogether, the overall composition of the investigated lupin varieties 

differed  remarkably  in  the  present  study,  which  seemed  to  be  related  to  both 

environmental conditions and genotypic variations.  

Composition of lupin protein isolates

Full-fat lupin flakes of the different lupin varieties were used as raw materials for 

the production of LPI applying two acidic pre-extractions and two protein extractions 

during the isolation procedure. After precipitation and lyophilisation, the composition 

of the LPI were analysed according to standardised methods.  As demonstrated in 

section 3.3.1 the compositions of the LPI derived from different lupin varieties varied 

considerably in their protein and their fat contents, whereas the dry matter contents 

and the mineral contents were quite similar (Table 3.6). Similar dry matter contents 

of  the LPI were expected as similar  lyophilisation conditions were applied for  all 

isolates and these directly influence the dry matter contents.
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In addition to the dry matter contents, the mineral contents of the investigated 

LPI were similar with 35 g kg-1 (Table 3.6), which is most likely due to the extraction 

process  applied.  Minerals  of  the  seeds  are  dissolved  during  the  acidic  pre-

extractions,  while  during  pH  adjustments  with  1  M HCl  and  1 M NaOH  sodium 

chloride is formed and determined as part of  the mineral content of the isolates. 

Other  researchers  reported  similar  mineral  contents  for  lupin  protein  isolates  of 

different varieties [King et al., 1985, Lqari et al., 2002, Wäsche et al., 2001].

Additionally, the protein contents of the investigated LPI ranged from 845 g kg-1 

to 970 g kg-1 for the protein isolates of L. angustifolius cv. Boruta and L. luteus cv. 

Bornal,  respectively  (Table  3.6).  Nevertheless,  all  LPI  had  a  minimum  protein 

content  of  845  g  kg-1 showing  the  efficiency  of  the  applied  protein  isolation 

procedure  regarding  the  extensive  removal  of  non-proteic  constituents  during 

protein isolation. Significantly higher protein contents for protein isolates of different 

lupin  varieties  of  up  to  950  g  kg-1 were  obtained  by  several  other  researchers 

[D'Agostina et al., 2006, King et al., 1985, Ruiz & Hove, 1976, Wäsche et al., 2001]. 

However, the higher protein contents previously reported are most likely attributed 

to the application of de-oiled lupin flakes or flours rather than full-fat flakes as raw 

material for the isolation procedure and due to a nitrogen conversion factor of 6.25 

used for calculating the protein content.

Furthermore,  the  fat  contents  of  the  protein  isolates  varied  significantly  from 

54 g kg-1 for  L. luteus cv. Bornal to 108 g kg-1 for  L. angustifolius cv. Bora (Table

3.6).  Generally,  lower  amounts  of  fat  were  observed  in  the  protein  isolates 

compared  to  the  corresponding  lupin  flours,  except  for  the  narrow-leafed  lupin 

varieties Boregine, Bora and Boltensia. The LPI of those varieties exhibited similar 

or even higher fat contents than the flours, which might be related to their higher 

emulsifying capacities compared to the other varieties (Figures  3.3,  3.4 and  3.7). 

However, no correlation between the fat contents of the lupin flours and the protein 

isolates  were determined  (Appendix B,  Figure  8.8).  The fat  contents  of  the  LPI 

reported in the present work were significantly higher than those previously reported 

in literature with contents of about 10 to 20 g kg -1 [Alamanou & Doxastakis, 1997, 

D'Agostina et al.,  2006,  El-Adawy et al.,  2001,  Lqari et al.,  2002,  Wäsche et al.,

2001]. As already mentioned before, this is most likely attributed to the application 

of  de-oiled  lupin  flakes  with  a  residual  fat  content  of  a maximum of  2% in the 

previous  studies  rather  than  full-fat  flakes  as  raw  material  for  the  isolation 

procedure. 
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Comparison of the compositions of lupin flours and protein isolates

By comparing the composition of both lupin flours and LPI, it is obvious that the 

corresponding LPI had significantly higher protein contents than the lupin flours of 

the same variety. During the isolation procedure applied in the present work, the 

main  storage  protein  fractions  of  lupins  are  accumulated  in  the  LPI,  while  non-

proteic constituents were extensively removed. However, no correlations between 

the dry matter, the protein, the fat as well as the mineral contents of the lupin flours 

and  LPI  were  found,  which  is  most  likely  attributed  to  the  complex  isolation 

procedure consisting  of  acidic  pre-extractions,  protein  extractions  and isoelectric 

precipitation,  respectively.  Additionally,  the  mineral  contents  of  lupin  flours  and 

protein isolates were within the same range. However, no data on the distribution of 

different types of minerals in the LPI were reported until now. Furthermore, the fat 

contents  of  the  investigated  LPI  exhibited  a  higher  variability  than  the  protein 

contents of the isolates. As described previously, the fat contents of the LPI might 

be related to the emulsifying properties of the proteins, which will be discussed in 

detail in the following section.

      4.3.2 Functionality of lupin flours and lupin protein isolates

In  addition  to  the  chemical  composition,  protein  solubilities  and  emulsifying 

capacities  of  lupin  flours  and  LPI  were  analysed  according  to  the  methods 

described by Morr et al., 1985, AACC, 2000 and Wäsche et al., 2001. Furthermore, 

the gel forming properties of selected LPI were investigated by dynamic rheological 

measurements as described in section 6.8.  

Protein solubility of lupin proteins of flours

Protein solubility is the most important functional property of flours and protein 

isolates as a high solubility is required for  the dissolution of  proteins  during the 

protein  isolation  and  it  affects  other  functional  characteristics  like  gelation, 

emulsification  or  foaming  of  the  LPI.  Generally,  the  solubility  of  proteins  is 

determined  by  the  balance  of  hydrophobic  and  hydrophilic  amino  acids  on  the 

surface of each protein molecule and the net charge of the protein molecules, which 

is influenced by pH, temperature, and ionic strength [Cheftel et al., 1992]. 

As described previously (section 3.1.2), the protein solubility determined for lupin 

flours strongly depended on pH resulting in a U-shaped solubility profile (Figures 3.1 
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and 3.2), which is reported to be typical for plant proteins [Cheftel et al., 1992]. All 

investigated lupin flours exhibited a minimum solubility of about 20% between pH 4 

and  pH  5  representing  the  isoelectric  region  of  lupin  proteins.  However,  the 

individual protein fractions of lupin conglutins (conglutin α, conglutin β, conglutin γ 

and conglutin δ) did not possess their isoelectric points between pH 4 and pH 5 

(Table 1.2). Therefore, the minimum solubility of LPI between pH 4 and 5 seemed 

to  occur  due  to  overlaps  of  low  solubilities  of  the  two  most  abundant  protein 

fractions  (conglutin  α and conglutin  β),  which had isoelectric  points  of  5 to 6 in 

water
demin

. Due to the presence of minerals and HCl in the extracts, low solubilities 

occur  at  lower  pH  values  than  in  water
demin

 according  to  Cheftel  et  al.,  1992. 

Additionally, the protein solubility profiles of different lupin species (L. albus L.,  L.  

angustifolius L. and L. luteus L.) revealed remarkable differences at pH 3 and at pH 

6 (Figure 3.1), whereas similar solubility profiles were determined for the narrow-

leafed lupin varieties (L. angustifolius L.) (Figure 3.2). 

In particular, at pH 3 the solubility of the lupin proteins increased remarkably to 

38%, 48% and 77% for  L. angustifolius cv. Boregine,  L. luteus cv. Bornal and  L. 

albus cv.  TypTop,  respectively.  At  pH  values  beyond  pH  5  protein  solubility 

increased considerably until a maximum solubility of up to 93% was reached at pH 6 

for  L. albus cv. TypTop and at pH 7 for the narrow-leafed lupin varieties and  L. 

luteus cv. Bornal, respectively. Thus, the solubility curves of L. luteus cv. Bornal and 

L.  angustifolius L.  revealed  a  broader  range  of  minimum  solubility  than  that  of 

L. albus cv. TypTop. The solubility profiles of all lupin species were similar to those 

reported  by several  other  researchers  for  white,  narrow-leafed  and  yellow lupin 

varieties [Chango et al., 1995, D'Agostina et al., 2006, El-Adawy et al., 2001, King

et al., 1985,  Lqari et al., 2002,  Sgarbieri & Galeazzi, 1978,  Wäsche et al., 2001]. 

However, the obtained differences between the investigated lupin species can most 

likely  be  attributed  to  variations  in  protein  fractions  between  these  species  as 

described previously [Blagrove & Gillespie, 1975, Cerletti et al., 1978, Esnault et al.,

1991,  Guéguen & Cerletti,  1994,  Joubert,  1955 a,  Joubert,  1955 b,  Melo et  al.,

1994, Vaz et al., 2004].

In contrast to the differences between the investigated lupin species, only slight 

variations  of  the protein  solubility profiles  of  different  L. angustifolius L.  varieties 

were observed (Figure 3.2). Some differences were obtained at pH 3. The protein 

solubilities of different narrow-leafed lupin varieties were quite similar at pH 3 to that 
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of the cultivar Boregine ranging from 36 to 49%, whereas L. angustifolius cv. Boruta 

was an exception as the protein solubility revealed a value of about 57% at this pH 

value.  Therefore,  the  characteristics  of  the  protein  solubility  are  most  likely 

influenced by different lupin species rather than by varieties. Additionally, the year 

of harvest did not have an impact on the protein solubility profiles as determined for 

L. angustifolius cv. Boregine seeds harvested in 2006 and 2008, respectively. 

Altogether, these findings indicate that variations in lupin protein fractions, which 

were determined during one-dimensional  gel  electrophoresis  (section 4.3.4),  and 

therefore, variations in genotypes might affect protein solubility to a higher extend 

than environmental conditions. This was confirmed by flours of  L. angustifolius cv. 

Boregine harvested in two different years. The flours of L. angustifolius cv. Boregine 

exhibited similar protein solubilities, despite variations in protein contents indicating 

no variability of protein fractions.

The  protein solubility of lupin flours at different pH values is the basis for the 

protein separation and isolation procedure during the production of LPI. Based on 

the determined solubility profiles (Figures 3.1 and 3.2), pH 4.5 was chosen for the 

acidic  pre-extractions  and  the  isoelectric  precipitation,  respectively,  because 

minimum solubility is required to minimise protein losses during the pre-extractions 

and  isoelectric  precipitation.  A  pH of  7.2  was  chosen  for  the  protein  extraction 

processes in order to dissolve a high amount of lupin proteins. A further increase to 

pH 8 or even pH 9 was not reasonable as the solubility was similar to that of pH 7 

for all lupin varieties. 

Protein solubility of lupin protein isolates

After preparation and lyophilisation, the LPI produced from full-fat flakes of the 

different  lupin  varieties  according  to  Table  6.1 were  ground  using  an  ultra 

centrifugal mill with a sieve insert of 0.5 mm. After milling, the protein solubilities of 

these LPI were determined at pH 7 according to the standardised method described 

in section 6.8. The investigated LPI exhibited excellent protein solubilities at pH 7 

with  a  minimum  of  85%  for  L. angustifolius cv.  Boltensia.  The  highest  protein 

solubility  with  a  value  of  about  100%  was  observed  for  L.  luteus cv.  Bornal. 

Significant  differences in the solubilities  were not  obtained for  the isolates of  L.  

albus cv. TypTop and the narrow-leafed lupin varieties Bolivio, Boruta and Boregine 

with values ranging from 90 to 93%. It was also obvious that the protein solubilities 
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of  the  protein  isolates  derived  from  Boregine  seeds  of  two  different  years  of 

harvesting  were  similar  (Figure  3.6).  Until  now,  only  scarce  information  on  the 

protein solubility of LPI is available in literature. Similar protein solubilities at pH 7 

were  reported  previously  by  Pozani  et  al.,  2002,  whereas  significantly  lower 

solubilities of about 65% were reported for the LPI after preparation in a pilot scale 

process [D'Agostina et al., 2006, Wäsche et al., 2001]. These differences might be 

attributed to the pasteurisation of the liquid protein isolates in the pilot scale process 

prior to spray-drying which most likely results in a decrease of protein solubility due 

to protein denaturation [D'Agostina et al., 2006]. 

Altogether,  the protein solubility of the LPI was excellent and was significantly 

higher than that of commercially available soy protein isolates. However, one needs 

to bear in mind that the LPI produced on laboratory scale were not pasteurised, and 

therefore, the solubilities might be lower if a pilot scale or an industrial process is 

applied.

Comparison of the solubilities of lupin flours and lupin protein isolates 

Comparing the protein solubilities of lupin flours and LPI at pH 7, the solubilities 

of the investigated lupin flours were lower than those of the corresponding LPI. As 

described  previously  the  lupin  flours  exhibited  protein  solubilities  of  about  80% 

compared to solubilities of 85 to 102% for the LPI. However, a correlation for the 

solubilities  of  the  lupin  flours  and  the  protein  isolates  could  not  be  determined 

(Appendix B,  Figure 8.10).  The higher  protein solubilities of  the investigated LPI 

might  be attributed to the absence of other non-protein constituents which might 

impede the dissolution of proteins.

Emulsifying capacities of lupin flours

In general, the emulsifying capacity of proteins is important for the application of 

protein ingredients in emulsion-based food systems like mayonnaise or ice cream. 

Emulsifying capacities are influenced by the structure of proteins and the balance of 

hydrophilic  and  hydrophobic  amino  acid  residues  at  the  surface  of  a  protein 

molecule. 

The emulsifying capacities of the lupin flours revealed considerable differences 

between lupin species, in particular between  L. albus cv. TypTop (475 mL oil g-1 

flour) and L. angustifolius L. (~ 630 mL oil g-1 flour) or L. luteus cv. Bornal (665 mL 
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oil g-1 flour). Only slight variations in the emulsifying capacities of various narrow-

leafed  lupin  flours  (L.  angustifolius L.)  were  obtained  (Figures  3.3 and  3.4).  A 

correlation between the protein content and the emulsifying capacities of the lupin 

flours  could  not  be  determined  (Appendix  B,  Figure  8.11).  The  emulsifying 

capacities  of  the  lupin  flours  and the fat  contents  of  the  flours  were  negatively 

correlated with R2 of 0.98 by omitting the data for L. angustifolius cv. Boruta (Figure

4.2). A negative correlation means that the higher the fat contents of lupin flours, 

the lower were the emulsifying capacities. The flour of  L. angustifolius cv. Boruta 

seemed to be an exception, because it exhibited a medium emulsifying capacity of 

565 mL g-1 despite the highest fat contents of all flours investigated. 

Figure  4.2: Correlation between emulsifying capacities and fat contents of lupin flours (L. 
angustifolius cv. Boruta seemed to be an exception)

Therefore, high lipid contents and the corresponding low emulsifying capacities 

might  be  related  to  a  kind  of  saturation  of  the  lupin  protein  fractions  or  other 

constituents present in lupin flour with emulsified or bound lipids. Literature data on 

the  emulsifying  capacities  of  lupin  flours  were  not  available  until  now.  The 

emulsifying capacities of lupin flours are not only influenced by the proteins, but also 

by  other  constituents  present  in  lupin  flours.  Lupin  fibre  might  influence  the 

emulsifying capacities of  the flours by their oil  binding capacities.  Therefore,  the 
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variations of the emulsifying capacities of the lupin flours cannot only be attributed 

to variations of protein fractions themselves.  

Emulsifying capacities of lupin protein isolates

Furthermore, the emulsifying capacities of the different LPI were analysed at pH 

7.  The LPI  produced  from  L.  albus cv.  TypTop and  L.  luteus cv.  Bornal  flakes 

exhibited  significantly  lower  emulsifying  capacities  with  values  of  580 mL  oil  g-1 

isolate and 530 mL oil g-1 isolate, respectively, than the LPI produced from narrow-

leafed lupins. The latter protein isolates showed superior emulsifying capacities in 

the range of 685 to 720 mL oil g -1 isolate,  with an exception of the LPI produced 

from L. angustifolius cv. Boruta, which displayed an emulsifying capacity of 618 mL 

oil g-1 isolate (Figure 3.7).

Altogether,  the  emulsifying  capacities  of  LPI  produced  from  full-fat  flakes  of 

different species (L. albus L.,  L. angustifolius L. and  L. luteus L.)  showed higher 

variations  than  those  produced  from  several  varieties  of  narrow-leafed  lupins. 

Therefore,  these differences  in  emulsifying  capacities  might  be attributed to the 

presence of varying protein fractions in the LPI of the investigated lupin species, 

which were shown during  gel  electrophoresis  (sections  3.3.5  and 4.3.4).  Similar 

observations were already discussed for the variability of the protein solubilities. In 

literature only scarce information on the emulsifying capacities of LPI is available. 

Similar values were reported by  D'Agostina et al.,  2006, whereas  Wäsche et al.,

2001 observed slightly higher emulsifying capacities with about 800 mL g-1 protein 

isolate.  However,  these  researchers  did  not  describe  any  variations  in  the 

emulsifying capacities between different lupin species.

In general, the investigated LPI exhibited good emulsifying capacities with about 

50 to 72% of the emulsifying capacities of sodium caseinate – a commonly used 

emulsifier  in  food  products.  Therefore,  LPI  are  promising  ingredients  for  the 

application in emulsified foods like ice cream, mayonnaise and salad dressings.

Comparison of the emulsifying capacities of lupin flours and isolates

Comparing the emulsifying capacities of lupin flours and lupin protein isolates, 

one can see that higher emulsifying capacities were revealed for LPI compared to 

lupin flours derived from white and narrow-leafed lupin varieties. Contradictory to 

these findings, lower emulsifying capacities were observed for the protein isolate of 
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L. luteus cv. Bornal compared to the corresponding flour. However, the values of 

the emulsifying capacities cannot be compared directly as the protein contents of 

the flours and the isolates were significantly different. Additionally, as stated before, 

only  scarce  information  on  the  emulsifying  capacities  of  LPI  and  lupin  flours  is 

available in literature. 

Altogether, the LPI produced from white, narrow-leafed and yellow lupin varieties 

exhibited significantly different emulsifying capacities being highest for the LPI of L. 

angustifolius L.  followed  by  L.  albus cv.  TypTop  and  L.  luteus cv.  Bornal. 

Particularly,  L.  angustifolius  L.  protein  isolates  had  high  emulsifying  capacities. 

However, these were lower, but still about 70% of that of sodium caseinate, which is 

commonly used as emulsifier in food products. The lower emulsifying capacities of 

the lupin proteins are most  likely attributed to the lower surface activity resulting 

from the globular and rigid structure of plant proteins in general [Damodaran, 1989].

Gel forming properties of selected lupin protein isolates

The gel  forming  characteristics  of  selected  LPI  were  determined  by dynamic 

rheological measurements at concentrations of 15% (w/w) in water
demin

. Generally, a 

gel  is  defined  as  an  intermediate  state  between  solid  and  liquid  which  is 

characterised  by  a  three-dimensional  network  of  polymers  within  an  aqueous 

surrounding [Cheftel et al., 1992]. 

As shown in Figures  3.8 and  3.9, the protein isolate produced from full-fat  L. 

albus cv. TypTop flakes revealed the highest storage (G') and loss moduli (G'') of 

the investigated LPI with values of a maximum of 4,297 and 779 Pa. These values 

represented a Weissenberg number W' of 5 to 6. Weissenberg numbers of 0 to 5 

correspond to viscous gels with little elastic properties, whereas W' values of 10 to 

15 equate for elastic and firm gels. 

Sathe et al., 1982 reported that the least gelation concentration was 14% (w/w) 

for protein concentrates of L. mutabilis L., which seems to be in a similar range than 

for L. albus cv. TypTop. Similar gelation concentrations were reported previously for 

several legume protein concentrates and isolates including soybean, bean and pea 

proteins  [Horax  et  al.,  2004,  Kaur  &  Singh,  2007,  King  et  al.,  1985,  Sathe  &

Salunkhe, 1981]. The least gelation concentration describes the gelation capacity of 

a  protein  isolate  or  concentrate  being  lower  for  proteins  with  higher  gelation 

capability.  Consequently,  the  least  gelation  concentration  of  L. angustifolius cv. 
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Boregine and L. luteus cv. Bornal protein isolates seemed to be higher than 15% 

(w/w)  according  to  the  present  study  since  a  gel  formation  during  heating  and 

subsequent cooling could not be observed. Only a slight increase in storage and 

loss moduli during heating to 90°C and subsequent cooling to 20°C for the LPI of L. 

angustifolius cv. Boregine and L. luteus cv. Bornal, respectively, could be detected 

(Figures 3.8 and 3.9). 

Altogether,  the  isolates  of  L.  albus cv.  TypTop  formed  moderate  gels  at 

concentrations of about 15% (w/w), whereas no gel formation was revealed for the 

protein isolates of the narrow-leafed and yellow lupin varieties. The differences in 

the gelation properties of the investigated LPI might be attributed to variations of 

protein fractions, which were shown during gel electrophoresis (Figure 3.10) and will 

be  discussed  below  (section  4.3.4).  These  results  indicate  that  the  white  lupin 

protein  isolate  might  be  feasible  for  the  application  in  sausages  or  other  food 

systems where gel formation is necessary, while the isolates of L. angustifolius cv. 

