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Abstract 

ABSTRACT 

Milk proteins are known to bind volatile flavour compounds to varying extents, depending on 

the nature of the protein and flavour compound. Processing conditions, such as temperature 

and pH, are also known to have an influence on the interactions between milk proteins and 

flavour compounds. These interactions cause a great challenge for flavour scientists because 

they influence the perceived aroma profile of food products significantly, in particular in low­

fat food products. 

The objectives of this research were to develop a headspace solid-phase microextraction 

(SPME) method followed by gas chromatography with flame ionisation detection (GC-FID) 

for the investigation of protein-flavour interactions, and to determine binding parameters of 

the hydrophobic flavour compound, 2-nonanone, to  individual milk proteins - namely, 

�- lactoglobulin (p- Ig), a- lactalbumin (a- la), bovine serum albumin (BSA), as l -casein, and 

�-casein -, whey protein isolate (WPI) ,  and sodium caseinate. Secondly, it was the aim to 

compare the binding of the structurally similar flavour compounds - 2-nonanone, I -nonanal, 

and trans-2-nonenal - to WPI in aqueous solution, and to investigate the effect of heat and 

high pressure treatment, and pH on the extent of protein-flavour binding. The final objective 

was to investigate the in vivo release of the reversibly bound flavour compound, 2-nonanone, 

from WPI and sodium caseinate using proton-transfer-reaction mass spectrometry (PTR-MS), 

and to understand the effect of viscosity on flavour release in vivo . 

The binding of the model flavour compound 2-nonanone to individual milk proteins, WPI, 

and sodium caseinate in aqueous so lutions was investigated, using headspace SPME fo llowed 

by GC-FID. The 2-nonanone binding capacities decreased in the order: BSA > �-Ig > a- la > 

as l -casein > �-casein, and the binding to WPI was stronger than the binding to sodium 

caseinate. All proteins appeared to have one binding site for 2-nonanone, except for BSA 

which possessed two c lasses of binding sites. 

The influence of heat treatment, high pressure processing and pH of the protein so lutions on 

the binding of 2-nonanone, I -nonanal, and trans-2-nonenal to WPI was determined. The 

binding of these compounds to WPI decreased in the order: trans-2-nonenal > I -nonanal > 

2-nonanone. The binding of 2-nonanone appears to involve hydrophobic interactions only, 

whereas the aldehydes, in particular trans-2-nonenal, also react through covalent binding. 

Upon both heat and high pressure denaturation, the binding of2-nonanone to WPI decreased, 

the binding of I -nonanal remained unchanged, while the binding of trans-2-nonenal 
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increased. The binding affinity of the flavour compounds and WPI increased with increasing 

pH, which is likely to result from pH dependent conformational changes of whey proteins. 

The in vivo flavour (2-nonanone) release from solutions of WPI and sodium caseinate was 

investigated using proton-transfer-reaction mass spectrometry. During consumption, 

2-nonanone was partly released from WPI,  whereas there was no significant release from 

sodium caseinate. Even after swallowing of the samples, a substantial amount of flavour was 

detected in the breath, suggesting that the milk proteins interact with the mucosa in the mouth 

and throat, resulting in a further release of  flavour from mucosa-bound proteins. An increase 

in viscosity of the protein so lutions by the addition of carboxymethylcellulose enhanced the 

release of 2-nonanone from WPI , and resulted in 2-nonanone release from sodium caseinate. 

This may be due to a thicker coating of the mucosa with the sample solution after swallowing 

due to the higher viscosity, resulting in additional release of protein-bound flavour. 