Boregine and  L.  luteus cv.  Bornal  are  not  suitable  for  these applications  at  the 

analysed concentrations. 

      4.3.3 Thermal behaviour of selected lupin protein isolates

In addition to the gel forming properties, the thermal behaviour of selected LPI 

were  analysed  by  means  of  differential  scanning  calorimetry  (DSC).  DSC  had 

previously been proven to be a useful tool to determine the thermal transition of 

globular proteins during heating [Wright, 1984].

During analysis, 20% (w/w) aqueous protein solutions were heated from 40 to 

120°C at  a heating  rate of  2 K min-1.  As described  in section 3.3.4,  the protein 

isolates of the narrow-leafed lupin varieties Boregine, Boltensia and Bora as well as 

the protein isolate produced from full-fat flakes of L. albus cv. TypTop exhibited two 

endothermic transitions, whereas only one transition was obtained for the protein 

isolate  of  L.  luteus cv.  Bornal  (Table  3.7).  The  peak  temperatures  of  the  1st 

endotherm were similar with about 82°C for the isolates of L. albus cv. TypTop and 

L. angustifolius cv. Boregine (2006). Significantly higher peak temperatures were 

received  for  the  isolates  of  L.  angustifolius cv.  Boltensia  and  Boruta  with 

temperatures of about 84°C and 86°C, respectively. The 2nd endothermic transition 

at 93°C was comparable for the LPI of the narrow-leafed lupin varieties, whereas a 

slightly higher peak temperature was determined for  L. albus cv. TypTop (95°C). 
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The 1st endothermic transition ranging from 82 to 86°C is most likely related to the 

denaturation of conglutin  β as described by Kiosseoglou et al., 1999. Additionally, 

the 2nd endothermic transition might be attributed to the denaturation of conglutin α 

according  to  Sousa et  al.,  1995.  However,  inconsistent  results  were reported in 

literature for the thermal behaviour of lupin proteins during heating and recording by 

DSC. Similar peak temperatures for a  L. albus L. protein isolate were reported by 

Kiosseoglou et  al.,  1999 who also used isoelectric  precipitated proteins for  their 

analysis. However, different results were obtained for the endothermic transitions of 

proteins derived from L. albus L., L. angustifolius L., and L. luteus L. [Sousa et al.,

1995,  Wright  &  Boulter,  1980].  These  researchers  found  a  total  of  three 

endothermic transitions with peak temperatures ranging from 91 to 123°C. These 

discrepancies might be attributed to the application of higher heating rates, which 

might  result  in  a  temperature  shift  to  higher  temperatures.  Additionally,  the 

application of lupin flours, which comprises all lupin protein fractions, instead of LPI 

for  the  assessment  of  the  thermal  behaviour  by  these  researchers  most  likely 

results  in  a  total  of  three  endothermic  transitions.  Nevertheless,  the  peak 

temperatures of the investigated LPI are in good accordance to the denaturation 

temperatures reported for soy protein isolates with temperatures of 76°C and 91°C 

[Hermansson, 1978]. These results indicate that the mechanisms of denaturation 

for soy and lupin globulins are comparable. 

Comparing the endothermic enthalpies of the investigated isolates a significantly 

higher 1st enthalpy (about 15 times) compared to the 2nd transition enthalpy can be 

seen for  L. albus cv. TypTop. For the narrow-leafed lupin varieties the ratio of the 

enthalpies of both endotherms were within a range of 2 to 6 and thus, significantly 

lower  compared  to  the isolate  of  L.  albus cv.  TypTop.  These differences  might 

either be attributed to variations in protein fractions or to the impairment of specific 

protein fractions by the isolation procedure. Therefore, these fractions may reveal 

lower denaturation enthalpies. Until now, literature on the thermal behaviour of lupin 

proteins is only scarcely available and the methods used for determining the peak 

temperatures and enthalpies were not comparable. Therefore, the results obtained 

in the present work cannot be directly compared to previous investigations.
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      4.3.4 Protein fractions of selected lupin protein isolates

The protein  fractions  present  in  selected  LPI  of  different  lupin  varieties  were 

analysed using one-dimensional polyacrylamide gel electrophoresis as described in 

section 6.10. The molecular weights of the protein fractions were calculated by their 

migration length in the acrylamide gel relative to a molecular weight standard with 

known molecular weights. The analysis was carried out qualitatively. 

As described in section 3.3.5, the composition of the protein fractions of different 

lupin species varied significantly in their numbers and their molecular weights. The 

protein isolates of L. luteus cv. Bornal and L. albus cv. TypTop exhibited 12 and 15 

protein fractions, respectively, with molecular weights of 17 to 58 kDa, whereas the 

protein isolates of  L. angustifolius cv. Boregine and Vitabor displayed 17 protein 

fractions  with  molecular  weights  of  17 to  108 kDa (Figure  3.10).  The molecular 

weights of the lupin fractions of the investigated isolates are within the same range 

as previously reported [Blagrove & Gillespie, 1975,  Cerletti et al., 1978,  Duranti et

al., 1981, Joubert, 1955 b, Joubert, 1955 a, Sironi et al., 2005]. Recently, Sirtori et

al., 2008 reported that the protein fractions of  L. angustifolius  L. and  L. albus L., 

which  were  determined  using  two-dimensional  gel  electrophoresis,  differed 

markedly. Furthermore, these researchers found that L. angustifolius L. revealed a 

distinct  fraction  at  a molecular  weight  of  60 kDa,  which was  not  present  in  the 

proteins  of  L. albus L..  Similar  results  were  obtained  in  the  present  work.  At  a 

molecular  weight  of  about  60 kDa two  protein  fractions  were  determined  for  L. 

angustifolius cv. Boregine and Vitabor, whereas these fractions were not present in 

the proteins of  L. albus cv. TypTop and  L. luteus cv. Bornal, respectively. These 

findings indicate that the molecular weights of protein fractions might be feasible for 

the distinction between different species. In contrast to the results of the present 

thesis,  fractions  with  slightly  higher  molecular  weights  of  up  to  86  kDa  were 

observed in the proteins of yellow lupin varieties [Ratajczak et al., 1999]. However, 

these researchers used an isolation assay for all globulins present in lupin seeds 

rather than isoelectrically precipitated proteins, which were applied in the present 

investigation.

Generally,  it  is well  known that the functionality of proteins during processing, 

production and storage is influenced by the molecular  properties of  the proteins 

including size, the amino acid composition, and the flexibility of protein molecules. 

Therefore, the variations of sizes and numbers of protein fractions between different 

lupin  species  are  most  likely  responsible  for  the  different  functional  properties 
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determined and discussed previously (sections 3.3.3 and 4.3.2).  However, due to 

the high number of fractions a clear correlation between size, fraction and functional 

characteristics  is  not  possible  with  the  present  data.  This  interrelationship  of 

fraction,  size and protein functionality might  be basis for  further  investigations in 

order to better understand the mechanisms of the functionality of lupin proteins and 

other legume proteins.

      4.3.5 Concluding remarks

In conclusion, considerable differences were obtained for the investigated lupin 

varieties and species in their dry matter and their protein recoveries, their functional 

properties  (protein  solubility,  emulsifying  capacities  and  gelation),  their  thermal 

behaviour as well as the protein fractions of the corresponding LPI. Overall, greater 

distinctions were obtained between lupin species than between lupin varieties within 

the same species.  Thus, the differences might  be related to variations in protein 

fractions of the isolates. The molecular weights as well as the number of protein 

fractions were similar within the same variety, whereas significant differences were 

found for different species. Additionally, the presence of different protein fractions 

also seemed to influence the functionality of the isolates. According to the results 

presented in  section 4.3.2,  LPI derived from narrow-leafed lupin species exhibited 

good emulsifying properties, whereas the protein isolate of L. albus cv. TypTop had 

better gel forming properties at concentrations of 15% (w/w). Altogether, the protein 

recoveries of L. albus cv. TypTop and L. angustifolius cv. Boregine were found to be 

superior  to that of  the other investigated varieties. Therefore,  L. angustifolius cv. 

Boregine  was  chosen for  further  experiments  on sensory properties  and odour-

active compounds as well  as de-oiling  due to its availability,  the highest  protein 

recoveries amongst  narrow-leafed lupin varieties as well  as the high emulsifying 

capacities of its isolate.  

   4.4 COMPARISON OF SENSORY PROPERTIES AND ODOUR-ACTIVE COM-  
        POUNDS OF LUPIN FLOURS AND LUPIN PROTEIN ISOLATES

Until  now,  studies  on  the  sensory  properties  as  well  as  the  odour-active 

compounds present in lupin flours or protein isolates have not been published. In 

general, among the group of Fabaceae, aroma components of soybean flours have 

been studied most extensively over three decades starting in the late 1960s using 
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different  methods of  sample preparation and gas chromatographic (GC) analysis 

combined with mass spectrometry (MS) or flame ionisation detection (FID), or gas 

chromatography–olfactometry (GC-O) [Arai et al., 1967, Kato et al., 1981, Mattick &

Hand, 1969,  Rosario et al., 1984]. In further investigations, the volatiles of winged 

beans, green peas and lupin proteins fermented with lactic acid producing bacteria 

have been studied by other researchers [Jakobsen et al., 1998,  Mtebe & Gordon,

1987, Murray et al., 1976, Schindler et al., 2011]. Summarising these studies, many 

different  volatiles  from  various  chemical  classes  like  alcohols,  saturated  and 

unsaturated aldehydes or ketones, terpenes, as well as some others, have been 

identified  in  legume  flours.  Generally,  diverse  pyrazines  and  aldehydes  were 

reported as being the most common contributors to the specific aroma profiles of  

legumes. 

Therefore,  the aim of  the present  investigation was to determine the sensory 

properties along with the odour-active compounds of freshly prepared lupin flour of 

L. angustifolius cv. Boregine without storage. Furthermore, the sensory properties 

and odour-active compounds of lupin flour stored at -20°C and 14°C for 6 month as 

well as lupin protein isolate prepared from full-fat L. angustifolius cv. Boregine flakes 

were compared in order to study the influences of processing and storage on the 

odour-active compounds. In a first step an aroma extract dilution analysis (AEDA) 

was carried out to estimate the impact of odour-active compounds on the overall 

flavour of lupin flour. Subsequently, the odorants were identified by HRGC-GC/MS 

analysis.  

      4.4.1 Sensory properties and odour-active compounds of lupin flour

In  order  to  investigate  the  sensory  characteristics  and  the  odour-active 

compounds presumably responsible for the flavour of lupin protein ingredients, the 

dehulled lupin kernels were ground with liquid nitrogen using the ultra centrifugal 

mill with a 0.5 mm screen insert. The lupin flour was either used for the sensory 

evaluations or for the characterisation and identification of odour-active compounds 

by HRGC-O or HRGC-GC/MS.   

Sensory properties of lupin flour

The sensory properties of lupin flour of L. angustifolius cv. Boregine (2008) were 

investigated by presenting a sample of freshly ground lupin flour to trained panellists 
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of the Fraunhofer IVV as described in section 6.11.1. During these evaluations the 

lupin flour was described by the flavour attributes  cheese-like,  metallic,  green  or 

grassy,  meat-like,  fruity,  fatty and  hay-like  (Figure  3.11).  These  attributes  were 

selected  during  a  descriptive  sensory  trial  prior  to  the  aroma  profile  analysis. 

Attributes like green/grassy and hay-like have been used previously to describe the 

odour of soybean flour, green peas and beans, respectively, by Berger et al., 2007, 

Kato et al., 1981 and Murray et al., 1976. However, fruity and cheese-like attributes 

were only reported for soy protein isolate rather than soy flours [Boatright & Crum,

1997]. Furthermore, the overall intensity of the aroma of the lupin flour was rated 

weak to medium by the panellists [Bader et al., 2009].

Odour-active compounds of lupin flour

Lupin flour of L. angustifolius cv. Boregine (2008) was extracted three times with 

100 mL of  dichloromethane;  volatile  compounds including dichloromethane were 

separated  by  means  of  SAFE  (solvent  assisted  flavour  evaporation)  and 

concentrated to 150 µL.  In this solvent  extract,  25 odour-active compounds with 

FD-factors equal to or higher than 32 were detected by sniffing 1:2 diluted aliquots 

of the extract. Overall, 15 of these compounds were successfully identified for the 

first time using HRGC-MS or HRGC-GC/MS (Table 3.8, f). Furthermore, it became 

evident that the sensory evaluation of the lupin flour was in good agreement with 

the results of the AEDA and the identification experiments: altogether,  the odour 

qualities of the identified substances with FD-factors equal to or higher than 256 

(Table  3.8,  nos.  4,  9,  10,  11,  12,  18)  fitted  well  with  the  odour  attributes  fatty, 

cheese-like,  and  metallic,  describing  the  overall  lupin  flour  aroma during  aroma 

profile analysis. 

The odour-active compounds, which were identified for the first time in lupin flour, 

comprised compounds of various chemical classes including unsaturated aldehydes 

and ketones, carboxylic acids, 3-alkyl-2-methoxypyrazines as well as lactones and 

terpenes. According to the different chemical properties and the specific structural 

features  of  the  identified  aroma  compounds  different  metabolic  and  reaction 

pathways leading to these substances can be assumed [Bader et al., 2009].

Some of  the identified  odorants,  such as unsaturated and saturated carbonyl 

compounds, most likely derive from lipoxygenase activity in lupin flour. Lupin flour 

contains high amounts of polyunsaturated fatty acids, in particular linoleic (18:2) and 



 4  Discussion           99

linolenic acid (18:3), amounting to 200 to 440 g kg-1 and 20 to 130 g kg-1 of the total 

fat for linoleic and linolenic acid, respectively [Boshin et al., 2008, Schieber & Carle,

2006].  These  fatty  acids  have  been  described  to  be  sensitive  to  lipoxygenase 

activity  and are precursors  of  some particularly  potent  odour-active compounds. 

Odorants with low odour thresholds reported to derive from oxidation of linoleic and 

linolenic  acid  are  oct-1-en-3-one  (mushroom-like),  (E)-  and  (Z)-non-2-enal 

(cardboard-like),  trans-4,5-epoxy-(E)-dec-2-enal  (metallic),  (Z)-octa-1,5-dien-3-one 

(geranium-like,  metallic) and  (E,Z)-nona-2,6-dienal  (cucumber-like)  [Belitz  et  al.,

2001]. These compounds were identified in lupin flour with quite high intensities and 

they can be assumed – in consequence – to be very important for the overall aroma 

of lupin flour (Table 3.8). The mentioned substances have been previously identified 

in legume products by several researchers, e.g.  oct-1-en-3-one in soybean flour, 

frozen green peas, blanched green peas and raw beans [Hinterholzer et al., 1998, 

Jakobsen et  al.,  1998,  Kato et  al.,  1981,  Kobayashi  et  al.,  1995,  Murray et  al.,

1976].  Furthermore,  (E,Z)-nona-2,6-dienal  and  (Z)-octa-1,5-dien-3-one  were 

identified  in  unblanched  green  peas  and  raw  beans  [Hinterholzer  et  al.,  1998, 

Murray  et  al.,  1976] and  (E)-non-2-enal  was  previously  found  as  constituent  of 

soybean flour [Kobayashi et al., 1995], whereas trans-4,5-epoxy-(E)-dec-2-enal and 

(Z)-non-2-enal have only been reported in raw beans [Hinterholzer et  al.,  1998]. 

However, until now no investigations indicated the presence of these compounds in 

flours of other legumes [Bader et al., 2009].

In the solvent extract of lupin flour of  L. angustifolius cv. Boregine also two 3-

alkyl-2-methoxypyrazines  (3-isopropyl-2-methoxypyrazine  and  3-isobutyl-2-

methoxypyrazine) were identified with FD-factors of 32 and 256, respectively. These 

odorants  were  previously  reported  to be present  in  frozen green  peas and raw 

beans by Hinterholzer et al., 1998 and Murray et al., 1976. Despite the fact that they 

exhibit high odour potencies in the samples, they are most probably present in lupin 

flour in low amounts because their odour thresholds are extremely low (0.013 and 

0.038  µg  L-1 water)  [Czerny  et  al.,  2008].  There  are  indications  that  the 

methoxypyrazines  originate  from  a  secondary  metabolic  pathway  in  plants  as 

demonstrated in some raw vegetables like peas, beans, and others [Belitz et al.,

2001,  Murray & Whitfield,  1975].  Barra  et  al.,  2007,  Jakobsen et  al.,  1998 and 

Murray  et  al.,  1976 found  that  β-ionone,  which  was  one  of  the  most  intense 

odorants in the present study with a FD-factor of 512, is also present in frozen and 

blanched green peas as well as in beans. This compound was reported to derive 
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from  the  oxidation  of  carotenoides,  e.g.  β-carotene  [Bader  et  al.,  2009].  This 

oxidation is most likely enzymatically mediated by lipoxygenase as some isozymes 

are able to concomitantly oxidise carotenes [Aziz et al., 1999, Grosch et al., 1977, 

Wu  et  al.,  1999].  Lipoxygenase  activity was also  determined in  seeds of  sweet 

lupins (L. albus L. and L. angustfiolius L.). However, the activity was reported to be 

about 10 times lower than that of soybean lipoxygenase [Yoshie-Stark & Wäsche,

2004].  Therefore,  a similar  mechanism for  concomitant  oxidation of  carotenoides 

might be assumed for soybean and lupin seeds.

In lupin flour of  L. angustifolius cv. Boregine (2008) also carboxylic acids like 

acetic  acid,  pentanoic  acid  and  2-methylbutanoic  acid,  co-eluting  together  with 

3-methylbutanoic  acid,  were  identified  with  FD-factors  of  32,  32,  and  2048, 

respectively. Acetic acid was previously identified in raw soybeans in trace amounts 

by Arai et al., 1967, while 2- and 3-methylbutanoic acid were detected only on the 

basis of their mass spectra in winged bean flour by  Mtebe & Gordon, 1987. The 

carboxylic acids most likely derive from the degradation of amino acids due to the 

metabolism  of  microorganisms  present  on  the  hulls  of  the  lupin  seeds  or  the 

oxidation of aldehydes which might be mediated by metal ions present in the lupin 

flour.  However,  the  formation  of  acetic  acid,  2-methylbutanoic  acid  and 

3-methylbutanoic  acid  was  described  previously  by  Czerny  &  Schieberle,  2002 

during the fermentation of wheat flour [Bader et al., 2009]. 

In the present study, nine odour-active compounds, namely 2-acetyl-1-pyrroline, 

(E,E,Z)-nona-2,4,6-trienal  or  (E,Z,E)-nona-2,4,6-trienal,  maltol,  γ-octalactone, 

γ-nonalactone,  γ-decalactone, sotolone, vanillin, and phenylacetic acid have been 

identified for  the first  time in the flour of  legume seeds.  As already described in 

section 3.4.1 ethyl vanillin was not identified in the course of the repetition of these 

experiments. The presence of this compound in the first AEDA might be related to 

impurities of the apparatus applied for preparing the solvent extracts or the solvents 

used.  According  to  literature,  2-acetyl-1-pyrroline  derives  from  free  amino  acid 

precursors  in  wheat  flour  and wheat  bread [Schieberle,  1990]. The presence  of 

2-acetyl-1-pyrroline  seems to  be influenced by processes  like  cooking,  roasting, 

baking  or  toasting  as  it  is  likely  to  be  formed  during  heat  exposure  of  plant 

materials.  Nevertheless,  2-acetyl-1-pyrroline  was  also  identified  in  raw  beans, 

whereas  the  FD-factor  increased  remarkably  after  cooking  [Hinterholzer  et  al.,

1998]. A similar mechanism might be proposed for the formation of this odour-active 

compound in lupin flour, although the exact mechanism has not been reported until 
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now. (E,E,Z)-Nona-2,4,6-trienal has been described as the key aroma compound of 

oat  flakes  having  a  very low odour  threshold  [Schuh  & Schieberle,  2005].  This 

compound exhibits a typical  oat flakes-like flavour and seems to derive from the 

oxidation of linolenic acid in oat flakes. Maltol is also present in lupin flour with a 

relatively high FD-factor of 256. This compound is normally formed during Maillard 

reactions  [Karagül-Yüceer  et  al.,  2004].  As  the  lupin  seeds  are  not  extensively 

heated, the formation of maltol in lupin flour might be due to a secondary metabolic 

pathway rather than heat induced, which has not been identified until now [Bader et

al., 2009]. 

Regarding the lactones identified in lupin flour, it was reported previously that γ-

lactones are normally present in plant materials, while δ-lactones are mostly present 

in animal products. The γ-lactones are most likely derived from the oxidation of oleic 

acid  [Schwab  &  Schreier,  2002].  This  corroborates  the  findings  of  the  present 

investigations as only γ-lactones (γ-octalactone, γ-nonalactone and γ-decalactone) 

were identified in lupin flours.  Sotolone, revealing a FD-factor of 256 in lupin flour, 

was also identified by Blank et al., 1993 in fenugreek seeds in quite high amounts. 

The  authors  showed  that  fenugreek  seeds  contained  free  and  bound  sotolone. 

Fenugreek  seeds,  like  lupin  seeds,  also  belong  to  the  family  of  Fabaceae. 

Therefore, this indicates that sotolone, which was identified in lupin flour as well, 

seems to be an odour-active compound of  the secondary metabolism of  legume 

plants.

Altogether, the identified odour-active compounds in flour of  L. angustifolius cv. 

Boregine could vary to some extent  due to climatic variations,  production areas, 

different  lupin  species,  or  storage  conditions  of  the  seeds.  Thus,  in  further 

experiments the odour-active compounds of lupin seeds stored at -20°C and 14°C 

for six months were compared (section 3.4.1 and 4.4.2). 

     4.4.2 Comparison of the odour-active compounds of differently stored lupin  
          flours

In order to study the influence of storage under different conditions on the odour-

active compounds of  lupin kernels,  the hulled seeds were stored at 14°C and at 

-20°C for six months. At -20°C the aluminium bags were evacuated, while they were 

left  open  at  14°C  to  simulate  normal  storage  under  aerated  conditions. 

Subsequently,  aroma extracts  of  these samples  were prepared according to the 

described method in  section 6.14.1 and 6.14.2. The concentrated aroma extracts 
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were  used  for  performing  a  comparative  AEDA  (cAEDA),  which  reveals  the 

differences in FD-factors of the determined odorants by alternate sniffing of each of 

the extracts within the same FD-factors.

Altogether, 23 compounds were present in the concentrated aroma extracts after 

storage for six months at 14°C and -20°C as described previously (section 3.4.1). 

Two  compounds  –  an  earthy  smelling  unknown  compound  and  γ-decalactone 

(Table 3.8, no. 6 and no. 21), which were present in the non stored lupin kernels, 

were not olfactorily detected during the cAEDA of the stored kernels. As already 

described previously, only six compounds out of 23 were different for lupin kernels 

stored at 14°C and -20°C for six months. These compounds together with their FD-

factors in the aroma extracts are listed in Table 4.1.

Table  4.1: Important odorants with FD-factors  ≥ 32 showing significant differences in their 
FD-factors between lupin kernels stored at -20°C and 14°C for six months

Odour-active 
compound

Odour qualitya

FD-factorsb

Lupin kernels 
-20°C

Lupin kernels 
14°C

Oct-1-en-3-one Mushroom-like 32 128

(Z)-Non-2-enal Cardboard-like 8 32

3-Isobutyl-2-
methoxypyrazine

Green pepper-like, 
earthy 256 32

(E)-Non-2-enal
Cardboard-like, 
fatty, green 16 64

Unknown Phenolic, spicy 256 64

Sotolone Spicy, savoury-like 512 16
a: odour quality as perceived at the sniffing port
b: FD-factor on capillary column DB-FFAP

As shown in Table 4.1 three compounds revealed higher FD-factors in the aroma 

extracts  of  lupin  kernels  stored  at  14°C.  These  comprised  two  unsaturated 

aldehydes ((Z)-non-2-enal, (E)-non-2-enal) as well as one unsaturated ketone (oct-

1-en-3-one), which are most likely derived from lipid oxidation. Due to the relatively 

low water content of the kernels of about 110 g kg-1 representing a water activity of 

approximately 0.6, the lipid deterioration might be related to both autoxidative and 

lipoxygenase-mediated oxidations.  
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Furthermore,  three  compounds  which  exhibited  green (3-isobutyl-2-

methoxypyrazine)  or  spicy odour attributes (sotolone and an unknown compound) 

displayed higher FD-factors in lupin kernels stored at -20°C for six months. 

Altogether, only slight differences were obtained for the lupin kernels stored at 

different temperatures for six months. This indicates that lupin kernels can be stored 

for  six months at 14°C without  impairing the odour-active compounds to a major 

extent. Until now, no literature was available on potential changes of the profiles of 

the odour-active compounds during storage of lupin kernels or flours.

     4.4.3 Comparison of the sensory properties and odour-active compounds of 
           lupin flour and lupin protein isolate

In addition to the differently stored lupin kernels, the effects of processing of full-

fat L. angustifolius cv. Boregine (2008) flakes to protein isolates were characterised 

by means of a comparative AEDA (cAEDA) and aroma profile analysis. 

Sensory properties of lupin protein isolates in comparison to full-fat flakes

The aroma profile  of  the liquid LPI (lupin protein isolate)  having a dry matter 

content  of  180  g  kg-1 was  assessed  by  10  panellists  of  the  sensory  panel  of 

Fraunhofer IVV as described in section 6.11.1. The aroma profile analysis revealed 

weak  intensities  (intensity  scores  ≤ 1)  for  metallic,  cheese-like,  fruity,  green  or 

grassy and  meat-like odour  impressions.  Medium  to  high  intensities  (intensity 

scores 2 to 3) were obtained for  hay-like,  fatty and  oat flakes-like  (Figure 3.25). 

Considerably  higher  intensities  of  the  LPI  were  determined  for  the  fatty smell, 

whereas the odour impression  oat flakes-like was not present in the dehulled and 

freshly ground lupin kernels.  The overall intensity of the aroma of LPI was rated 

similarly to that of the full-fat lupin kernels stored at -20°C having medium intensity. 

Similar  results  were  reported  for  soy  proteins  compared  to  soy  flakes.  After 

processing, the overall flavour intensity of soy protein isolates was comparable to 

that of soy flours, while the flavour attributes changed markedly. This implies that 

during  the isolation  procedure some,  but  not  all  odour-active compounds  of  the 

flours  might  be extracted  or  some might  be degraded,  whereas  other  odorants 

might  be  generated  during  processing  [Kalbrener  et  al.,  1974].  In  order  to 

investigate  the  odour-active  compounds  responsible  for  the  aroma  profile,  the 
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odour-active  compounds  of  the  LPI  and  the  stored  lupin  kernels  (-20°C)  were 

compared.

Odour-active  compounds  of  lupin  protein  isolates  in  comparison  to  lupin 
kernels

In order to study the effects of processing lupin flakes into protein isolates on the 

odour-active  compounds,  a  comparative  AEDA (cAEDA)  of  stored  lupin  kernels 

(-20°C, six months) and the neutralised liquid protein isolate (pH 6.8) was carried 

out. After extraction, separation and concentration of the odour-active compounds 

as described in  sections 6.14.1 and 6.14.2,  HRGC-O analysis  and cAEDA were 

performed by diluting the aroma extracts stepwise in a ratio of 1:2. 

According to section 3.4.2, the LPI revealed 47 odour-active compounds, while 

the  aroma extract  of  the  lupin  flour  comprised  49  odorants.  A  total  of  only  19 

odorants displayed flavour dilution factors (FD-factors) of equal to or higher than 32 

(Table 3.10). Out of these odorants, only seven odour-active compounds exhibited 

similar FD-factors in both lupin flour and LPI, whereas all other compounds showed 

clear  differences  in  their  FD-factors.  These  compounds  together  with  their  FD-

factors in the aroma extracts are listed in Table 4.2.

In general,  all odorants present  in LPI were also perceived during sniffing the 

aroma extract of the lupin flour. Therefore, new odorants were not formed during 

the extraction and isolation procedure of LPI (Table 3.10). 

According to Table 4.2, considerably higher FD-factors in the LPI were obtained 

for  several  compounds  associated  with  fatty odour  impressions,  which  are 

represented by unsaturated aldehydes like (E)-non-2-enal, (E)-dec-2-enal, (Z)-dec-

2-enal,  (E,E)-nona-2,4-dienal,  (E,E)-deca-2,4-dienal.  In  addition,  hexanal  and the 

oat flakes-like compound ((E,E,Z)- or (E,Z,E)-nona-2,4,6-trienal) were found to have 

higher  FD-factors  in  the  LPI  compared  to  lupin  flour.  In  consequence,  these 

aldehydes  can be assumed to be important  for  the  overall  aroma profile  of  the 

isolate.  The aroma profile  of  the LPI  (Figure  3.25)  also corroborates  the higher 

FD-factors found for the mentioned compounds. Noticeably higher intensities during 

the sensory evaluations were determined for fatty, hay-like, grassy or green as well 

as  oat flakes-like, which was not characteristic for the aroma profile of lupin flour. 

Otherwise,  the  intensities  of  metallic,  cheese-like,  fruity,  and  meat-like were 

comparable or lower for the protein isolates than for the lupin flour (Figures  3.11 

and 3.25).
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Table  4.2: Important odorants  showing significant  differences in their  FD-factors between 
lupin kernels stored at -20°C for six months and full-fat LPI 

Odour-active 
compound

Odour qualitya

FD-factorsb

Lupin kernels 
-20°C

LPI

Hexanal Grassy, green 16 256

Oct-1-en-3-one Mushroom-like 128 16

3-Isopropyl-2-
methoxypyrazine

Pea-like, green 
pepper-like 128 2

(E)-Non-2-enal
Cardboard-like, 
green, fatty

32 512

(Z)-Dec-2-enal Cardboard-like 2 64

(E)-Dec-2-enal Cardboard-like 16 512

2-/3-Methylbutanoic 
acid

Sweaty, fruity, 
cheese-like

2048 64

(E,E)-Nona-2,4-
dienal

Fatty, rancid 4 512

(E,E)-Deca-2,4-
dienal

Fatty, rancid 16 256

(E,E,Z)-Nona-2,4,6-
trienal/ (E,Z,E)-
Nona-2,4,6-trienal

Nutty, oat flakes-
like

128 512

Maltol Caramel-like 64 8

Unknown Musty, clam-like 32 4
a: odour quality as perceived at the sniffing port
b: FD-factor on capillary column DB-FFAP

As  already  discussed  in  section  4.4.1,  saturated  and  unsaturated  carbonyl 

compounds  are  most  likely  derived  from  lipoxygenase-mediated  reactions  by 

oxygenation of unsaturated fatty acids like linoleic (18:2) and linolenic acid (18:3), 

which are present in lupin oil in quite high amounts [Boshin et al., 2008, Schieber &

Carle,  2006].  The  saturated  and  unsaturated  aldehydes  identified  in  the  aroma 

extracts  of  the  LPI  have  been  reported  previously  to  be  present  in  protein 

concentrates and isolates of several grain legumes [Belitz et al., 2001, Boatright &

Lei, 1999,  Ho & Chen, 1994,  Jakobsen et al., 1998,  Kalbrener et al., 1974,  Lei &

Boatright, 2001,  Mtebe & Gordon, 1987,  Murray et al., 1976,  Rackis et al., 1972, 
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Sessa & Rackis,  1976,  Solina et  al.,  2005].  These researchers also proposed a 

clear  correlation  between  lipoxygenase  activity  and  the  formation  of  potent 

unsaturated and saturated aldehydes. Therefore,  the aroma profile of the LPI as 

well  as  that  of  other  protein  ingredients  derived  from  legumes  are  most  likely 

dominated by odour-active compounds formed by lipoxygenase-mediated reactions. 

In  contrast  to  these  findings,  some  compounds  including  oct-1-en-3-one 

(mushroom-like), 3-isopropyl-2-methoxypyrazine (pea-like,  green pepper-like), 2-/3-

methylbutanoic  acid  (sweaty,  fruity,  cheese-like),  maltol  (caramel-like),  and  an 

unknown compound with a musty,  clam-like smell had lower FD-factors in the LPI 

compared  to  lupin  flour.  This  might  indicate  that  these  compounds  were 

concomitantly  extracted  in  aqueous  solutions  during  the  isolation  procedure. 

However,  an unequivocal  comparison of  the amounts  of  these odorants  in both 

lupin flour and LPI is not possible as only differences in FD-factors were obtained, 

but no quantitative data. Nevertheless, some of these compounds might originate 

from secondary plant metabolism as discussed previously [Bader et al., 2009]. In 

particular, 3-isopropyl-2-methoxypyrazine seems to be a secondary plant metabolite 

as it has been demonstrated to be present in raw vegetables like peas, beans, and 

others as well  [Belitz et al.,  2001,  Murray & Whitfield,  1975].  Possible formation 

pathways  for  other  important  odorants  have been  discussed  in  detail  in  section 

4.4.1. 

Altogether, clear differences in the aroma profile as well as in the FD-factors of 

several odour-active compounds of the LPI in comparison to the lupin flour have 

been determined in the present thesis. Higher intensities of fatty, hay-like, green or 

grassy as well as  oat flakes-like odour impressions were determined for the LPI. 

These higher intensities are clearly correlated to higher FD-factors of saturated and 

unsaturated  aldehydes  having  similar  odour  qualities.  These  odour-active 

compounds are most likely formed by lipoxygenase-mediated reactions during the 

aqueous isolation procedure. In contrast, other compounds like pyrazines, maltol, 

oct-1-en-3-one and 2-/3-methylbutanoic acid revealed lower FD-factors in the LPI. 

These findings might be associated to reduced intensities of  metallic,  cheese-like 

and meat-like odour impressions.
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      4.4.4 Concluding remarks

As  described  previously,  the  present  work  focussed  on  the  identification  of 

odour-active compounds in lupin flour and lupin protein isolates in order to evaluate 

the  effects  of  processing  lupins  into  isolates  for  the  first  time.  In  addition,  the 

influences of  storing hulled lupin kernels  at -20°C and 14°C on the odour-active 

compounds were investigated. 

The odour-active compounds, which were identified for the first time in lupin flour, 

comprised compounds of various chemical classes including unsaturated aldehydes 

and ketones, carboxylic acids, 3-alkyl-2-methoxypyrazines as well as lactones and 

terpenes  (section  4.4.1). According  to  the  different  chemical  properties  and the 

specific  structural  features  of  the  identified  aroma compounds  different  reaction 

pathways leading to these substances can be assumed. These formation pathways 

most  likely  include  lipoxygenase-mediated  reactions,  oxidation  of  fatty  acids, 

degradation of amino acids as well as secondary plant metabolism [Bader et al.,

2009].  

Furthermore,  the  odour-active  compounds  of  differently  stored  hulled  lupin 

kernels at -20°C and 14°C were investigated (section 4.4.2). Only slight differences 

were  obtained  for  the  FD-factors  of  the  stored  lupin  kernels.  At  a  storage 

temperature  of  14°C  slightly  higher  FD-factors  were  obtained  for  unsaturated 

aldehydes,  which  might  originate  from  the  oxidation  of  fatty  acids  either  by 

lipoxygenase-mediated reactions or by autoxidation. Additionally, lower FD-factors 

were  determined  for  green  pepper-like (3-isobutyl-2-methoxypyrazine)  and  spicy 

(sotolone  and an  unknown substance)  compounds.  These findings  indicate  that 

after  storage  of  dehulled  lupin  kernels  for  six  months  at  different  temperatures 

(14°C and -20°C) the FD-factors of important odour-active compounds varied only 

slightly.  Thus, lupin kernels might be stored at 14°C without impairing the aroma 

profile.

In addition to the lupin flours, the impact of processing lupins into lupin protein 

isolates on the odour-active compounds were analysed (section 4.4.3).  The aroma 

profile of the LPI changed significantly to higher intensities of  fatty,  hay-like,  green 

and  oat flakes-like odour  impressions in comparison to the profile  of  lupin flour. 

Similarly, higher FD-factors were obtained for saturated and unsaturated aldehydes 

in the LPI than in the lupin flour representing oxidation of fatty acids. The oxidation 

is most likely related to the activity of  lipoxygenase during the aqueous isolation 

procedure of the LPI, which influences the aroma of the LPI to a major extent. Thus,  



 4  Discussion           108

in order to improve the aroma of the LPI lipid oxidation should be avoided, which 

might  be accomplished by either enzyme inactivation or de-oiling of  lupin flakes. 

The latter  was  applied  in  the  present  thesis  to  improve flavour  properties  while 

maintaining the protein functionality and is presented in detail in  sections 3.5 and 

4.5. 

    4.5 DE-OILING OF LUPIN FLAKES

As described in section 4.4 several odour-active compounds present in lupin flour 

and  protein  isolates  derived  from  lipid  oxidation  either  by  autoxidation  or 

lipoxygenase-mediated  reactions.  To avoid  the  production  of  these  odour-active 

compounds two possible processes can be applied to lupin flakes: i) inactivation of 

enzymes by heat treatment and ii) removal of oil from the lupin flakes by de-oiling 

prior  to  the preparation  of  LPI.  The present  work  focussed on de-oiling of  lupin 

flakes by different organic solvents as well as by supercritical CO
2
 to remove fatty 

acids  –  possible  precursors  for  the  formation  of  odour-active  compounds. 

Furthermore, the functional, thermal, and sensory properties of the lupin flakes and 

the protein isolates thereof were compared (section 3.5). Inactivation of enzymes, in 

particular  of  lipoxygenase,  was not part  of  the present thesis as heat treatments 

most likely result in decreasing protein solubilities and therefore, decreasing protein 

recoveries during the protein isolation procedure.  

      4.5.1 De-oiling of lupin flakes with organic solvents

According to  section 3.5.1 acetone,  n-hexane, 2-methyl pentane, diethyl ether, 

2-propanol  and ethanol  were used as organic  solvents for  the  de-oiling  of  lupin 

flakes. These solvents were approved for de-oiling of oilseeds and legumes prior to 

the production of protein isolates according to the ordinance on technical additives 

for application as extraction solvents [Bundesjustizministerium, 2011], with the only 

exception being diethyl ether. Diethyl ether was used as a solvent for comparative 

reasons as it is often used during analytical procedures. 

Influence  of  different  organic  solvents  on  compository  changes  of  lupin 
flakes during the de-oiling procedures

As shown in  Table 3.11, the protein contents and the mineral contents of  the 

de-oiled  lupin  flakes  increased  markedly  to  values  of  340  to  373  g  kg -1 and 
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38 g kg-1, respectively. Furthermore, the dry matter contents of the de-oiled flakes 

rose to 902 to 917 g kg-1, whereas the residual fat content declined to values of 2 to 

7  g  kg-1 related  to  the  dry  matter  contents.  Significant  differences  were  only 

obtained for the protein contents of the acetone-, ethanol- and 2-propanol-de-oiled 

flakes in relation to the protein content of  the full-fat  flakes.  The increase of the 

protein  and  mineral  contents  of  the  de-oiled  flakes  are  most  likely  due  to  the 

extraction  of  oil  without  depletion  of  proteins  and  minerals  during  the  de-oiling 

process.  However,  the  greater  increase  of  the  protein  contents  with  acetone, 

ethanol and 2-propanol might be not only related to the lower residual fat content of 

the flakes, but also due to the extraction of α-galactosides, which were reported to 

be  soluble  in  alcohols  [Cerning-Béroard  &  Filiatre-Verel,  1980,  Gulewicz  et  al.,

2000,  Leske  et  al.,  1993].  In  addition,  the  removal  of  other  secondary  plant 

metabolites like flavonoids or phenolic compounds could also result in higher protein 

contents  of  the  acetone-,  ethanol-  and  2-propanol-extracted  flakes  [Johnson  &

Lusas, 1983]. In any case, the low fat content of alcohol-extracted lupin flakes is in 

good accordance with Johnson & Lusas, 1983 and Kwiatkowsky & Cheryan, 2002, 

who found similar  fat  contents  in soy flakes and maize flour  after  de-oiling with 

ethanol.  Also in agreement with the present  work,  the residual  oil  contents after 

extraction  with  diethyl  ether,  n-hexane,  2-methyl  pentane,  and  acetone  were 

reported  to  be  lower  than 10 g kg-1 for  cottonseed  flour  and soybean  flakes  by 

Abraham  et  al.,  1988,  Beckel  et  al.,  1948,  and  Pons  &  Eaves,  1967.  Low fat 

contents in the de-oiled lupin flakes are most  desirable as the unsaturated fatty 

acids present in lupin oil are susceptible to lipid oxidation as discussed previously 

(section 4.4).  The lower  the fat  contents of  lupin flakes,  the lower  might  be the 

formation  of  undesirable  flavour  compounds due to  lipid  oxidation  [Bader  et  al.,

2009,  section 4.4]. All solvents resulted in high oil depletion of more than 90% in 

relation to the full-fat flakes. Altogether, the oil extraction was highest for ethanol 

and 2-propanol with depletions of more than 96% resulting in the lowest residual fat 

content of about 2 g kg-1 and 3 g kg-1, respectively, which in turn caused the protein 

contents to increase to the highest  contents of 388 and 402 g kg-1,  respectively. 

These slightly higher oil extractions might be due to the higher polarity of alcohols in 

comparison to alkanes or ethers. Thus, alcohols have a higher power in extracting 

alcohol-soluble phospholipids and free fatty acids [Johnson & Lusas, 1983], which 

are part  of  the lipid  fraction  according to the method of  Caviezel applied in the 

present thesis [Bader et al., 2011].
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Protein solubility of de-oiled lupin flakes

According to Figure 3.13, similar protein solubilities varying from 79 to 87% were 

obtained for  the de-oiled and full-fat  lupin flakes at  pH 7.  The alcohol-extracted 

flakes were exceptions as remarkably lower protein solubilities compared to the full-

fat  lupin flakes were received.  The highest  protein solubility was obtained for  2-

methyl  pentane-defatted flakes revealing a solubility of  87%. This  slightly higher 

protein  solubility  compared  to  full-fat  lupin  flakes  might  be  attributed  to  the 

dissolution of phospholipids, which are part of the cell structure. As a consequence 

of  this  dissolution  the  main  storage  protein  fractions  of  lupin  might  be  better 

accessible for water extraction and thus, higher protein solubility was determined. 