These findings contribute to the knowledge of the interactions that occur between flavour 

compounds and proteins, which is required to improve food flavouring and to make protein 

based foods, e.g. ,  low-fat dairy products, sensorily more acceptable to the consumer. The 

results also emphasize a careful cho ice of food processing conditions, such as temperature, 

high pressure or pH to obtain a desirable flavour profile. 
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Chapter One: Introduction 

CHAPTER ON E :  I NTRODUCTION 

One of the most important criteria for consumer acceptance of foods i s  flavour. Food matrix 

components, such as proteins (Gremli, 1974; Damodaran and Kinsella, 1980a, b, 1 981a, b; 

Fares et al. , 1 998; Liibke et al. , 2002; Gianelli et al. , 2005) ,  carbohydrates (Yven et al. , 1 998; 

Heinemann et al. , 2001; Philippe et al. , 2003,· Jouquand et al. , 2004) ,  and lipids (Ebeler et 

al. , 1988; van Ruth et al. , 2002; Meynier et al. , 2003) ,  are known to interact with flavour 

compounds. Proteins are added to foods primarily because of their functional properties, such 

as emulsifying and stabi l ising capacities, and their nutritional value. However, interactions 

between proteins and flavours are known to influence the perceived flavour of a food product 

(Overbosch et al. , 1991 ,· Land, 1 996) .  Protein ingredients not only reduce the perceived 

impact of desirable flavours but also may transmit undesirable off-flavours to foods, 

espec ially whey protein and soy protein products (Mills and Solms, 1 984,· Semenova et al. , 

2002a) .  I n  addition, proteins may change the texture of a food, i .e .  gelling, and thus decrease 

the flavour perception due to inhibition of mass transfer (Jaime et al. , 1 993,· Carr et al. , 1 996,· 

Wilson and Brown, 1997) .  

I n  the area of protein-flavour interactions, studies have been conducted mainly with milk 

proteins (Andriot et al. , 2000,· L iibke et al. , 2002) and soy proteins (Damodaran and KinseLfa, 

1981 a,· Li  et al. , 2000) , but also with a range of other food proteins, such as fababean protein 

(Ng et al. , 1 989a, b,· Semenova et al. , 2002a), pea protein (Dumont and Land, 1 986) ,  

ovalbumin (Maier, 1970; Ebeler e t  al. , 1 988) , fish actomyosin (Damodaran and KinseLfa, 

1 983), and myoglobin (Gianelli et al. , 2005) . The studies on milk proteins are of great 

importance since milk proteins are utilised in numerous food products, including dairy 

products, bakery and confectionary products, and meat products (Mulvihill, 1992) . 

The demand for healthier, low-fat foods is increasing. However, in the absence of fat ,  altered 

flavour-matrix interactions result in a dramatic change in flavour profiles (Shamil and Kilcast, 

1992,· Plug and Haring, 1 993; Hatchwell, 1 996) .  I n  fat-reduced or "light" foods the dominant 

components are carbohydrates or proteins which interact differently with aroma compounds 

compared with fat, and thus change the perceived flavour. In addition, most of the fat 

replacers used in these foods are composed of proteins or carbohydrates or both. A better 

understanding of the science behind protein-flavour interactions is required for the 

development of improved food flavour, particularly that of low-fat foods, and for minimising 

the presence o f  off-flavours in protein-containing foods. 
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Understanding the binding of flavour compounds and proteins is important, however, the 

extent of release of  flavours from proteins during consumption is crucial s ince it affects the 

flavour perception. Recently, both in vitro (Roberts and A cree, 1 995; Deibler et al. , 2001 ;  

Chung et al. , 2003) and in vivo techniques (Soeting and Heidema, 1 988; Linforth e t  al. , 1 996; 

Taylor and Linforth, 2000; Weel et al. , 2002) have been developed to investigate flavour 

release from foods. Milk proteins have been found to reduce the in-mouth flavour release and 

flavour perception because of their interact ions with flavour compounds (Guichard, 2000; 

Denker et al. , 2006; Giroux et al. , 2007) .  However, only two studies reported on the actual 

release of flavour compounds from proteins in-mouth (Le Guen and Vreeker, 2003; Weel et 

al. , 2003) . Aliphatic aldehydes were found to be partially released from whey protein isolate 

(WPI)  during consumption (Weel et al. , 2003), whereas alkenals were not released, and 

methyl ketones were completely released from milk protein concentrate (MPC) (Le Guen and 

Vreeker, 2003) . These results show that flavour release is very dependent on the type o f  

flavour compound. However, very different consumption protocols were used by the authors, 

making a comparison of results difficult. C learly, further work is needed to elucidate the 

release of flavour compounds from proteins in-mouth. 