The 2-propanol-de-oiled flakes revealed a protein solubility of 75%, which was not 

significantly different to the full-fat flakes. Otherwise, the solubility of the ethanol-de-

oiled lupin flakes declined significantly to a mean value of  64%. The decreased 

protein  solubilities  of  the 2-propanol-  and ethanol-de-oiled lupin  flakes  are most 

likely attributed to alteration or partial denaturation of lupin proteins. In particular, 

the  boiling  temperatures  of  2-propanol  and  ethanol  were  82°C  and  78°C, 

respectively.  However, in literature it  was shown that ethanol and 2-propanol are 

only miscible with oil at elevated temperatures of up to 70°C [Beckel et al., 1948]. 

Therefore,  high  temperatures  are  essential  for  an  efficient  de-oiling  involving 

ethanol or 2-propanol, respectively. Therefore, conglutin γ – the most heat-sensitive 

protein fraction of lupins – is most likely denaturated at these boiling temperatures. 

Conglutin  γ was reported to have an average denaturation temperature of  69°C 

[Duranti  et  al.,  2000].  Despite  the higher  boiling  temperature  of  2-propanol,  the 

solubility of the 2-propanol-extracted flakes was higher than that of the ethanol-de-

oiled flakes, which might be attributed to the higher relative polarity index of ethanol 

(0.65) compared to 2-propanol (0.55) [Reichardt,  2003]. Therefore, ethanol might 

exhibit  a higher  denaturing  effect  than 2-propanol.  The effect  of  denaturation by 

solvents having higher polarities was also described by Cheftel et al., 1992. All other 

solvents used in the present work did not impair the protein solubility and therefore, 

did not cause any influence on the denaturation of single protein fractions or on the 

complete protein of the lupin seeds. High protein solubility at pH 7 is essential for 

the  efficient  production  of  LPI  during  the  isolation  procedure  as  discussed 

previously [Bader et al., 2011]. 
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Protein recoveries and composition of LPI after de-oiling

The de-oiled lupin flakes were further processed to LPI applying the described 

process  consisting  of  two  acidic  pre-extractions  and  two  protein  extractions  at 

neutral pH followed by isoelectric precipitation, neutralisation and lyophilisation to 

receive powdered LPI (section 6.6.1). 

The  dry  matter  and  protein  contents  were  similar  for  all  isolates  and  no 

influences of  different  organic  solvents used for  de-oiling  were observed on the 

composition of the LPI (Table 3.12). This was expected as similar extraction and 

lyophilisation conditions were applied for all LPI. All isolates contained a minimum of 

856 g kg-1 protein in dry matter, thus conformed to the definition of “protein isolate”. 

However,  the  lowest  protein  content  of  856 g  kg-1 was  obtained  for  the  isolate 

derived from full-fat  lupin flakes,  which is most likely due to the presence of the 

highest fat content of all isolates. As described previously (section 4.3.2)  fat was 

accumulated  in  the  LPI  during  processing  when  the  isolates  exhibited  high 

emulsifying  capacities.  One of  the  highest  emulsifying  capacities  of  the  isolates 

derived from different lupin varieties was obtained for  L. angustifolius cv. Boregine 

and  therefore,  lupin  oil  was  enriched  in  the  protein  isolate.  LPI  obtained  from 

de-oiled flakes had higher protein contents than the protein isolates produced from 

full-fat lupin flakes due to the lower fat content of below 1% of the de-oiled flakes.  

Thus, a lower concomitant extraction and concentration of fat  components in the 

LPI were expected. The very high protein contents of all of the LPI underlines the 

suitability  of  the  isolation  procedure,  i.e.  the  majority  of  possibly  concomitantly 

extracted  compounds  were  effectively  removed  during  the  isolation  procedure. 

Similar protein contents were reported previously for LPI derived from hexane-de-

oiled lupin flakes [Alamanou & Doxastakis, 1997, D'Agostina et al., 2006, El-Adawy

et  al.,  2001,  King  et  al.,  1985,  Kiosseoglou  et  al.,  1999,  Ruiz  &  Hove,  1976, 

Sgarbieri  &  Galeazzi,  1978,  Wäsche  et  al.,  2001].  On  the  other  hand,  several 

authors obtained lower protein contents after isolation of the lupin proteins, which 

might be attributed to the application of a single stage isolation process consisting 

of  a  protein  extraction  at  neutral  to  alkaline  pH  values  and  subsequent 

concentration  using  isoelectric  precipitation  or  membrane  filtration  processes 

[Lampart-Szczapa,  1996,  Lqari  et  al.,  2002,  Sathe  et  al.,  1982].  This  also 

corroborates that the two stage process applied in the present thesis results in LPI 

with high purity. 
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In addition to the composition of the LPI, the protein recoveries were calculated 

by the protein content in dry matter of the LPI related to the initial protein content in 

dry matter of the full-fat and de-oiled lupin flakes. Significant differences were not 

obtained for the protein recoveries in all LPI which varied between 36% and 44% 

(Figure  3.14).  However,  the  lowest  protein  recoveries  of  38%  and  36%  were 

determined after de-oiling with 2-propanol and ethanol, respectively. This is clearly 

influenced by the decreased protein solubility compared to the other de-oiled flakes, 

as discussed before (Figure 3.13, section 4.5.1). Therefore, the protein recoveries 

of 2-propanol- and ethanol-de-oiled lupin flakes could be related to a higher protein 

denaturation  during  the  preceeding  de-oiling  step.  Despite  the  lower  protein 

recovery from the ethanol-de-oiled flakes, considering their high protein content of 

373 g kg-1, the total yield of protein isolate, i.e. the amount of protein isolate related 

to the input of flakes, from the ethanol-de-oiled flakes is still elevated with about 

14.5% compared to that  of  full-fat  flakes (14.0%).  Although the total yield of  the 

LPI
ethanol

 is less than the yield of the LPI produced from the other de-oiled flakes, 

which ranged from 14.6 to 16.7%. Altogether, protein recovery rates from de-oiled 

lupin flakes with values of 36% to 44% were in good accordance with previously 

reported protein recoveries of about 40% in a pilot-scale process using 2-methyl 

pentane-de-oiled lupin flakes [D'Agostina et al., 2006].

 Due to the overall  isolation procedure,  it  is  not  possible to gain all  proteins. 

Some proteins remain in the flakes,  whereas acid soluble protein fractions were 

extracted  during  the  acid  pre-extractions  and discarded  as  described  in  section 

6.6.1. These proteins can only be recovered by membrane filtration as described 

previously [D'Agostina  et  al.,  2006].  However,  the recovery process for  the acid 

soluble proteins, mainly comprising conglutin γ, was not part of the present work. 

Altogether, there were no significant differences between the protein isolates of 

full-fat  and de-oiled lupin flakes after the overall isolation procedure. Additionally, 

the protein recoveries were quite well related to the protein solubilities of the initial 

lupin flakes.  The higher the protein solubilities of  the flakes, the higher were the 

protein recoveries upon the protein isolation procedure with a regression factor (R2) 

of  0.75  (Figure  4.3).  Thus,  the  protein  solubility  is  a good  parameter  for  the 

estimation of protein recovery [Bader et al., 2011].
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Figure 4.3: Correlation between protein recovery and protein solubility of full-fat and de-oiled 
lupin flakes [Bader et al., 2011]

Functional properties of lupin protein isolates

Protein solubility and emulsifying capacity are important  characteristics for  the 

application  of  lupin  protein  isolates  in  different  food  systems.  As  described  in 

section 3.5.1, all protein isolates – either full-fat or de-oiled – had excellent protein 

solubilities at pH 7 of more than 90%. Significant differences were not determined 

between  the  LPI  produced  from  de-oiled  and  full-fat  lupin  flakes  (Table  3.13). 

Altogether, the protein solubility depends on the composition of the protein fractions 

and the denaturation of proteins in the isolates. Therefore, similar protein fractions 

seem to be present in the LPI of full-fat and de-oiled lupin flakes as similar isolation 

procedures  were  applied.  Additionally,  high  solubilities  are  indications  for  native 

proteins  and  low  denaturation  [Cheftel  et  al.,  1992].  However,  minor  protein 

denaturations were determined for the LPI
ethanol

 by DSC measurements as discussed 

in detail below [Bader et al., 2011]. 

The emulsifying capacities of the protein isolates varied between 710 and 760 

mL oil g-1 protein isolate, which is about 70% of the value of sodium caseinate, a 

commonly used food emulsifier (Table 3.13). Thus, the LPI show very high potential 

for  the application as emulsifiers  in different  food products.  Despite these minor 

deviations, significant differences were obtained for the emulsifying capacities. In 
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detail, the LPI
diethyl ether

 had a significantly higher emulsifying capacity than the LPI
full-fat

, 

the  LPI
2-methyl  pentane

,  the LPI
2-propanol

,  the  LPI
acetone

,  and the LPI
ethanol

.  Also,  significant 

differences were obtained between the LPI from n-hexane-de-oiled lupin flakes and 

the LPI
ethanol

 as well as LPI
2-propanol

. These differences might indicate some variations 

in  the  protein  structure.  Apart  from  protein  alterations,  the  higher  emulsifying 

capacities after de-oiling with non-polar solvents like n-hexane or 2-methyl pentane 

might  also be due to residual  phospholipids in the protein isolates.  According to 

Johnson  &  Lusas,  1983 n-hexane  without  impurities  is  not  able  to  dissolve 

phosphatides,  which most  likely results in a higher emulsifying capacity of  these 

isolates. 2-Methyl pentane was shown to be the most efficient hydrocarbon for the 

extraction of phosphatides and thus, hexane of technical grade is more efficient in 

oil and phosphatide removal than pure n-hexane [Johnson & Lusas, 1983]. Equally, 

the lower emulsifying capacities of LPI
ethanol

, LPI
acetone

 and LPI
2-propanol

 might also be 

attributed  to  the  higher  dissolution  of  phosphatides  [Johnson  &  Lusas,  1983]. 

Generally,  the protein solubilities as well  as the emulsifying capacities were only 

influenced slightly by the applied de-oiling procedures [Bader et al., 2011].

Thermal behaviour of LPI after de-oiling and protein isolation

After  de-oiling  and  protein  isolation,  the  thermal  properties  of  the  lyophilised 

proteins  were  determined.  In  order  to  detect  protein  alterations,  the  LPI  were 

subjected to DSC analysis using 200 g kg-1 (w/w) suspensions. According to section 

3.5.1,  the  thermograms  of  the  majority  of  the  LPI  revealed  two  endothermic 

transitions  at  80 to  85°C,  and at  95 to  97°C,  respectively (Table  3.14).  The  1st 

endothermic  transition  at  about  80°C most  likely  represents  the denaturation  of 

conglutin β, while the 2nd transition represents the denaturation of conglutin α as 

described  previously  for  the  full-fat  LPI  (sections  3.3.4  and  4.3.3)  and  other 

researchers [Kiosseoglou et al.,  1999,  Sousa et al.,  1995].  Only the LPI
full-fat

, the 

LPI
2-methyl pentane

 and the LPI
ethanol

 exhibited a 3rd endothermic transition at about 109°C 

with a very low enthalpy of 0.5 J g-1. This peak might occur due to a protein artefact 

or due to agglomeration of protein fractions. 

In  comparison  to  the  lupin  flakes,  no transition  was  found  at  a  denaturation 

temperature of 69°C for all LPI. This backed the hypothesis that the endothermic 

transition at 69°C corresponds to the conglutin γ which is not present in the LPI due 
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to the isolation procedure [D'Agostina et al., 2006]. Generally, significant differences 

were not obtained for the denaturation temperatures and the enthalpies of the 1st 

endothermic transition at  80 to 85°C, with an exception of  LPI
ethanol

.  The LPI
ethanol 

revealed a lower transition temperature of 79°C and a significantly lower transition 

enthalpy of 2.5 J g-1 protein. These findings might correspond to partial denaturation 

of the conglutin β fraction after de-oiling using ethanol and the production of protein 

isolates  from  the  ethanol-de-oiled  lupin  flakes.  Furthermore,  the  denaturation 

temperatures  of  the  2nd endothermic  transition  (94  –  98°C)  were  lower  for  the 

LPI
2-propanol

 and  LPI
ethanol

 compared  to  all  other  LPI.  Additionally,  the  enthalpy  of 

denaturation was significantly higher at the 2nd endotherm for LPI
ethanol

. This might 

further indicate a partial denaturation of the 11S fraction (conglutin α) after de-oiling 

with ethanol and maybe 2-propanol in combination with the applied protein isolation 

procedure. Another reason for the different peak temperatures and enthalpies might 

be the higher depletion of oil constituents like fatty acids or phospholipids, which 

might  have  a  stabilising  effect  on  lupin  proteins.  Thus,  in  agreement  with  the 

observations from the protein solubilities of the flakes, no denaturation seemed to 

occur  due  to  the  de-oiling  with  different  organic  solvents,  except  for  ethanol. 

However, the deviation of the enthalpy values was relatively high (Table 3.14), and, 

since the protein composition and other matrix effects of the isolates might have an 

effect on protein denaturation, a strict comparison of all denaturation effects is not 

possible.  In  any case,  the assumed denaturation  after  de-oiling  and the protein 

isolation procedure is not related to decreasing protein solubility,  which is higher 

than 90% for all LPI (Table 3.13).

Altogether,  the  effects  of  each  of  the  two  processes  (de-oiling  and  protein 

isolation) could not be assessed separately as both seem to influence the structure 

or the accessibility of the lupin proteins [Bader et al., 2011].

Sensory evaluation of the LPI after de-oiling and protein isolation

The sensory evaluation of the lupin protein isolates was performed using diluted 

LPI solutions of a dry matter content of 30 ± 5 g kg -1 (w/w) at room temperature. 

The pure  LPI  solutions  were  used for  the  sensory evaluations  rather  than  food 

products to gain information on the flavour impressions that are specific for the LPI. 

The LPI
acetone

 revealed a disgusting smell during the sensory sessions and thus, was 
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not tested. A similar odour was reported previously by Pons & Eaves, 1967 after de-

oiling  cottonseed flour  with  acetone.  One reason might  be the high reactivity of 

acetone with compounds naturally present  in lupin seeds leading to odour-active 

products with this unpleasant smell. Thus, although the oil extraction of lupin flakes 

using acetone lead to good oil extraction rates and LPI with good protein solubilities 

as well as high emulsifying capacities, these protein isolates are not usable for food 

applications. Good oil extraction rates were also reported by other researchers for 

acetone containing up to 10% water [Johnson & Lusas, 1983, Pons & Eaves, 1967].

The overall acceptance of the other LPI obtained from de-oiled lupin flakes were 

rated slightly higher than that of the LPI
full-fat

. LPI
2-methyl pentane

, LPI
2-propanol

 and LPI
ethanol 

were evaluated with the highest scores in the overall acceptance (Figure 3.15). One 

reason  might  be the lower  flavour  formation  due to  lipoxygenase  activity  in  the 

defatted lupin flakes containing only small amounts of residual fat.  No significant 

differences  were  found  for  the  overall  acceptance  of  the  LPI  due  to  the  high 

standard deviations which seem to be related to the polarisation of the intrinsic lupin 

flavour between different panellists.

In the flavour and mouth feel evaluations, no significant differences between the 

full-fat and the de-oiled lupin flakes were found for the attributes  grassy  or green, 

solvent-like,  cardboard-like,  bitter,  and  astringent.  However,  the  LPI
n-hexane

, 

LPI
2-methyl pentane

 and  LPI
diethyl  ether

 revealed  slightly  lower  intensities  in  all  flavour 

attributes (Figure 3.16), with an exception of astringency, which was rated highest 

for  the  LPI  derived from 2-methyl  pentane-de-oiled  flakes.  It  was  also  reported 

previously that the presence of  phosphatides might  cause a bitter  flavour in soy 

protein preparations [Johnson & Lusas, 1983]. In the present thesis contradictory 

results  were  obtained  for  the  bitterness  of  LPI.  Despite  the  fact  that  2-methyl 

pentane is more efficient in depletion of phosphatides than n-hexane, the bitterness 

of LPI
2-methyl pentane

 was rated higher than that of LPI
n-hexane

 and LPI
diethyl ether

, respectively. 

Therefore, not only phosphatides, but also other minor constituents present in the 

LPI seem to influence the bitterness of the isolates. 

Both LPI from 2-propanol- and LPI from ethanol-de-oiled lupin flakes with mean 

values of 2.9 and 2.3, respectively, were found to be significantly less legume-like 

than the LPI  from full-fat  flakes with a mean value of  5.2 (Figure  3.17).  Similar 

results were reported by Johnson & Lusas, 1983 for the extraction of soy flakes with 

ethanol exhibiting a less  bean-like  flavour than full-fat soy flakes. The legume-like 
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flavour in LPI seemed to arise from odour-active compounds formed by oxidation of 

fatty acids like linoleic or linolenic acid due to lipoxygenase activity [Bader et al.,

2009, section 4.4]. These odorants might have been better extracted using the two 

alcohols  compared to the less polar  solvents.  One further  reason might  be that 

lipoxygenase was partially denatured upon oil  extraction  due to the exposure to 

organic solvents, in particular, to ethanol and 2-propanol. Hence, the formation of 

the  odorants  responsible  for  the  legume-like flavour  was  potentially  suppressed 

[Bader  et  al.,  2011].  The denaturing  effects  of  the two alcohols  were discussed 

previously  for  lupin  proteins  and  similar  influences  can  be  assumed  for 

lipoxygenase.

Colour of de-oiled lupin protein isolates

The colour of the lupin protein isolates produced with the differently de-oiled lupin 

flakes varied significantly. The LPI
ethanol

 was significantly more light-coloured (higher 

L* value) compared to the other isolates.  However,  all  isolates exhibited high L* 

values of about 87 to 90, which represents quite bland isolates. Furthermore, the 

more polar solvents ethanol, 2-propanol and acetone revealed green shades in the 

isolates  (negative  a*  values),  whereas  the  isolates  derived  from  de-oiled  flakes 

extracted with the non-polar solvents n-hexane, 2-methyl pentane and diethyl ether 

were more reddish in colour (positive a* values) according to Figure 3.18. The more 

reddish colour of the LPI
n- hexane

, LPI
2-methyl pentane

, and LPI
diethyl ether

 might be associated 

with  the presence  of  higher  concentrations  of  carotenoids  or  tocopherols  in  the 

isolates.  Similar  results  were  also  reported  by  Johnson  &  Lusas,  1983.  Lower 

amounts of colour pigments were extracted from soybean and cottonseed flours by 

the application of pure n-hexane, whereas bland protein preparations were obtained 

upon de-oiling with alcohols [Johnson & Lusas, 1983].

Concluding remarks

The oil extraction from lupin flakes with the organic solvents investigated did not 

impair  the  functional  properties  of  the  LPI  compared  to  isolates  produced  from 

full-fat lupin flakes. De-oiling of the lupin flakes rather led to protein isolates with 

higher protein purity, improved sensory profile and sensory acceptance, except for 

the  treatment  with  acetone.  Particularly,  the  extraction  of  oil  with  ethanol  and 

2-propanol resulted in significantly less  legume-like  flavours of  the corresponding 
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LPI. Despite slightly lower protein recovery rates in LPI
ethanol

 and LPI
2-propanol

 due to 

partial protein denaturation, the solubilities as well as the emulsifying properties of 

the corresponding protein isolates were not impaired compared to the LPI
full-fat

. Thus, 

ethanol and 2-propanol seem to be most appropriate to obtain protein isolates of 

high quality in terms of sensory and functional properties, which can be applied in 

various food systems [Bader et al., 2011]. 

However, one should bear in mind that ethanol or 2-propanol as solvents for de-

oiling of lupin flakes also have some disadvantages. Ethanol and 2-propanol have 

high boiling points of up to 82°C and are only miscible with oil at high temperatures 

and low water contents. At low temperatures and water contents of more than 10% 

the solvation power for oil is poor and thus, the de-oiling will not be efficient any 

more.  Furthermore,  in  relation  to  hydrocarbons  such  as  n-hexane  and 2-methyl 

pentane,  which  are  commonly  used  for  de-oiling  purposes,  ethanol  is  a  quite 

expensive solvent. Additionally, high temperatures for vaporisation of ethanol during 

the  recycling  process  are  necessary,  which  also  causes  high  energy  costs. 

However, the costs for  n-hexane and 2-methyl pentane are directly related to the 

costs of gasoline [Johnson & Lusas, 1983] and therefore, in future ethanol might 

attract higher interest for de-oiling of oilseeds and grain legumes. 

      4.5.2 De-oiling of lupin flakes with supercritical CO
2

Supercritical CO
2
-extraction is an alternative process to solvent extraction for de-

oiling of plant materials and the recovery of secondary plant metabolites as well as 

essential  oils.  Supercritical  fluids  reveal  dissolution  properties  and  densities  like 

liquid solvents, while having the diffusivity of gases. In general, the critical point of 

CO
2
 is  at  a  temperature  of  31°C  and  a  pressure  of  7,380 kPa.  Beyond  these 

conditions supercritical  CO
2
-extractions are carried out. First  patents dealing with 

supercritical gas extractions have been already published in the early 1950's. De-

oiling  with  supercritical  CO
2
 has  some  advantages  over  the  commonly  applied 

solvent based processes. The power of solvation of different non-polar to slightly 

polar  compounds  can  be  adopted  for  supercritical  CO
2
 by  varying  extraction 

temperature  and  pressure  [Brunner  &  Peter,  1981].  The  higher  the  extraction 

temperature and the higher the extraction pressure, the higher is the polarity of the 

supercritical CO
2
.  Thus, the polarity of supercritical CO

2
 is similar to  n-hexane at 
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about 20,000 kPa and 40°C and can be increased to the polarity of diethyl ether by 

raising pressure and temperature. The polarity of supercritical CO
2
 can be further 

adapted by addition of organic modifiers like ethanol or methanol and thus, higher 

polarities approximating those of ethanol or 2-propanol can be achieved [Reichardt

& Welton, 2010]. Another aspect is that the extraction of oil and oil accompanying 

compounds can be actualised under mild conditions as during the extractions low 

temperatures can be employed and as oxygen is absent. However, one should bear 

in  mind  that  the  dissolution  of  compounds  in  supercritical  CO
2
 decreases  with 

increasing molecular weights [Brunner, 1986].

      4.5.2.1 Exploratory experiments using L. albus cv. TypTop flakes for de-oiling 
            with supercritical CO

2
 

In  a first  step the feasibility  of  de-oiling  lupin flakes was determined in  three 

exploratory experiments with full-fat flakes of L. albus cv. TypTop. Stahl et al., 1981 

reported previously that flour of L. mutabilis L. was extracted with supercritical CO
2 

at  30,000  kPa  and  40°C  receiving  lupin  oil  of  high  quality.  However,  no 

investigations on the functionality of the de-oiled lupin flakes have been published 

until now. 

During these exploratory experiments the extraction pressures and the CO
2
 to 

flakes ratios were varied, whereas the extraction temperature was held constant at 

50°C. As shown in  Table 3.15 the dry matter  content  of  all  de-oiled lupin flakes 

increased from 900 g kg-1 up to 957 g kg-1. Therefore, the residual water content of 

the  full-fat  lupin  flakes  was  concomitantly  extracted  and  recovered  in  the  1st 

separator of the extraction plant together with lupin oil (Figure 3.19). Furthermore, 

the protein content of the de-oiled lupin flakes raised to a maximum of 493 g kg -1 at 

80,000 kPa, 50°C and 36 kg CO
2
 kg-1 lupin flakes, while the fat content of the flakes 

decreased significantly to a minimum of 29 g kg -1 at the same extraction conditions. 

In addition, the mineral content of the flakes slightly increased. Clear correlations of 

protein and fat contents with the extraction pressure as well as the CO
2
 to flakes 

ratio  were  obvious  (Table  3.15).  Altogether,  the  residual  fat  contents  of  the 

supercritical CO
2
-extracted lupin flakes ranged from 29 g kg -1 at 80,000 kPa to 40 g 

kg-1 at 28,500 kPa and 50 kg CO
2
 kg-1 flakes. These quite high residual fat contents 

might be at least partially attributed to the presence of phospholipids, which are not 
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extracted by the application of supercritical CO
2
 [Brunner, 1986]. The composition of 

the de-oiled lupin flakes are in good agreement to the amount of  oil  segregated 

from the total extract  (oil + concomitantly extracted water)  by using a separating 

funnel at room temperature as the highest amount of 12.7% lupin oil was recovered 

at 80,000 kPa (Figure 3.19). It  is noteworthy that even at a relatively low CO
2
 to 

flakes ratio of 36 kg CO
2
 kg-1 flakes a high extraction rate of lupin oil was achieved. 

Similar observations were reported by Brunner & Peter, 1981, who found that the 

dissolution  of  low-volatile  compounds such as triglycerides increased remarkably 

with increasing extraction pressures. 

Additionally, the protein solubilities of the de-oiled lupin flakes were determined in 

the  range from pH 3 to pH 9.  Significant  differences were not  obtained for  the 

protein solubilities in this pH range which indicates that  no protein alterations or 

partial  denaturation  of  proteins  might  have  taken  place  during  supercritical 

CO
2
-extractions  (Figure  3.20).  Similar  results  were  reported  for  the  protein 

functionality  by  Stahl  et  al.,  1984 and  Temelli  et  al.,  1995.  Supercritical 

CO
2
-extractions did not impair the functionality of proteins in their experiments. In 

contrast  to  these  results,  other  researchers  described  that  protein  conformation 

might be changed in supercritical CO
2
 leading to denaturation [Kasche et al., 1988, 

Weder, 1984, Zagrobelny & Bright, 1992].

According  to  the  results  presented  above,  the  feasibility  of  supercritical 

CO
2
-extraction  was  shown  using  L. albus cv.  TypTop flakes.  Altogether,  the  fat 

content  was  reduced  significantly,  while  maintaining  the  protein  solubility  of  the 

flakes,  which is important for the efficient  production of  LPI from de-oiled flakes. 

Therefore, further experiments were carried out on full-fat flakes of  L. angustiolius 

cv. Boregine as described in section 3.5.2.2.

      4.5.2.2 Supercritical CO
2
-extraction of L. angustifolius cv. Boregine

Due to the promising results  of  the exploratory experiments with  L. albus cv. 

TypTop  flakes,  further  investigations  were  carried  out  with  L. angustifolius cv. 

Boregine to gain a deeper insight into the de-oiling of lupin flakes with supercritical 

CO
2
.
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Influence of particle size of the raw material on the de-oiling with supercritical 
CO

2

Initially, the particle size of the raw material used for the de-oiling experiments 

was varied. As raw material full-fat lupin flakes, lupin grits and lupin flour were used, 

whereas the conditions of the supercritical CO
2
-extractions were held constant at 

28,500  kPa,  50°C  and  100  kg  CO
2
 kg-1 raw  material.  The  results  of  these 

experiments on composition and on extract as well as oil recoveries were already 

presented in Table 3.16 and Figure 3.21. Only slight differences were obtained for 

the dry matter and protein contents after de-oiling with supercritical CO
2
, while the 

fat and mineral contents were similar for all raw materials. These slight variations 

were also observed by comparing the amounts of total extract (mixture of water and 

lipid phase) and the amounts of lipid phase (Figure 3.21). As described previously 

(section  3.5.2.2)  in  the  case  of  L.  angustifolius  cv.  Boregine  the  lipid  phase 

consisted of varying amounts of emulsified water and lupin oil. The fat content of 

the lipid phase was determined by the method of Caviezel according to section 6.7. 

Considering  the amount  of  emulsified  water  the  amount  of  lupin  oil  in  the  total 

extract was not influenced by different particle sizes of the raw material used for 

supercritical  CO
2
-extractions.  Thus, lupin flakes were chosen for  further de-oiling 

experiments. Contradictory results were obtained by other researchers who found 

that  the  particle  sizes  of  sunflower,  soybean,  cottonseed  and  peanut  materials 

applied  to  supercritical  CO
2  

de-oiling  had  an effect  on  the  extraction  rate  of  oil 

[Kiriamiti et al., 2001, Snyder et al., 1984].

Influence of extraction temperature on de-oiling with supercritical CO
2

Supercritical CO
2
-extractions were carried out at temperatures ranging from 30°C 

to 90°C in order to investigate the effects on oil recoveries and on protein solubilities 

at  pH  7  of  the  extracted  lupin  flakes.  The  aim  of  these  experiments  was  to 

determine an optimum temperature for further extractions. The extraction pressure 

and the CO
2
 to flakes ratio were held constant at 28,500 kPa and at 100 kg CO

2
 kg-1 

flakes. With increasing temperatures the dry matter contents raised to up to 968 g 

kg-1 at 90°C corresponding to a decline in residual water to about 32 g kg-1 and to an 

higher amount of total extract (Table 3.17,  Figure 3.22). Inconsistent results were 

obtained  for  the  protein  content  of  the  extracted  flakes.  At  all  extraction 
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temperatures  lower  protein  contents  were  determined  in  the  de-oiled  flakes 

compared to the full-fat raw material, except for an extraction temperature of 50°C. 

At  50°C the protein content  was increased compared to the full-fat  lupin flakes. 

However, no clear influences of extraction temperatures on the fat and the mineral 

contents were determined (Table 3.17). According to Figure 3.22, the oil recovery 

was slightly  higher  at  an extraction  temperature  of  50°C compared to the other 

temperatures. 

As  described  previously,  besides  pressure  the  extraction  temperature  is  an 

important characteristic for adjusting the polarity and thus the extraction conditions 

of supercritical CO
2
. When increasing the extraction temperature two main aspects 

should  be taken  into  consideration.  First  of  all,  the  density  of  supercritical  CO
2 

decreases with  increasing  temperature  and hence,  the capacity  to  dissolve low-

volatile compounds declines. On the other hand, the vapour pressure of the low-

volatile  compounds  declines  and  thus,  the  compounds  become  more  volatile 

[Brunner  &  Peter,  1981].  In  the  present  investigations  it  seems  that  these  two 

effects coincide and thus, resulted only in a slight decrease of oil recovery at 90°C 

compared  to  50  or  70°C, respectively.  Another  reason  might  be  that  at  low 

pressures,  which are below the so-called  crossover  zone (up to 30,000 kPa for 

soybean oil) the temperature effect might be neglectable as the power of dissolution 

is  only  influenced  by the extraction  pressure  and not  by extraction  temperature 

[Quirin & Stahl, 1983]. Similar results were also obtained by Kiriamiti et al., 2001 for 

the supercritical CO
2
-extraction of sunflower flour at 25,000 kPa. These researchers 

found  that  the  oil  extraction  rate  was  only  slightly  influenced  by  increasing 

temperatures.

Furthermore, the protein solubility of the de-oiled lupin flakes was determined at 

pH 7 (Figure 3.23). Slightly lower protein solubilities of about 80% of all proteins 

were obtained for all de-oiled lupin flakes after the application of supercritical CO
2
, 

except  for  the  flakes  extracted at  90°C.  These exhibited  significantly  decreased 

protein  solubilities  of  65  to  70%,  which  most  likely  results  from  partial  protein 

denaturation.  As  discussed  in  detail  previously  (sections  4.3.3  and  4.5.1),  the 

denaturation  temperatures  of  lupin  protein  fractions  are  beyond  69°C  at  which 

conglutin γ – the most heat-sensitive fraction of lupin protein – starts to denature. 

The  major  conglutins  (conglutin  β  and  conglutin  α)  had  protein  denaturation 
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temperatures of 85 to 91°C under aqueous conditions determined in the present 

thesis (sections 4.3.3 and 4.5.1). 

On basis of these results, for further de-oiling experiments the temperature was 

set  to 50°C as the oil  removal was found to be sufficient,  while  maintaining the 

protein solubility in the de-oiled lupin flakes.  

Influence  of  CO
2
 to  flakes  ratio  on  oil  recoveries  after  supercritical  CO

2
-

extraction

In  addition  to  the  extraction  temperature  and  the  particle  sizes  of  the  raw 

materials, the effects of the CO
2
 to flakes ratio on the composition of the de-oiled 

flakes,  the oil  recovery and the protein solubility were investigated.  According to 

Table 3.18, the dry matter content of the flakes increased with ascending CO
2
 to 

flakes ratio from 933 g kg-1 to 957 g kg-1 at 300 kg CO
2
 kg-1 full-fat  lupin flakes. 

These findings are in good agreement to the amount of total extract, which was also 

highest at 300 kg CO
2
 kg-1 lupin flakes (Figure 3.24). The oil recovery was similar 

for  all  CO
2
 to  flakes  ratios.  Additionally,  no  correlations  of  the  protein,  fat  and 

mineral contents with increasing CO
2
 to flakes ratios were observed. Furthermore, 

the CO
2
 to flakes ratio only slightly influenced the protein solubility (Figure 3.25). 

Based on these findings, a CO
2
 to flakes ratio of 100 kg CO

2 
kg-1 full-fat lupin flakes 

was adequate for de-oiling lupin flakes as higher ratios did not significantly improve 

the oil recoveries.  Brunner, 1986 reported for the extraction of rapeseed that the 

amount  of  extract  increased  with  rising  amounts  of  CO
2
 until  the  maximum 

extraction rate is reached and beyond the extraction rate remains constant.  This 

implies that at 100 kg CO
2
 kg-1 lupin flakes the maximum extraction rate for lupin oil 

was already achieved. In order to optimise the extraction process the CO
2
 to flakes 

ratio should be further decreased to lower values to obtain the optimum CO
2
 ratio, 

at which the oil extraction is still maximum. 
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Influence of extraction pressure on oil  recoveries and the protein isolation 
procedure after de-oiling with supercritical CO

2

As described previously, the extraction pressure in supercritical CO
2
-extraction is 

one important characteristic to influence the polarity of the CO
2
 during de-oiling. In 

the present thesis the extraction pressures were varied from 10,000 kPa to 100,000 

kPa at a constant temperature of 50°C and a CO
2
 to flakes ratio of 100 kg CO

2
 kg-1 

full-fat lupin flakes. In order to compare the effects of supercritical extractions with 

liquid CO
2
 as extraction solvent,  a near-critical CO

2
 extraction was carried out at 

6,000 kPa and 50°C, respectively.

According to  Table 3.19 and  Figure 3.26, the dry matter content of the flakes 

increased  remarkably  with  raising  extraction  pressure  which  corresponds  to  a 

significant increase in total extract from 2% at 6,000 kPa up to 15% at 30,000 kPa. 

Beyond 30,000 kPa the amount of total extract remained constant. 

Furthermore,  the  oil  content  of  the  lupin  flakes  decreased  only  slightly  at 

extraction pressures of 6,000 kPa and 10,000 kPa, respectively. At these pressures 

the  amounts  of  total  extract,  the  lipid  phase  and  the  oil  recoveries  were  also 

significantly lower than at higher extraction pressures (Figure 3.26). These results 

are most likely linked to the poor power of dissolution of triglycerides due to their 

low vapour pressure and therefore, low volatility at extraction pressures below or 

near the critical  point of  CO
2
 [Brunner & Peter,  1981,  Dunford & Temelli,  1997]. 

Similar results were also reported by Brunner, 1986 who found that the extraction of 

rapeseed oil  was significantly less efficient  at 20,500 kPa and at 51.5°C than at 

higher extraction pressures. Only small amounts of extracted oil were obtained even 

at high CO
2
 to rapeseed ratios [Brunner, 1986]. In addition, the protein contents of 

the lupin flakes extracted at 6,000 and 10,000 kPa were reduced to about 290 g kg-1 

compared to the protein content of the full-fat flakes (323 g kg-1) (Table 3.19). These 

declines are most likely due to concomitant extraction of water-soluble proteins with 

the  residual  water  of  the  flakes.  Altogether,  these  results  clearly  show that  the 

subcritical CO
2
-extraction as well as extractions near the critical point of CO

2
 are not 

feasible for de-oiling of lupin flakes. 

By raising the extraction pressure to 30,000 kPa and beyond, the oil contents of 

the lupin flakes were diminished to 15 to 18 g kg -1 (Table 3.19).  The lowest  fat 

content in combination with maximum amounts of lipid phase in the separator and 
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the highest  oil  recovery were  obtained at  an extraction  pressure  of  80,000 kPa 

(Figure  3.26).  Similar  results  were  obtained  by  Stahl  et  al.,  1980,  who  de-oiled 

soybean, sunflower, and rapeseed flour by the application of supercritical CO
2
. At 

extraction pressures of 75,000 kPa the amount of extracted oil was higher for all 

plant materials than at 30,000 kPa [Stahl et al., 1980]. Furthermore, at 100,000 kPa 

the  oil  recovery  as  well  as  the  amount  of  lipid  phase  decreased  slightly  in 

comparison to 80,000 kPa in the present  study.  Stahl  et  al.,  1983 also reported 

similar results as the solubility of soybean oil declined at an extraction pressure of  

100,000 kPa and at 40 °C compared to lower extraction pressures. This effect might 

be due to an increase in CO
2
 density above a certain limit,  which in conjunction 

results in a reduction of diffusivity [Stahl et al., 1983]. Thus, the oil extraction under 

supercritical CO
2
 might be limited by diffusivity. 

In addition to the composition, the protein solubilities of the de-oiled lupin flakes 

were determined at pH 7 (Figure 3.27). No significant differences were obtained for 

the solubilities of the near-critical extracted lupin flakes and the full-fat flakes, which 

revealed  protein  solubilities  of  about  100%.  Increasing  the  extraction  pressure 

higher  than 30,000 kPa resulted in a noticeable decrease in protein solubility (~ 

80%),  which might  indicate  slight  protein  alterations.  However,  all  de-oiled  lupin 

flakes still exhibited high protein solubilities.

In  order  to  investigate  the  effects  of  supercritical  CO
2
-extractions  on  the 

production, the functionality and the sensory characteristics of the LPI, the flakes 

extracted at 28,500 kPa and 80,000 kPa with extraction temperatures of 50°C and 

CO
2
 to flakes ratio of 100 kg CO

2
 kg-1 flakes were processed to protein isolates. 

Therefore,  the  de-oiled  lupin  flakes  were  subjected  to  the  previously  described 

isolation procedure consisting of two acidic pre-extractions, two protein extractions 

at neutral pH and isoelectric precipitation. The precipitated proteins were neutralised 

and  lyophilised  to  analyse  protein  recoveries,  protein  functionality,  thermal 

behaviour as well as sensory properties. These properties were compared to the 

characteristics of the LPI
full-fat

. 

As expected similar dry matter contents were obtained for the LPI
full-fat

 and the LPI 

derived  from  supercritical  CO
2
-extracted  flakes  as  similar  extraction  and 

lyophilisation conditions were applied during production (Table 3.20). However, the 

protein contents were slightly higher for the CO
2
-de-oiled LPI with values of 908 and 
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892  g  kg-1 for  LPI
28,500  kPa

 and  LPI
80,000  kPa

,  respectively  (Table  3.20).  The  higher 

protein  contents  of  the  LPI  produced  from  CO
2
-de-oiled  flakes  are  most  likely 

related  to  the  lower  fat  contents  of  the  flakes  compared  to  full-fat  flakes  and 

therefore,  lower  concomitant  extraction  of  fat  and  fat  accompanying  substances 

during protein isolation. Similar results were also obtained for the LPI produced from 

solvent-extracted lupin flakes (section 4.5.1). Again, the very high protein contents 

of the LPI underline the suitability of the isolation procedure, i.e. it is assumed that 

the majority of concomitantly extracted compounds were effectively removed during 

the isolation procedure. Similar protein contents were reported previously for  LPI 

produced from de-oiled flakes [Alamanou & Doxastakis,  1997,  D'Agostina et  al.,

2006,  El-Adawy et al.,  2001,  King et al.,  1985,  Kiosseoglou et al.,  1999,  Ruiz &

Hove, 1976, Sgarbieri & Galeazzi, 1978, Wäsche et al., 2001].

Additionally, the protein recoveries were calculated by the protein content in dry 

matter of the LPI related to the initial protein content in dry matter of the full-fat and 

CO
2
-de-oiled lupin flakes. A slightly higher protein recovery in LPI was obtained for 

the lupin flakes de-oiled at 28,500 kPa (48%) compared to the full-fat flakes and the 

flakes de-oiled at 80,000 kPa, which revealed similar recovery rates of 42 and 44%, 

respectively (Figure 3.28). Despite the lower protein solubilities of the CO
2
-extracted 

flakes at pH 7 shown previously (Figure 3.27), the protein recoveries were higher 

than that of the full-fat lupin flakes having a higher solubility at pH 7. This might 

indicate  that  during  supercritical  CO
2
 extraction  the solubility  of  conglutin  γ  was 

reduced, which is not comprised in the isoelectric precipitated LPI [D'Agostina et al.,

2006,  Duranti et al., 2008]. Thus, the decreased solubility of conglutin γ does not 

influence protein recoveries. Furthermore, similar protein recoveries were obtained 

for lupin flakes de-oiled with acetone, n-hexane, 2-methyl pentane and diethyl ether 

as shown in  section 4.5.1. Significantly lower protein recoveries were obtained for 

LPIethanol and  LPI
2-propanol

.  Additionally,  the  protein  solubilities  and  the  emulsifying 

capacities of LPI
28,500 kPa

 and LPI
80,000 kPa

 were similar to those of the LPI
full-fat

 and all 

LPI  produced  from  solvent-de-oiled  lupin  flakes  (section  4.5.1).  Therefore,  the 

protein isolates produced from CO
2
-de-oiled lupin flakes revealed similar functional 

properties, and a similar potential for application in food systems can be assumed. 