The objectives of this research were 

(1) to determine binding parameters of  the hydrophobic flavour compound, 

2-nonanone, to individual milk proteins (namely, �-lactoglobulin, a- lactalbumin, 

bovine serum albumin, as l -casein, and �-casein), WPI ,  and sodium caseinate, using 

an optimised headspace SPME method fo llowed by GC-FID for the investigation of 

protein-flavour interactions; 

(2) to compare the b inding of structurally similar flavour compounds - 2-nonanone, 

I -nonanal, and trans-2-nonenal - to WPI in aqueous solution, and to investigate the 

effect of heat and high pressure treatment, and pH on the extent of protein-flavour 

binding; and 

(3)  to investigate the in vivo release of the reversibly bound flavour compound, 

2-nonanone, from WPI and sodium caseinate using proton-transfer-reaction mass 

spectrometry (PTR-MS), and to understand the effect of viscosity on flavour release 

in vivo. 
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CHAPTER TWO : LITERATU RE REVIEW 1 

The aim of this review is to discuss the flavour binding abi lity of individual food proteins, 

with emphasis on milk proteins, and the influence of processing treatments, pH, and ionic 

strength on protein-flavour binding. Furthermore, the current knowledge on the release of 

flavour compounds from milk proteins during consumption, and effects of texture on flavour 

release, are summarised. Methodologies used to investigate protein-flavour interactions and 

flavour release from proteins are evaluated. Implications of protein-flavour interactions in the 

development of protein foods, and future research are also considered. 

2. 1 Types of Interactions 

Two different types of interaction can occur between proteins and flavour compounds:  ( 1 ) 

reversible (physicochemical) binding, inc luding hydrogen bonds, hydrophobic interactions, 

and ionic bonds, and (2) irreversible (chemical) binding via covalent linkages, i.e. amide and 

ester formation, the condensation of aldehydes with amino groups (NH2) ("Schiff base" 

formation) and sulphydryl (SH) groups, and addition reactions with unsaturated flavour 

compounds ("Michael addition") (Solms et ai. , 1973; Overbosch et ai. , 1991;  Mottram et ai. , 

1 996; Meynier et ai. , 2003, 2004) .  Examples of typical interactions between flavour 

compounds and proteins are shown in Figure 2 . 1 - 1 . 

The type of  binding between a protein and a flavour compound depends on the characteristics 

of both the protein and the flavour, and thus there is no universal mechanism for flavour 

binding in foods (Solms et ai. , 1973) . However, most flavours show hydrophobic, reversible 

binding to proteins (Gremli, 1974; Damodaran and Kinsella, 1 980b, 1 981a, b, 1983; O'Neill 

and Kinsella, 1987b; Pelletier et aI. , 1 998) . Adsorption and absorption also exist but are 

specific for low-moisture food systems (Maier, 1972, 1973, 1975; Le Thanh et aI. , 1992; 

Landy et aI. , 1 997; Mironov et aI. , 2003) ,  and are not discussed in this review. 

1 Parts of th is chapter have been published previously: Klihn, l, Considine, T., and Singh, H. (2006). 

I nteractions of m i lk proteins and volat i le flavor compounds: Impl ications in the development of protein foods. 

Journal of Food Science 71 (4): R72-R82 (see Appendix). 
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a Hydrophobic interaction 

b Sch iff base formation with Lys 
�O + H2N. /".. /".. /".. /".. /".. /".. h N� /".. /".. 'V" .......,. 'Protein -. ;,  .......,. ........" ........" � ........" ........" 'Protein 
c Addition reaction with Lys �o 

+r  
d Addition reaction with H is 
�o + 

Protein 
N ('Y'Protein 

NH...!i 

Figure 2 . 1 - 1 :  Common interactions of proteins and flavou r  compounds; (a) hydrophobic 
interaction between a protein and an aliphatic aldehyde or ketone flavour; (b) Schiff 
base fo rmation between I-nonanal and a lysine residue of a protein; (c) addition 
reaction of trans-2-nonenal and a lysine residue of a protein; (d) addition reaction of 
trans-2-nonenal and a histidine residue of a protein. 