Furthermore, the thermal characteristics of the LPI
28,500 kPa

 and LPI
80,000 kPa

 were 

comparable to that of  the LPI derived from full-fat  lupin flakes. Two endothermic 
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transitions  at  temperatures  of  82 to 86°C and at  95 to 98°C,  respectively,  were 

determined for LPI
full-fat

 as well as for the LPI derived from CO
2
-extracted flakes. The 

enthalpies of the 1st transition at 82 – 86°C revealed no significant differences with 

about 4 J g-1 protein. This transition is most likely attributed to the denaturation of 

conglutin  β,  which  has  been  discussed  in  detail  in  section  4.3.3.  Similar 

denaturation  temperatures  and enthalpies  were obtained  for  a variety of  LPI
full-fat 

derived from different narrow-leafed lupin varieties (section 4.3.3) as well as for LPI 

derived from solvent-de-oiled lupin flakes (section 4.5.1). Thus, it can be assumed 

that no denaturation occurs upon conglutin β during de-oiling with either solvents or 

supercritical CO
2
. The 2nd endotherm representing the denaturation of conglutin α 

displayed  lower  transition  temperatures  for  the  LPI
28,500  kPa

 and  the  LPI
80,000  kPa 

compared  to  the  LPI
full-fat

,  which  might  indicate  partial  protein  denaturation. 

Additionally, a higher transition enthalpy was obtained for LPI
80,000 kPa

. These results 

indicate  that  conglutin  α  seems  to  be  more  susceptible  to  denaturation  than 

conglutin β by supercritical CO
2
-extractions. The lower stability of conglutin α during 

supercritical  CO
2
-extractions  might  follow  from  its  hexameric  structure  and  its 

corresponding trimeric form at low pH as described by Duranti et al., 1988. During 

supercritical CO
2
-extractions low pH values occur as CO

2
 dissolves in the residual 

water  of  the  flakes  forming  carbonic  acid.  According  to  literature,  supercritical 

CO
2
-extractions  might  result  in  either  protein  denaturation  or  partial  protein 

hydrolysis  due to the drop of  the pH [Kasche et  al.,  1988,  Zagrobelny & Bright,

1992]. 

Besides  the  functional  and  thermal  characteristics  of  the  LPI  derived  from 

supercritical  CO
2
-extracted  flakes,  the  sensory  properties  of  these  LPI  were 

compared  to  that  of  the  LPI
full-fat

 (Figure  3.29).  The  overall  acceptance  of  the 

LPI
28,500 kPa

 and LPI
80,000 kPa

 was 5.2 and 5.5, respectively and thus, was higher than 

that of the LPI
full-fat

 with 2.3. However, the results were not significant due to very 

high  standard  deviations,  which  might  result  from  different  acceptances  for  the 

specific  lupin flavour  by the panellists.  It  has been observed previously that  the 

individual  panellists  are  not  able  to  determine  in  particular  the  perception  of 

bitterness  of  the  LPI.  This  phenomenon  might  be  related  to  partial  ageusia  or 
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dysgeusia  of  some  panellists  in  relation  to  specific  bitter  substances  in  LPI. 

Additionally, the LPI
28,500 kPa

 and LPI
80,000 kPa

 revealed lower values for the investigated 

flavour attributes compared to the LPI
full-fat

,  which represents more neutral  flavour 

profiles. Similar flavour profiles were determined for LPI
28,500 kPa

 and LPI
80,000 kPa

. The 

more neutral flavour of the LPI
28,500 kPa

 and LPI
80,000 kPa

 compared to the LPI
full-fat

 might 

be  attributed  to  the  extraction  of  oil  and  oil  accompanying  substances  during 

supercritical  CO
2
-extraction.  Similar  results  were  also  reported  previously  after 

supercritical CO
2
-extraction of full-fat soy flakes [Eldrigde et al., 1986, Maheshwari

et al., 1995]. Increasing the extraction pressure up to 80,000 kDa did not affect the 

sensory properties of LPI. Contradictory results were obtained for the supercritical 

CO
2
-extraction of full-fat soy flakes. It was reported that supercritical CO

2
-extraction 

with increasing extraction pressures resulted in soy flakes with lower off-flavours 

[Eldrigde  et  al.,  1986].  These  researchers  along  with  others  also  reported  that 

during  the  supercritical  CO
2
-extraction  the  lipoxygenase,  which  is  most  likely 

responsible for the formation of several of the odour-active compounds present in 

LPI (section 4.4.3) might be inactivated [Eldrigde et al., 1986,  Tedjo et al., 2000]. 

Therefore,  the  flavour  formation  by  lipoxygenase-mediated  reactions  might  be 

suppressed. 

Altogether,  the  LPI  produced  from  supercritical  CO
2
-extracted  lupin  flakes 

revealed higher protein recoveries compared to full-fat flakes. The LPI
28,500 kPa

 and 

LPI
80,000 kPa

 also exhibited similar protein solubilities and emulsifying capacities along 

with  similar  thermal  behaviour,  whereas  higher  overall  acceptances  and  more 

neutral  flavour profiles were determined.  These results corroborate that  de-oiling 

with supercritical CO
2
 is feasible for improving the flavour of LPI while maintaining 

the functional properties of the isolates.  

Influence  of  aqueous  ethanol  as  organic  modifier  on  de-oiling  with 
supercritical CO

2
 

Further experiments were carried out at 50°C with varying extraction pressures 

of 28,500 kPa and 50,000 kPa at 50°C using 70% (v/v) aqueous ethanol as organic 

modifier to enhance the extraction of oil and oil accompanying substances during 

supercritical CO
2
-extractions. The addition of aqueous ethanol was 5% and 10% in 
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relation  to  the  full-fat  lupin  flakes  subjected  to  supercritical  CO
2
-extraction.  The 

addition of aqueous ethanol resulted in increases of the dry matter and the protein 

contents,  whereas  the  oil  contents  decreased  slightly  compared  to  extractions 

without organic modifier. However, at 28,500 kPa the amounts of lipid phase and 

the oil  recoveries were similar with and without  the addition of  aqueous ethanol, 

whereas the amounts of total extract were higher without organic modifier (Figure

3.30).  At  50,000  kPa different  results  were  obtained  (Figure  3.31).  The highest 

amount of total extract was obtained at 50,000 kPa and 5% aqueous ethanol, while 

similar amounts of extracts were obtained with 10% aqueous ethanol and without 

modifier. By comparing the amounts of the lipid phases significantly higher amounts 

were obtained without organic modifier. Additionally, the oil recovery decreased with 

increasing portions of aqueous ethanol at 50,000 kPa (Figure 3.31). Therefore, the 

usage of aqueous ethanol as organic modifier did not enhance the oil recoveries at 

both  extraction  pressures.  However,  in  literature  the use of  organic  modifiers  is 

reported  for  the  extraction  of  phospholipids  and  other  specific  compounds  like 

isoflavones  or  phenolic  compounds  [Chandra  &  Nair,  1996,  Maheshwari  et  al.,

1995,  Montanari  et  al.,  1996,  Murga  et  al.,  2000].  Therefore,  enhanced  oil 

recoveries  were  expected.  Furthermore,  the  application  of  aqueous  ethanol  as 

organic modifier was reported to be advantageous as the power of dissolution for 

polar  compounds  might  be increased  [Brunner  & Peter,  1981].  However,  in  the 

present study the usage of aqueous ethanol as organic modifier did not result in 

noticeable  improvement  of  the  supercritical  CO
2
-extractions  and  thus,  was  not 

investigated further.

Concluding remarks

Altogether,  the  feasibility  of  supercritical  CO
2
-extraction  for  de-oiling  of  lupin 

flakes was shown in the present thesis. The effects of different influencing factors 

including the particle sizes of the raw material, the CO
2
 to flakes ratio, the extraction 

temperature, extraction pressure and the application of aqueous ethanol as organic 

modifier  were  investigated.  In  general,  the  solubility  of  the  CO
2
-extracted  lupin 

flakes  decreased  in  comparison  to  the  solubility  of  the  full-fat  flakes  at  pH  7. 

However, this decline did not influence the protein recoveries as shown exemplarily 

for flakes extracted at 28,500 kPa and 80,000 kPa with a constant temperature of  
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50°C  and  a  constant  CO
2
 to  flakes  ratio  of  100  kg  CO

2
 kg-1 full-fat  flakes. 

Additionally, the LPI derived from these extracted flakes exhibited similar functional 

and thermal properties than the LPI
full-fat

, whereas the sensory properties were rated 

higher  representing  more neutral  flavour.  As LPI
28,500  kPa

 and LPI
80,000  kPa

 exhibited 

similar protein recoveries, similar functional and thermal properties as well as similar 

flavour  profiles,  supercritical  CO
2
-extraction at  28,500 kPa might  be preferred to 

extraction  at  higher  extraction  pressures  due  to  lower  investment  costs  for  the 

extraction equipment. At higher pressures, the thickness of the stainless steel walls 

of  the  extraction  vessels  has  to  be  higher  than  at  lower  extraction  pressures. 

Additionally, most commercially available plants for supercritical CO
2
-extractions are 

designed for a maximum extraction pressure of 30,000 kPa. Thus, de-oiling of lupin 

flakes at  28,500 kPa can be easily scaled-up to the existing industrial  extraction 

plants.

    4.5.3 Comparison of the effects of de-oiling with organic solvents and    
          supercritical CO

2

The present  work focussed on de-oiling of lupin flakes using different  organic 

solvents as well  as supercritical  CO
2
 to  remove the lupin  oil  and thus,  possible 

precursors for the formation of odour-active compounds generated during storage 

and processing. Therefore, conventional de-oiling processes with different organic 

solvents  like  n-hexane,  2-methyl  pentane,  diethyl  ether,  acetone,  ethanol  and 

2-propanol  were  compared  to  de-oiling  with  supercritical  CO
2
.  Both  de-oiling 

procedures  resulted  in  slightly  decreased  protein  solubilities  with  exceptions  of 

de-oiling with diethyl ether and 2-methyl pentane. The flakes de-oiled with the latter 

two solvents revealed comparable solubilities to the full-fat lupin flakes. However, 

the declines of protein solubilities were only significant for de-oiling with ethanol and 

a strong tendency was observed for 2-propanol. In conjunction, the lower protein 

solubilities  of  the ethanol-  and 2-propanol-de-oiled  lupin  flakes  resulted in  lower 

protein recoveries with 36 and 38%, respectively. In contrast to these results, the 

protein recoveries of LPI
28,500 kPa

 and LPI
80,000 kPa

 with 48% and 44% were comparable 

to  that  of  LPI
full-fat

 with  42% and  significantly  higher  than  those  of  LPI
ethanol

 and 

LPI
2-propanol

.  Therefore,  the  slightly  lower  protein  solubility  of  the  supercritical 
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CO
2
-extracted  lupin  flakes  did  not  impair  the  protein  recoveries.  Furthermore, 

independent of the de-oiling process all isolates revealed high protein solubilities (~ 

90% at pH 7)  and emulsifying capacities of about 720 mL oil g-1 isolate, which is 

about  70% of  the emulsifying  capacity of  sodium caseinate – a commonly used 

emulsifier  in food.  Additionally,  the overall  acceptance of  the LPI produced from 

supercritical CO
2
-extracted flakes was rated slightly higher (5.2 and 5.5) than those 

of the LPI derived from organic solvent-de-oiled flakes (3.3 to 4.6). 

Altogether, de-oiling with supercritical CO
2
 is a good alternative to de-oiling with 

organic solvents considering the protein recoveries, the functional properties of the 

isolates as well as the sensory properties. The sensory properties of LPI
28,500 kPa

 and 

LPI
80,000 kPa

 were rated even better than those of the LPI
2-propanol

 and LPI
ethanol

 when 

considering the mean overall acceptances. Therefore, given the fact that the protein 

recoveries  were  higher  after  supercritical  CO
2
-extraction  at  28,500  kPa  and 

80,000 kPa compared to de-oiling with alcohols, de-oiling with supercritical CO
2
 is 

most likely preferable for the production of LPI with good functional properties as 

well  as  a  higher  overall  acceptance.  However,  high  investment  costs  for  the 

equipment to perform supercritical CO
2
-extractions might limit the application of this 

technology for the production of LPI.
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 5 CONCLUSIONS

Due to the growing world population plant proteins are gaining more and more 

importance  for  human  nutrition.  Besides,  plant  proteins  exhibit  a  similarly  high 

nutritive  value,  and  concomitantly  lower  production  costs  compared  to  animal 

proteins. Therefore, there is a growing demand for the application of plant proteins 

in  food  products  as  alternative  to  animal  proteins  like  milk,  egg  or  meat,  while 

maintaining the sensory properties of common foods. Protein isolates having protein 

contents of  higher than 90% on a dry matter basis  are produced by the extensive 

removal  of  non-protein  constituents  using  an  aqueous  processing  and  are  well 

suited for the application in various food systems due to their high protein content 

and  their  functional  properties  like  e.g.  texturing,  emulsification,  water  and  oil 

binding [Berk,  1992,  Cheftel   et  al.,  1992,  Kinsella,  1982].  These properties are 

influenced  by  several  factors  including  the  molecular  weight,  the  amino  acid 

composition and the status of denaturation of a protein. 

Soybean  –  the  most  important  source  for  plant  proteins,  nowadays  –  has 

attracted the attention of both researchers and industry since the beginning of the 

20th century.  However,  one  disadvantage  of  soybeans  is  the  application of 

genetically modified plants for the production of soya oil and soya protein products, 

which are not  accepted by many consumers in the European Union.  In order to 

avoid soybean products, food producers are searching for alternative plant proteins, 

which  exhibit  similar  nutritive  and  functional  profiles. Promising alternatives  are 

seeds of  the legume family  Fabaceae  like peas,  chickpeas,  lentils  and peanuts. 

Underestimated  legume plants  for  the  production  of  protein  products  are  lupins 

(Lupinus L.)  which are grown all over the world [FAO Statistics, 2010]. However, 

lupin protein isolates are not yet commercially available due to problems regarding 

the sensory properties and stability.   

Influencing factors on production of functional lupin protein isolates

Since lupin protein isolates are not yet commercially available, the influences on 

the  production  of  lupin  protein  isolates  with  excellent  functional  properties  was 

presented in sections 3.1, 3.2 and 3.3. It was reported for the first time that lupin 

protein isolates produced from different  lupin species using the same production 

procedure exhibited diverging functional properties. These characteristics are most 
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likely attributed to the presence of varying protein fractions in the different species, 

which seemed to be affected by genotypic variations. Regarding these findings, the 

producers  for  lupin protein  isolates  are able  to  choose different  species  for  the 

production of protein ingredients with specific functional properties to be used for 

various food applications. Another important criteria for estimating the overall yield 

of  protein  isolate  after  processing  are  the  protein  contents  and  the  protein 

solubilities of the lupin seeds. Furthermore, structural features as well as the amino 

acid  composition  of  single  lupin  globulins  and  the  effects  on  the  functional 

properties of  the protein isolates are not  elucidated until  now.  Therefore,  further 

work  should  be  carried  out  upon  the  clarification  of  interdependencies  between 

structure and function of lupin proteins. These findings might also be transferred to 

other plant proteins in order to produce tailor-made protein ingredients with specific 

functional profiles. In addition, the influences of different environmental conditions 

on the protein content  and protein functionality should be addressed in future in 

order  to receive raw materials  with  constant  qualities  for  the production  of  lupin 

protein isolates.

Sensory properties and odour-active compounds of lupin protein ingredients

Besides the functional properties, the sensory characteristics also play important 

roles for  the application of  lupin protein isolates in food products.  Therefore,  the 

aroma profile as well as important odour-active compounds of lupin flours and lupin 

protein isolates were investigated for the first time in order to develop possibilities 

for improving the flavour of these ingredients (section 3.4). The present work is a 

basis for further mechanistic investigations on the formation of several odour-active 

compounds present in lupin flour and lupin protein isolate, respectively. The origin 

of e.g. 2-acetyl-1-pyrroline and maltol, which have previously been reported to be 

formed during heat treatments, remains unclear and might be addressed in future 

research. Additionally, the differences found in the present work between lupin flour 

and lupin protein isolates should be verified by the application of quantification and 

omission experiments to elucidate the most important odour-active compounds of 

lupin protein ingredients. This is of outstanding interest as the strategies to improve 

the sensory  properties  of  the  protein  ingredients  might  be directed  towards  the 

removal of these odorants. Improving the sensory properties and stability of lupin 

protein isolates is crucial for prospective commercialisation of lupin protein isolates.
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De-oiling of lupin flakes in order to improve the sensory properties of lupin 
protein ingredients

Due to the results of the identification of important odour-active compounds in 

lupin flours and lupin protein isolates,  the formation of saturated and unsaturated 

aldehydes  during  the  isolation  procedure,  in  particular,  should  be  avoided. 

Formation of these aldehydes most likely occurs due to the activity of lipoxygenase 

and  thus,  the  subsequent  oxidation  and  cleavage  of  unsaturated  fatty  acids 

containing a  cis,cis-1,4-dien system like linoleic and linolenic acid. Altogether, de-

oiling  with  supercritical  CO
2
 was  superior  to  de-oiling  with  organic  solvents 

regarding the flavour, the functional properties and the total yield of the lupin protein 

isolates. Nevertheless, the protein isolates produced from de-oiled lupin flakes did 

not  exhibit  a  completely  bland  and  neutral  flavour.  Therefore,  the  present 

investigation is  a basis  for  the production  of  lupin protein isolates with  excellent 

functional properties and improved sensory characteristics. Further improvement of 

the flavour might be achieved by the inactivation of lipid converting enzymes like 

lipase or lipoxygenase by thermal treatment, while maintaining the protein solubility 

of the lupin flakes. After heat treatment a high protein solubility is required for the 

efficient  production  of  lupin  protein  isolates.  Furthermore,  the  odour-active 

compounds  present  in  heat  treated  lupin  flakes  and  protein  isolates  should  be 

identified  and quantified  in  order  to  elucidate  potentially  formed odorants  during 

heat treatment impairing the sensory characteristics of  the products.  Additionally, 

the storage stabilities of the lupin protein isolates – either full-fat or de-oiled – was 

not  elucidated  in  the  present  thesis  and  should  be  addressed  in  further 

investigations.  A  combination  of  de-oiling  and  heat  treatment  of  lupin  flakes  to 

receive virtually neutral and bland protein ingredients is also conceivably and should 

be investigated in future. 

Application  of  lupin  protein  isolates  with  improved  sensory  properties  in 
some food systems

In  addition  to  the  presented  investigations,  the  lupin  protein  isolates  with 

improved sensory characteristics were applied in various food systems like salad 

dressings,  mayonnaise,  high  protein  bread  and  lupin  pasta  to  determine  the 

potential  of  these  isolates.  The  improved  lupin  protein  isolate  performed  better 

during the subsequent sensory evaluations than the full-fat protein isolate and thus, 

a high consumer acceptance for products containing the lupin protein isolate with 
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improved sensory properties might  be expected.  Therefore,  lupin protein isolates 

bear high potential for the application of functional ingredients in a variety of food 

products.  However,  further  detailed  investigations  on  the  application  of  protein 

isolates in food products should be conducted. 

Altogether, the results of the present thesis might also be applied to other grain 

legumes and other lupin varieties to improve the flavour properties while maintaining 

the functional characteristics in future. In order to establish lupin protein isolates as 

valuable ingredients in the market, the communication in particular on sweet lupins 

should  be  intensified  as  the  general  public  fears  the  potential  toxicity  of  lupins 

related  to  their  alkaloid  content.  Therefore,  seed  breeders,  food  scientists, 

salesmen  and  marketing  should  work  together  to  establish  the  production  and 

commercialisation of lupin protein isolates.    



 6  Materials and Methods           136

 6 MATERIALS AND METHODS

The following section describes the raw materials, chemicals and odorants used 

in this study. Furthermore, the used methods for the preparation of lupin flour and 

lupin flakes, the de-oiling procedures as well as the protein isolation procedure, and 

the preparation of aroma extracts are described. 

    6.1 RAW MATERIALS FOR THE PROTEIN EXTRACTIONS

Lupin seeds of several lupin species were chosen for this study (Table 6.1).

Table 6.1: Lupin species and lupin varieties

Lupin species Lupin variety Producer

L. albus L. TypTop von Baer, Chile

L. luteus L. Bornal
Saatzucht  Steinach,  Steinach, 
Germany

L. angustifolius L. Boregine (2006)

Saatzucht  Steinach,  Steinach, 
Germany

Boregine (2008)

Boruta

Bolivio

Boltensia

Vitabor

L. angustifolius cv. Boregine seeds of two different cultivation periods were used 

in the present  study to investigate the variations on the composition,  the protein 

recoveries and the techno-functional properties of the lupin proteins thereof due to 

the weather conditions. Lupin seeds (hulled kernels) were stored at 14°C and 50% 

relative humidity prior to analysis and further processing. 

   6.2 RAW MATERIALS FOR THE IDENTIFICATION OF ODOUR-ACTIVE         
      COMPOUNDS

Lupin flour 

Hulled kernels of L. angustifolius cv. Boregine (2008) were used for aroma profile 

analysis, aroma extract dilution analysis and the identification of important odorants. 
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The samples were stored at - 20°C in evacuated aluminium bags prior to analysis to 

prevent  further  changes  due to storage.  In  order  to  elucidate  potential  changes 

hulled lupin kernels were stored at 14°C for six months. After storage, aroma extract 

dilution analysis (AEDA) were carried out in comparison to lupin kernels stroed at 

-20°C for six months.

Lupin protein isolates (LPI)

The lupin protein isolates from full-fat  L. angustifolius cv. Boregine flakes were 

prepared  according  to  the  isolation  procedure  described  in  section  6.6.1.  After 

precipitation  the  lupin  protein  isolates  were  dissolved  in  a  small  amount  of 

demineralised  water  (waterdemin) and  stored  at  pH  4.5  at  - 20°C  in  evacuated 

aluminium bags until analysis.

    6.3 CHEMICALS 
All chemicals were of p.a. quality unless other qualities are listed. 

      6.3.1 Odorants

In  Table 6.2 the used reference odorants, their purities and their suppliers are 

listed.

Table 6.2: Reference odorants 

Odorant Purity Supplier

Acetic acid ≥ 99% Sigma-Aldrich, Steinheim, 
Germany

2-Acetyl-1-pyrroline > 90% AromaLab GmbH, Freising, 
Germany

Butanoic acid ≥ 99.5% Fluka, Steinheim, Germany

(E,E)-Deca-2,4-dienal   85% Fluka, Steinheim, Germany

γ-Decalactone   98% Aldrich, Steinheim, Germany

Decanal   98% Sigma-Aldrich, Steinheim, 
Germany

(E)-Dec-2-enal   95% Fluka, Steinheim, Germany

(E)-4,5-Epoxy-(E)-dec-2-enal   95% AromaLab GmbH, Freising, 
Germany
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Odorant Purity Supplier

3-Hydroxy-4,5-dimethyl-2(5H)-furanone 
(Sotolone)

  97% Aldrich, Steinheim, Germany

4-Hydroxy-3-methoxybenzaldehyd 
(Vanillin)

  99% ABCR, Karlsruhe, Germany

3-Hydroxy-2-methyl-pyran-4-one (Maltol)   99% Aldrich, Steinheim, Germany

3-Isobutyl-2-methoxypyrazine   99% Acros Organics, Geel, 
Belgium

3-Isopropyl-2-methoxypyrazine   97% Acros Organics, Geel, 
Belgium

2-Methyl butanoic acid   98% Aldrich, Steinheim, Germany

3-Methyl butanoic acid   99% Aldrich, Steinheim, Germany

(E,Z)-Nona-2,6-dienal   95% Aldrich, Steinheim, Germany

γ-Nonalactone ≥ 98% Aldrich, Steinheim, Germany

(E)-Non-2-enal   97% Aldrich, Steinheim, Germany

(Z)-Octa-1,5-dien-3-one   99% AromaLab GmbH, Freising, 
Germany

γ-Octalactone ≥ 95% EGA-Chemie, Steinheim, 
Germany

Oct-1-en-3-one   50% Aldrich, Steinheim, Germany

Pentanoic acid   99% Fluka, Steinheim, Germany

Phenylacetic acid   99% Aldrich, Steinheim, Germany

4-(2,6,6-trimethyl-1-cyclohexenyl)-3-
Buten-2-one 
(β-Ionone)

  98% Fluka, Steinheim, Germany

(Z)-Non-2-enal was purified from a compound mixture (ratio of about 99:1) of (E)- 

and (Z)-non-2-enal (Sigma-Aldrich, Steinheim, Germany) by means of argentation 

chromatography as described by Steinhaus et al., 2007.

      6.3.2 Solvents and further chemicals

In Table 6.3 the used solvents, their purity and their suppliers are listed.
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Table 6.3: Solvents

Solvents Purity Supplier

Acetone p.a. Th. Geyer GmbH & Co. KG, 
Renningen, Germany

n-Butanol p.a. Sigma-Aldrich, St. Louis, USA

Dichloromethane p.a. Merck KG, Darmstadt, 
Germany

Diethyl ether p.a. Th. Geyer GmbH & Co. KG, 
Renningen, Germany

Ethanol p.a. Th. Geyer GmbH & Co. KG, 
Renningen, Germany

n-Hexane p.a. Th. Geyer GmbH & Co. KG, 
Renningen, Germany

2-Methyl pentane Technical grade Grean GmbH, Biesterfeld, 
Germany

2-Propanol Pharmaceutical purity Staub & Co. Chemiehandels- 
gesellschaft mbH, Muenchen, 
Germany

The further chemicals used for the experiments are listed in Table 6.4. 

Table 6.4: Further Chemicals 

Chemical Concentration/ 
Purity

Supplier

Hydrochloric acid (HCl)
3 M
1 M

0.1 M

Merck KG, Darmstadt, 
Germany

Liquid nitrogen Linde, Muenchen, 
Germany

Potassium hydroxide (KOH) p.a. Sigma-Aldrich, St. Louis, 
USA

Sodium chloride (NaCl) p.a. Merck KG, Darmstadt, 
Germany

Sodium sulphate (anhydrous) 
Na2SO4

p.a.
Merck KG, Darmstadt, 
Germany

Sodium hydroxide (NaOH)
3 M
1 M

0.1 M

Merck KG, Darmstadt, 
Germany
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    6.4 PREPARATION OF LUPIN FLAKES AND LUPIN FLOURS

The lupin seeds of the different lupin varieties (Table 6.1) were hulled using an 

underdrifter disc sheller (Streckel & Schrader KG, Hamburg, Germany). Afterwards, 

the husks were separated using a zigzag air-classifier (Multiplex, Hosokawa Alpine 

AG,  Augsburg,  Germany).  To receive full-fat  lupin flakes,  the hulled lupin seeds 

were  flaked  using  a  flaking  mill  with  coolable  rollers  (Strecker  &  Schrader  KG, 

Hamburg,  Germany). The full-fat  lupin flakes were used as raw materials for the 

protein isolation and oil extraction procedures. For the analysis of the composition 

and the functional properties, the lupin flakes were milled using a Retsch ZM-100 

ultracentrifugal  mill  with  a  0.5  mm  screen  insert  (Retsch  GmbH,  Duesseldorf, 

Germany).

Lupin flour

To prepare full-fat  lupin flour  for  the analysis of  odour-active compounds,  the 

hulled lupin seeds were pulverised using the previously described ultra-centrifugal 

mill with a 0.5 mm screen insert. The seeds were frozen in liquid nitrogen prior to 

milling to avoid losses of  volatile substances and to minimise thermal  treatment 

during milling [Bader et al., 2009]. 

    6.5 DE-OILING OF LUPIN FLAKES

In the present study, de-oiling of lupin flakes was carried out using both organic 

solvents and supercritical CO2.

De-oiling with organic solvents

Acetone,  diethyl  ether,  n-hexane,  2-methyl  pentane,  2-propanol,  and  ethanol 

were used as solvents for de-oiling of lupin flakes of L. angustifolius cv. Boregine as 

described  by  Bader  et  al.,  2011.  Portions  of  300  g  of  full-fat  lupin  flakes  were 

extracted  for 10 cycles in a cellulose thimble (75 * 330 mm, Schleicher & Schuell 

Microscience GmbH, Dassel,  Germany),  using a Soxhlet  apparatus (2 L,  Buechi 

Labortechnik  GmbH,  Essen,  Germany)  with  2  L  of  each  solvent.  The  heating 

temperature was set 20 K above the boiling point of each solvent, and the solvent 

was condensed at a recirculating cooler  set  at 20°C. Subsequently,  the de-oiled 
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lupin flakes were desolventised in an air stream for about 24 h at room temperature. 

De-oiling experiments were carried out in duplicate [Bader et al., 2011].

Supercritical CO
2
 extraction 

De-oiling of lupin flakes with supercritical CO2 was carried out on laboratory scale 

at the Raps Forschungszentrum (Raps GmbH, Freising, Germany). A 5 L vessel of 

the  supercritical  CO
2
 extraction  unit  with  a  maximum  operation  pressure  of 

100,000 kPa  was  used  as  extraction  vessel  for  all  experiments  (Natex 

Prozesstechnologie  GesmbH,  Ternitz,  Austria).  The supercritical  CO
2
 extractions 

were performed using 2 kg or 1 kg of full-fat lupin flakes of two different species (L. 

albus cv. TypTop and L. angustifolius cv. Boregine). 

For the de-oiling procedure, 2 kg of full-fat lupin flakes of  L. albus cv. TypTop 

were  de-oiled  using  extraction  pressures  of  28,500 kPa  and  80,000 kPa, 

respectively, and the extraction temperature was kept constant at 50°C. The CO
2
 to 

flakes ratio was 100 kg CO2 kg-1 flakes for 28,500 kPa and 30 kg CO2 kg-1 flakes for 

80,000 kPa. The temperature and pressure of the first separator were kept constant 

at  30°C and 5,000 kPa,  while  the  second  separator  was  operated  at  20°C and 

4,500 kPa.

The extraction parameters for full-fat flakes of L. angustifolius cv. Boregine were 

varied in a broader range using 1 kg of full-fat flakes each. In a first experimental 

series, the extraction temperatures of the supercritical CO
2
 extractions ranged from 

30  to  90°C.  Furthermore,  the  particle  sizes  of  the  raw  materials  used  for 

supercritical  CO
2
 extractions were varied from lupin flour  to lupin grits  and lupin 

flakes.  The  extraction  pressure  was  varied  in  the  range  of  6,000 kPa  and 

100,000 kPa. Also different  CO
2
 to flakes ratios of  100 to 400 kg CO2 kg-1 flakes 

were applied. Additionally, aqueous ethanol (70% v/v) was used as organic modifier 

during supercritical CO
2
 extractions to potentially enhance the extraction of more 

hydrophilic compounds. 

Both  separators  were  operated  at  similar  temperatures  and  pressures  as 

described for the de-oiling procedures of full-fat flakes of L. albus cv. TypTop. After 

the first  separation step a lupin oil and water emulsion was obtained, which was 

separated further in crude lupin oil (emulsified water + lupin oil) and a water phase 
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by  means  of  a  separating  funnel.  The  oil  content  of  the  crude  lupin  oil  was 

determined  by  the  method  of  Caviezel  as  described  in  section  6.7.  During  all 

extraction  procedures  using  supercritical  CO2  in  the  first  separator  a  combined 

phase containing lupin oil and water was separated. 

    6.6 PREPARATION OF LUPIN PROTEIN ISOLATES

      6.6.1 Laboratory scale process (2 L scale)

The lupin proteins were prepared from full-fat and de-oiled lupin flakes using a 

two stage laboratory scale process as described previously by Wäsche et al., 2001 

with slight modifications. In brief,  in the first stage, the flakes were suspended in 

water (solid-to-liquid ratio (s:l) 1:10) and extracted under acidic conditions (pH 4.5) 

at 15°C for 45 min; 1 M HCl was used to adjust the pH. The supernatant and the 

solid phase were separated by centrifugation (3,300 g, 5 min) in an Omnifuge 2.0 

RS (Thermo Fisher Scientfic, Heraeus®, Germany). Afterwards, the solid phase was 

re-extracted  with  acidified  water  (pH  4.5,  s:l  1:8,  15°C,  45  min)  followed  by 

centrifugation. The supernatants of both acidic extractions were discarded. In the 

second stage, the pre-extracted residue was extracted twice at pH 7.2 with a s:l of 

1:5 at a temperature of 30°C for 45 min. The pH was adjusted with 1 M NaOH. After 

centrifugation  both  alkaline  supernatants  containing  the  main  storage  protein 

fractions  of  the  lupin  seeds were  combined  for  precipitation.  The proteins  were 

precipitated at  the isoelectric  point  (pH 4.5)  using 1 M HCl.  After  separation  the 

supernatant  was  discarded  and  the  residue  was  neutralised  (pH  6.8)  with  1 M 

NaOH and lyophilised to receive a dried lupin protein isolate (LPI). 

For the sensory evaluations and the identification of odour-active compounds the 

protein isolates were frozen after  precipitation at pH 4.5 in evacuated aluminium 

bags at  20°C.

      6.6.2 Pilot scale process (2,000 L scale)

The  previously  described  extraction  procedure  was  carried  out  at  pilot  scale 

using 2-methyl pentane de-oiled flakes of L. angustifolius cv. Boregine [Wäsche et

al., 2001]. About 185 kg of these flakes were applied for the extraction procedure 

described in section 6.6.1 using two acidic pre-extraction steps at pH 4.5 and one 

single protein extraction step at pH 7.2. The centrifugation steps were carried out 
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using a decanter  for  separation (GEA Westfalia  Separator  Group GmbH,  Oelde 

Germany). Afterwards,  the  proteins  comprised  in  the  protein  extract  were 

precipitated isoelectrically at pH 4.5. The precipitated lupin proteins were separated 

from the clarified extract by a separator  (GEA Westfalia Separator Group GmbH) 

and neutralised (pH 6.8) using 3 M NaOH. The neutralised protein was pasteurised 

at 70°C for 3 min and spray-dried (Anhydro Holding A/S, Soeborg, Denmark). The 

protein recoveries and protein losses of the pilot scale process were determined in 

triplicate and compared to the laboratory scale process.   

    6.7 ANALYSES OF THE COMPOSITION

The dry matter contents and the ash contents of lupin flakes and lupin protein 

isolates were analysed according to the  German Food Act, 2005 and the  AOAC,

1990, method 923.03. In brief, the samples were dried to weight constancy at 105°C 

for the determination of the dry matter content and combusted at 950°C until weight 

constancy to determine the ash contents in a thermo-gravimetrical  system (TGA 

601, Leco Corporation, St. Joseph, MI, USA). 

Protein contents were calculated based on the nitrogen content (N) according to 

the Dumas combustion method as described in the German Food Act, 2005 using a 

Nitrogen  Analyzer  FP  528  (Leco  Corporation,  St.  Joseph,  MI,  USA)  with  a 

conversion factor of 5.8, which was reported by Mossé, 1990 for lupin proteins.

The lipid contents  were  measured  according  to the method  of  Caviezel,  DGF

Einheitsmethoden K-I  2c (00).  The lipids were analysed by gas chromatography 

after extraction with n-butanol and saponification using potassium hydroxide pellets. 

Applying  this  method  all  fatty  acids  and  phospholipids  could  be  detected  [DGF

Einheitsmethoden].

    6.8 ANALYSES OF FUNCTIONAL PROPERTIES

 The most important functional properties studied were the protein solubility of 

lupin  flours  and  lupin  protein  isolates  at  various  pH  values,  their  emulsifying 

capacities and gel  forming properties.  The gel  forming properties were analysed 

only for  the protein isolates. All functional properties were determined at least in 

duplicate.
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Protein solubility

The protein solubility was determined according to the method of  Morr et al.,

1985 and  the  corresponding  Nitrogen  Solubility  Index  (NSI)  was  determined  in 

accordance with the AACC, 2000 method 46-23.

An aliquot  of 1 g of ground lupin flakes was suspended in 50 mL of a 0.1 M 

sodium  chloride  solution  at  room  temperature.  The  pH  of  the  sodium  chloride 

solution was adjusted to pH 3, 4, 5, 6, 7, and 8 with 0.1 M HCl or 0.1 M NaOH to 

receive a protein solubility profile over a wide pH range. The protein solubility of the 

lupin protein isolates were only determined at pH 7. After 60 min of dissolution, the 

non-dissolved residue of all samples (lupin flours and isolates) were separated by 

centrifugation  at  20,000  g for  15 min  (Sigma  5  K,  Thermo  Fisher  Scientific, 

Heraeus®,  Germany).  The protein content  of  the supernatant  was determined by 

nitrogen analysis as described in section 6.7. The protein solubility is calculated by 

the amount of protein in the supernatant in relation to the protein concentration in 

the LPI or the lupin flour.

In  order  to  determine  the  protein  solubility  of  the  de-oiled  lupin  flakes  after 

supercritical  CO
2
-extraction  the  NSI  in  combination  with  the  Biuret  assay  as 

described by Pickardt et al., 2009 were used. In brief, 2.5 g of CO
2
-de-oiled lupin 

flour was dissolved under constant stirring (~ 200 rpm) for 1 h in 50 mL 0.1 M NaCl 

solution at room temperature. The pH was adjusted to pH 7 using 0.1 M NaOH. 

Subsequently, an aliquot of 35 mL was accurately weighed (± 0.1 mg) in centrifuge 

tubes and centrifuged at 20,000 g for 15 min at 20°C. The supernatant was filtered 

using  a  Whatman  folded  filter  No.  595½  (Schleicher  &  Schuell,  MicroScience, 

Dassel,  Germany).  The  protein  content  of  the  filtered  solution  was  determined 

photometrically at 550 nm (Spectrometer Lambda 25 UV/Vis, PerkinElmer Life and 

Analytical  Sciences,  Rodgau,  Germany)  using  the  Biuret  assay [Pickardt  et  al.,

2009].  The  protein  content  of  the  supernatant  was  measured  in  triplicate  after 

calibration with BSA (Bovine Serum Albumine).  The calculated protein content  of 

the supernatant was afterwards related to the initial protein content of the de-oiled 

lupin flour to obtain the protein solubility at pH 7.   

Emulsifying capacity 

The  emulsifying  capacity  of  the  raw materials  and  the  LPI  were  determined 

according  to the method described by  Wäsche et  al.,  2001 using a 1 L-reactor 
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equipped with a stirrer and an UltraTurrax (IKA-Werke GmbH & Co. KG, Staufen, 

Germany).

In brief, a 1% (w/w) sample solution adjusted to pH 7 was stirred constantly at 

18°C  and  homogenised  in  the  reactor.  125  mL  of  corn  oil  (Mazola®,  Unilever 

Deutschland  GmbH,  Hamburg,  Germany)  were  added  to  100 mL of  the  protein 

solution and emulsified using an UltraTurrax. After equilibration of the protein/corn 

oil emulsion for 1 min, further amounts of corn oil were added by automatic titration 

with  a  Titrino  702  SM (Metrohm  GmbH  &  Co.  KG,  Herisau,  Switzerland)  at  a 

constant rate of 10 mL min-1 until phase inversion of the emulsion. The conductivity 

was  used  as  parameter  for  the  phase  inversion  and  was  measured  with  the 

conductivity  meter  LF  521  from  WTW  (Wissenschaftlich-technische  Werkstätten 

GmbH, Weilheim, Germany). Phase inversion results in a drop of conductivity below 

10 µS cm-2. The volume of added corn oil was used to calculate the emulsifying 

capacities (mL oil per g sample), which were determined in duplicate.

Gel forming properties

Dynamic  rheological  measurements  were  conducted  according  to  Renkema,

2004 with slight modifications  using a Bohlin CVO rheometer (CVO 100, Malvern 

Instruments, Germany) equipped with a serrated concentric cylinder geometry C25 

(content: 13 mL). The gel forming properties were measured in duplicate.

The lupin protein  isolates  were dispersed in  waterdemin to  obtain  a 15% (w/w) 

solution and adjusted to pH 7 with 0.1 M NaOH. An aliquot of 1% NaCl was added 

to  the  dispersions,  since  NaCl  was  found  to  increase  the  gel  strength  of  lupin 

proteins in exploratory experiments. About 12 mL of the solution was conveyed to 

the  concentric  cylinder  and  the  gel  formation  was  induced  by  increasing  the 

temperature of the protein solutions from 20 to 90°C at a constant heating rate of 

1 K min-1.  The  temperature  was  kept  constant  for  60 min  and  subsequently 

decreased to 20°C with a cooling rate of 1 K min-1. The protein gels were kept at 

20°C for another 30 min before the linear heating from 20°C to 90°C was repeated 

to receive information about the reversibility of the gel formation of lupin proteins. 

The storage modulus G' (Pa) and the loss modulus G'' (Pa) were measured at a 

constant strain of 0.1 s-1, which was within the linear region. A thin layer of corn oil 

(Mazola®,  Unilever,  Germany)  was  put  on  the  top  of  the  samples  to  prevent 

evaporation  of  water.  In  order  to  characterise  the  viscoelastic  properties  of  the 
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protein gels the Weissenberg number W'  was calculated at maximum G' and G'' 

according to the following equation 6.1. The gel forming properties of the LPI were 

determined in duplicate. 

W '=
G' '

G'
(6.1)

    6.9 THERMAL BEHAVIOUR OF SELECTED LUPIN PROTEIN ISOLATES

In  order  to  evaluate  the  denaturation  properties  of  lupin  proteins,  differential 

scanning calorimetry (DSC) was carried out according to  Sousa et al., 1995 with 

slight  modifications. The lupin protein isolates were dispersed in waterdemin under 

continuous stirring for 10 min to obtain a 20% (w/w) protein concentration. A small 

amount (10 to 20 mg) of the protein dispersions was weighed accurately (± 0.01 

mg) in DSC pans (T Zero Aluminium Hermetic, TA Instruments, New Castle, USA), 

which were sealed hermetically. A DSC Q 2000 system from TA Instruments (New 

Castle,  USA)  was  used  to  determine  the thermograms.  The DSC analyser  was 

calibrated at the same heating rate as used for the samples using indium with a 

melting endotherm at 156.6°C and a constant nitrogen flush of 50 mL min-1 was 

applied.  As reference an empty sealed aluminium pan was used.  Thermograms 

were obtained by linear heating from 40°C to 120°C at a heating rate of 2 K min-1. 

All samples were immediately re-scanned, after cooling down to 40°C, to investigate 

reversibility.  Transition temperatures  and  transition  enthalpies  (=  denaturation 

enthalpies;  ∆H)  were  calculated  automatically  by  the  software  (TA  Universal 

Analysis,  TA Instruments, New Castle,  USA). Denaturation properties of selected 

lupin protein isolates were measured at least in duplicates.

    6.10 ONE-DIMENSIONAL GEL ELECTROPHORESIS (SDS-PAGE)
One-dimensional  acrylamide gel  electrophoresis  (SDS-PAGE)  was carried  out 

using  the  vertical  gel  unit  Hoefer  SE  600  Ruby  from  Amersham  Biosciences 

(Freiburg,  Germany)  equipped  with  a  water  bath  (MultiTemp  III,  Amersham 

Biosciences) and a power supply (EPS 601, Amersham Biosciences). 

To obtain the resolving gels, SDS-gels with an acrylamide content of 12.5% were 

prepared.  The  stacking  gels  used  were  composed  of  4%  of  acrylamide.  The 



 6  Materials and Methods           147

individual  solutions  for  preparing  the  gels  as  well  as  the  buffers  used  for  gel 

electrophoresis and the staining solutions are listed in Appendix A. 

Sample preparation

About 0.05 g of LPI samples were accurately weighed (± 0.1 mg) in safe-lock 

tubes and dissolved in 1 mL 1 x treatment buffer. This protein solution was heated 

to  90°C  for  3  min  in  hot  water  to  resolve  hydrogen  bonding  and  afterwards 

centrifuged at 12,100 g for 2 min in a Mini spin centrifuge (Eppendorf, Germany) to 

separate  the  supernatant  and  a  potentially  undissolved  protein  pellet.  The 

supernatant  was  diluted  1:10  (v/v)  with  2  x  treatment  buffer  to  an approximate 

concentration of  5 mg mL-1.  10 µL of  the sample solutions were applied for  gel 

electrophoresis.

Calculation of molecular weights

In order to determine the molecular weights of the protein fractions a molecular 

weight standard from 10 kDa to 250 kDa (Precision Plus Protein  Kaleidoscope™ 

Standard, Bio-Rad Laboratories GmbH, Muenchen, Germany) was used and added 

on at least two lanes on the gel. The protein fractions were separated on the SDS-

PAGE with a maximum operation voltage of 300 V, a maximum strength of current 

of  60  mA,  and  a  maximum  electrical  power  of  100  W.  The  electrophoresis 

experiments were carried out using the tank buffer as listed in Appendix A at 10°C 

for about 2.5 h.

Staining of SDS-gels

The gels were stained using Coomassie Blue R 250 with an automated staining 

equipment  of  GE  Healthcare.  The  fixing,  preserving,  destaining  and  staining 

solutions as well as the staining protocol are listed in Appendix A as well. 

After staining, the gels were scanned in colour and the molecular weight of each 

band  was  related  to  the  molecular  weight  standard  (Precision  Plus  Protein 

Kaleidoscope™  Standard)  using  the Image  Quant  TL  Software  (Amersham 

Biosciences, Freiburg, Germany).
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    6.11 AROMA PROFILE ANALYSIS AND SENSORY EVALUATIONS

      6.11.1 Aroma profile analysis

Aroma  profile  analyses  were  carried  out  orthonasally  prior  to  aroma  extract 

dilution  analysis  (AEDA)  for  the  lupin  flours  and  lupin  protein  isolates  of  L. 

angustifolius cv. Boregine (2008) according to Bader et al., 2009. The lupin protein 

isolate was thawed and the aroma profile was evaluated at room temperature.

Panellists

The  panellists  were  members  of  a  trained  sensory  panel  of  Fraunhofer  IVV 

(Freising, Germany), exhibiting no known illness at the time of examination and with 

normal olfactory and gustatory function. In preceding weekly training sessions ten 

assessors (three male, seven females) were recruited and trained in recognising 

orthonasally  about  90 selected odorants  at  different  concentrations  according  to 

their odour qualities. Participation in these sessions was at least for half a year prior 

to participation in the actual sensory experiments [Bader et al., 2009].

Descriptive analysis 

Sensory analyses were performed in a sensory panel room at  21 ± 1°C. One 

sample of lupin flour or lupin protein isolate was presented in covered glass vessels 

with a capacity of 140 mL (WECK®,  J.  Weck GmbH & Co.KG, Wehr, Germany) to 

the sensory panel for orthonasal evaluation. No information about the purpose of 

the  experiments  or  the  exact  composition  of  the  samples  were  given  to  the 

panellists.

The odour characteristics were evaluated following a detailed protocol. In the first 

session, the panel had to describe the characteristic odour attributes they perceived 

when sniffing the samples. Based on the frequency of detection, pre-defined odour 

attributes  were  selected.  The  samples  were  presented  again  to  the  panel  in  a 

second session and the selected odour attributes were evaluated on a scale from 0 

(not detectable) over 1 (weak intensity), 2 (medium intensity), to 3 (strong intensity). 

The intensity scores of each attribute were averaged. Each sample was presented 

three different times to the assessors [Bader et al., 2009].
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      6.11.2 Sensory evaluations of lupin protein isolates

Sensory evaluations of the full-fat  and the de-oiled lupin protein isolates of  L. 

angustifolius cv.  Boregine (2008)  were carried out  to  determine the influence of 

different  de-oiling  procedures  on the sensory properties  of  LPI  as  described  by 

Bader et al., 2011. 

Panellists

The panellists were recruited and trained as described in section 6.11.1. On each 

session 2 to 3 lupin protein samples were evaluated by 6 to 8 trained panellists. 

Sample Preparation

Immediately after thawing,  the pH of  the precipitated lupin protein isolate was 

adjusted to pH 6.8 with 1 M NaOH. The neutralised protein solutions were diluted to 

a dry matter content of about 3% ± 0.5% prior to the evaluations. The samples were 

presented to the panellists at room temperature [Bader et al., 2011].

Sensory tests

A simple comparison of the samples' taste was performed using a descriptive 

sensory test method, unstructured scaling, also known as line or visual analogue 

scaling [Poste et al., 1991]. The selected attributes were rated on a scale from 0 

(not recognisable) to 10 (very strongly recognisable).  1 cm of the graphical scale 

was equivalent to one score, so that the horizontal line was 10 cm. A separate scale 

was used for each attribute and the panellists recorded their evaluation by a vertical 

line on each scale at that point which fitted their reflections best. Numerical scores 

were given to the evaluations by measuring the distance of the marks from the left  

end of the line in units of 0.1 cm [Bader et al., 2011].

The attributes  for  the  sensory evaluation  were  green  or  grassy,  legume-like, 

solvent-like,  cardboard-like,  bitter, and astringent. Furthermore, the panellists were 

asked to rate the overall acceptance of the lupin protein isolates from 0 (disliking) to 

10 (loving). The order of presentation of the samples was randomised to minimise 

central  tendency  error.  Drinking  water  was  offered  for  mouth  rinsing  between 

samples to control  contrast  effects.  To minimise expectation errors,  all  panellists 

were given only enough information to conduct  the test,  and the person directly 

involved in making the products was not included in the panel [Bader et al., 2011].
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    6.12 COLOUR MEASUREMENTS

The colour of the full-fat and the de-oiled lupin protein isolates were measured at 

room temperature using a Minolta Chromameter CR-300 (Konica Minolta Business 

Solutions  Deutschland GmbH,  Langenhagen,  Germany).  The lyophilised isolates 

were  ground  using  an  ultracentrifugal  mill  with  a  0.5 mm  screen  insert.  After 

calibration with a white standard tile (L*= 93.43, a*=-0.01, b*=1.64), the colour of the 

pulverised isolates was measured in the CIE L* a* b* system at 10 different points 

of the isolates. For each measurement approximately 15 g of the powdered protein 

isolates were used. 

    6.13 STATISTICAL ANALYSIS

The results  of  the  present  thesis  are  presented  as  mean values  ±  standard 

deviation of at least 2 to 4 individual determinations as stated in the material and 

methods  section.  Statistical  analysis  was  performed using  analysis  of  variances 

(ANOVA) with a significance level of 95%.   

    6.14 IDENTIFICATION OF ODOUR-ACTIVE COMPOUNDS

The identification of odorants during high resolution gas chromatography-mass 

spectrometry/-olfactometry  (sections  6.14.3  and  6.14.5)  was  carried  out  by 

comparing  the odour  qualities,  the retention  indices on two capillary columns of 

different polarity (DB-FFAP and DB-5), and the mass spectra data (MS-EI) with the 

properties  of  the  reference  compounds  as  described  previously  [Molyneux  &

Schieberle, 2007].

      6.14.1 Solvent extraction of odour-active compounds

Lupin flour

The volatiles  of  the lupin flours  were extracted from 25 g  powdered dehulled 

lupin seeds with 100 mL freshly prepared highly pure dichloromethane for 30 min at 

room temperature. The extraction was repeated threefold as described by Bader et

al.,  2009.  The  dichloromethane  phases  were  separated  by  filtration  (Whatman 

folded-filter No. 595½, Schleicher & Schuell, MicroScience, Dassel, Germany) from 

the  solid  phase.  The  dichloromethane  phases  (300 mL)  were  combined  and 
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subsequently  used  for  the  solvent  assisted  flavour  evaporation  (SAFE;  section 

6.14.2). 

Lupin protein isolate

After thawing, the pH of the lupin protein isolate (LPI) was adjusted to pH 6.8 

with 1 M NaOH.  125  g liquid LPI with a dry matter content of  20% (representing 

25 g of dry matter) was extracted with 80 mL dichloromethane for 30 min at room 

temperature. This aqueous dichloromethane solution was used for SAFE distillation 

(solvent assisted flavour evaporation) as described in the next section.

      6.14.2 Solvent assisted flavour evaporation

The  volatiles  of  the  lupin  extracts  and  the  lupin  protein  solution  containing 

dichloromethane were isolated by the SAFE technique at 50°C for a fast and careful 

isolation of volatiles [Engel et al., 1999]. Aliquots of each extract were dropped into 

the distillation flask, where a vapour spray was formed immediately due to the high 

vacuum of 0.1 to 0.01 Pa applied on the SAFE apparatus. The vaporised solvents 

and volatiles were transferred through a tube into the distillation head. The non-

volatile compounds remained in the distillation flask.  The vaporised solvents and 

volatile substances were condensed in a liquid nitrogen cooled flask. After finishing 

SAFE distillation, the apparatus was ventilated via the high vacuum stopcock. After 

SAFE distillation the obtained distillates were thawed and processed individually as 

described below. 

Aroma extracts of lupin flour

The  aroma  extracts  of  the  lupin  flours  were  dried  over  anhydrous  Na2SO4, 

filtrated,  and  finally  concentrated  to  a  total  volume  of  150  μL  at  50°C  using  a 

Vigreux column (50 x 1 cm) and a micro distillation unit [Bemelmans, 1979].

Aroma extracts of lupin protein isolates

After  separation  of  the  volatile  compounds  from  the  non-volatile  components 

during SAFE distillation the aroma extracts of the lupin protein isolates contained 

high  amounts  of  water  due  to  the  dichloromethane  extraction  of  liquid  protein 

isolate. After thawing, the aqueous phase was separated from the dichloromethane 

phase using a separating funnel. The aqueous phase was re-extracted twice with 
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80 mL of dichloromethane each in order to further extract the majority of volatiles 

present. The dichloromethane phases were dried over anhydrous Na2SO4, filtered 

and concentrated to a total volume of 150 µL as described previously for the aroma 

extracts of lupin flour by distillation on a Vigreux column and a micro distillation unit. 

The concentrated aroma extracts  of  both the lupin flour  and the lupin protein 

isolate were used for the HRGC-O, aroma extract dilution analysis (AEDA), and the 

identification of important odour-active compounds via HRGC-GC/MS as described 

in sections 6.14.3 to 6.14.5. 

      6.14.3 High Resolution Gas Chromatography- Olfactometry (HRGC-O)

HRGC-O was performed with a gas chromatograph type GC 5300 Mega Series 

(Carlo Erba, Hofheim, Germany) using the following capillary columns as listed in 

Table 6.5. 

Table 6.5: Capillary columns 

Capillary column Supplier Column material

DB-FFAP J  &  W  Scientific, 
Folsom, USA

30 m × 0.32 mm, film thickness 0.25 
μm 

DB-5 J  &  W  Scientific, 
Folsom, USA

30 m × 0.32 mm, film thickness 0.25 
μm

For the analysis of the solvent extracts by AEDA, the cool-on-column injection 

technique at a start temperature of 40°C was applied. After 2 min, the temperature 

of the oven was raised at 8 K min-1 to 240°C and held for 5 min. The helium flow 

rate was 2 mL min-1. At the end of the capillary, the effluent was split into a sniffing 

port  and a flame ionisation detector  (FID) using two deactivated uncoated fused 

silica capillaries (100 cm × 0.32 mm). The temperatures of the FID and the sniffing 

port were held constant at 300°C and 250°C, respectively.

The retention index (RI) of a compound was determined by linear interpolation 

after  co-chromatography with a solution of  homologous  n-alkanes.  For DB-5 the 

alkanes  C6 to  C18,  for  DB-FFAP C6 to  C26 were  used  respectively.  The  linear 

retention indices were calculated using the following equation [Dool & Kratz, 1963, 

Kovats, 1958]:
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RI=100∗[N+

tR
unknown

−tR
n

tR
(n+1)

−tR
n

] (6.2)

where N represents the number of carbon atoms of the alkane n, t
Runknown is the 

retention time of the unknown compound, t
Rn

 is the retention time of the alkane n, 

t
R(n+1)

 is the retention time of the alkane n+1. 

      6.14.4 Aroma extract dilution analysis (AEDA)

The flavour dilution (FD-) factors of the key aroma compounds of lupin flour and 

lupin protein isolate after extraction and concentration were determined by AEDA 

from  the  following  dilution  series: the  original  extract  of  150  μL  (prepared  as 

described in  section 5.14.2) was stepwise diluted (1+1, v/v) with dichloromethane. 

This resulted in different  dilution levels of  2n (2, 4, 8, 16, ...,  1024,  2048, 4096). 

HRGC-O was then performed on 2 µL of the original extract (FD 1) and on aliquots 

of  2  μL  of  1+1  dilutions  using  the  capillary  columns  DB-FFAP and  DB-5.  The 

highest dilution, at which the odour of an individual substance was detected, was 

defined as the FD-factor of this compound [Grosch, 2001].

      6.14.5 HRGC-GC/MS (Two-dimensional high resolution gas chromatography – 
            mass spectrometry)

HRGC-GC/MS analyses were performed with a system that consisted of two gas 

chromatographs of  the type 3800 (Varian,  Darmstadt,  Germany).  The GCs were 

connected  with  the  Cryo  Trap  System  CTS  1  (Gerstel  GmbH,  Muehlheim, 

Germany).  The  first  GC  was  equipped  with  a  preparative  capillary  column 

(preparative  DB-FFAP,  J  &  W  Scientific,  Folsom,  USA)  and  the  multi-column-

switching system MCS 2 (Gerstel GmbH, Muehlheim, Germany). The compounds 

eluting at the end of the capillary were split as described above into an FID and an 

ODP  (olfactory  detection  port  =  sniffing  port)  (Gerstel  GmbH,  Muehlheim, 

Germany).

The  extracts  were  applied  onto  the  column  by  the  cool-on-column  injection 

technique  using  the  cool  injection  system  CIS-3  (Gerstel  GmbH,  Muehlheim, 

Germany). 
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The following GC conditions were applied: the initial GC temperature was 40°C. 

After 2 min, the temperature of the oven was raised by 8 K min-1 to 240°C and held 

for 5 min in the first  oven, and by 8 K min-1 to 240°C without  holding time in the 

second oven. The flow rate of the helium carrier gas was kept constant. Odorants 

were detected by sniffing the effluent at the ODP of the first oven. In a second run, 

a  defined  retention  area in  which  the odorants  eluted (odorant  retention  time ± 

0.2 min) was transferred onto the cryo trap (CTS-1), which was cooled to  -100°C 

using liquid nitrogen. After thermo desorption at 250°C, the volatiles were flushed 

onto the analytical capillary column DB-5 installed in the second oven. The starting 

temperature  of  40°C was also  held constant  for  2 min and afterwards  raised  to 

240°C with  8 K min-1.  The end of the capillary was split again as described above 

and  the  eluting  compounds  were  transferred  into  the  Saturn  2200  mass 

spectrometer  (Varian,  Darmstadt,  Germany)  and  the  ODP  (Gerstel  GmbH, 

Muehlheim, Germany). Mass spectra were generated in the electron impact mode 

(MS-EI) at an ionisation energy of 70 eV.

The HRGC-GC/MS-system was  used  for  the  identification  of  the  odorants  of 

lupin flour and lupin protein isolate, respectively. A schematic of the HRGC-GC/MS 

is shown in Figure 6.1.
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Figure 6.1: Schematic of the HRGC-GC/MS [Fraunhofer IVV]
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 8 APPENDICES

Appendix A

The  following  buffers  and  solutions  were  used  for  SDS-PAGE  and  were 

purchased from Amersham Biosciences, except the molecular weight standard that 

was purchased from Bio-Rad (Table 8.1).

Table 8.1: Solutions and buffers for SDS-PAGE

Solution/Buffer Composition

Acrylamide Solution C230 150  mL  Acrylamide  PAGE  (40%)  +  80  mL 
Methylene-bisacrylamide (2%)

4x Resolving Gel Buffer 1.5 M Tris-Cl, pH 8.8, 200 mL

4x Stacking Gel Buffer 0.5 M Tris-Cl, pH 6.8, 50 mL

10% SDS 10% SDS, 100 mL

10% ammonia per sulphate 10% ammonia per sulphate, 1 mL

Resolving Gel Overlay 0.375 M Tris-Cl, 0.1% SDS, pH 8.8, 100 mL

2x Treatment Buffer 0.125 M Tris-Cl, 4% SDS, 20% v/v glycerine, 
0.02% bromophenole blue, pH 6.8

1x Treatment Buffer 50% 2x Treatment buffer, 50% H2O

Tank Buffer 0.025 M Tris-Cl, 0.192 M Glycine, 0.1% SDS, 
pH 8.3, 10 L

n-butanol saturated with water 90% n-butanol, 10% waterbidest. 55 mL

Fixing Solution 40% methanol, 10% acetic acid, 500 mL

Destain Solution 25% ethanol, 8% acetic acid, 2 L

Preserving Solution 25% ethanol,  8% acetic  acid,  4% glycerine, 
500 mL

Coomassie Blue R250 0.2% Stock 
Solution

1 tablet  PhastGelBlue R250 + 80 mL H2O + 
120 mL methanol

Coomassie  Blue  R  250  0.02% 
Staining solution

10%  filtered  Coomassie  Blue  R250  0.2% 
Stock solution, 27% methanol, 9% acetic acid, 
200 mL

SDS stacking and resolving gels were prepared with acrylamide concentrations 

of  4% and 12.5%,  respectively.  For  the  resolving  gel  16.7 mL acrylamide  C230 

solution,  10 mL  of  4x  resolving  gel  buffer,  0.4 mL  10%  SDS  solution,  12.8 mL 

waterbidest , 200 µL 10% ammonia persulphate solution, and 13.3 µL TEMED were 
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mixed thoroughly to start the polymerisation of acrylamide and were filled between 

two glass plates to receive a 1.5 mm thick SDS gel. For the stacking gel 1.33 mL of 

acrylamide solution C230, 2.5 mL 4x stacking gel buffer, 0.1 mL 10% SDS solution, 

6.0 mL bidest. water, 50 µL 10% ammonia per sulphate, and 5.0 µL TEMED were 

mixed thoroughly and poured on the resolving gel.

The staining protocol used for the gels is listed in Table 8.2.

Table 8.2: Staining protocol for SDS-PAGE

Step Solutions Time (min)

1 Fixing solution 30

2 Destain solution 3

3 0.02% Coomassie Blue 90

4 Destain solution 15

5 Destain solution 45

6 Destain solution 120

7 Destain solution 120

8 Preserving solution 30 (and hold)
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Appendix B

Figure  8.1: Potential dependency of dry matter recoveries on dry matter contents of lupin 
flakes

Figure 8.2: Dependency of dry matter recoveries on protein content of lupin flakes
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Figure 8.3: Dependence of dry matter recoveries on fat contents of lupin flakes 

Figure 8.4: Dependency of protein recoveries on protein content of lupin flakes
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Figure 8.5: Dependency of protein recoveries on fat content of lupin flakes

Figure 8.6: Dependency of dry matter recoveries on protein solubility of lupin flakes at pH 7 
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Figure 8.7: Dependency of protein recoveries on protein solubility of lupin flakes at (pH 7)

Figure 8.8: Dependency of fat contents of the lupin protein isolates and the flours
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Figure 8.9: Dependency of emulsifying capacities on protein solubility at pH 7 of lupin flours

Figure 8.10: Dependency of protein solubility of LPI on protein solubility of lupin flours
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Figure 8.11: Dependency of emulsifying capacities of lupin flours on the protein content of the 
flours
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