2. 2 Flavour Binding by Proteins 

2.2.1  Analysis of F lavo u r  Bind ing by Proteins 

Two approaches may be used to  study the interactions between flavour molecules and 

macromolecules, such as proteins: instrumental techniques and sensory analysis, The systems 

considered are often very simple, consisting of one flavour compound and one protein, 

usually in an aqueous so lution, 

2.2. 1 . 1  Static (Equi l ibrium) Methods 

Flavour binding has been examined predominantly under equilibrium conditions, A common 

technique is equil ibrium dialysis which is still commonly used (Damodaran and Kinsella, 
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1 981a, b, 1 983; Druaux et al. , 1 995; Fares et al. , 1 998; Muresan et al. , 2001;  Burova et al. , 

2003; Jung and Ebeler, 2003a; Guth and Fritzler, 2004) .  However, this technique is t ime 

consuming, and flavour losses during the experiment may occur. Another frequent ly used 

equil ibrium method is static headspace analysis (O'Keefe et al. , 1991 a,· Charles et al. , 1 996,· 

Andriot et al. , 2000,· van Ruth and Villeneuve, 2002,· Heng et al. , 2004,· Liu et al. , 2005a) .  

Under equilibrium conditions, a defmite volume is drawn from the headspace above the 

sample solut ion, and analysed using gas chromatography (GC) .  A drawback of the static 

headspace method is poor sensitivity for compounds with l ittle vo lati l ity. For some samples, 

this problem can be overcome by split less or on-co lumn techniques, or by increasing the 

temperature. However, thermal reactions may occur. Aroma compounds that are not 

detectable by flame ionisation detection (FIO) or mass spectrometry (MS) can often be 

detected using the headspace gas chromatography-o lfactometry (GC-O) technique (Widder 

and Fischer, 1996) .  

Recently, static headspace so lid-phase micro extraction (SPME) has been found to be very 

useful for the examination of protein-flavour binding (Roberts and Pollien, 2000,· Adams et 

al. , 2001 ,· Fabre et al. , 2002,· Jung and Ebeler, 2003a,· Zhu, 2003,· Gianelli et al. , 2005,· 

Perez-Juan et al. , 2007) .  The SPME technique has been developed by Pawliszyn and co­

workers (Arthur and Pawliszyn, 1 990,· Zhang and Pawliszyn, 1 993,· Zhang et al. , 1 994) . In 

headspace SPME, a fused silica fibre coated with a thin layer of a selective coating extracts 

the flavour compounds from the headspace above the sample (Figure 2 .2- 1 ) . The analytes are 

concentrated in the coating and are then transferred to the analytical instrument for desorption 

and analysis (Zhang and Pawliszyn, 1 993) . 

The principle behind headspace SPME is the equil ibrium partition process of analytes 

between the sample, the headspace above the sample, and the fibre coating (Figure 2 .2- 1 ) . 

The overal l  equilibrium of  the system can be described by the fo llowing equat ion: 

(2-1) 

where [F}! is the concentration of the flavour compound in the fibre coating, [F}h in the 

headspace, [F}lI' in the aqueous phase, and [F} p bound by the protein. The partit ioning of the 

flavour compound in the system depends on the fibre-headspace partition coefficient (Kjh),  the 

headspace-water partition coeffic ient (Khll')' and the binding constant between the protein and 
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the flavour (K) (Figure 2 .2- 1 ) . Too long an extraction t ime and too high Kjh values would 

result in flavour being released from the sample solution, and, as a consequence, protein­

bound flavour could be released into the aqueous phase and headspace, and the measured 

binding constant K would be underestimated. Hence, sampling parameters have to be chosen 

with care. 

SPME is a sensitive, rapid, inexpensive, selective, and solvent-free sample preparation 

technique, and is compatible with a wide range of separation methods such as GC, GC-MS, 

and high-performance l iquid chromatography (HPLC) (Zhang et aI. , 1 994) .  Headspace SPME 

has been found to be superior to both static and dynamic headspace analysis for the 

measurement of milk protein-flavour interactions (Fabre et aI. , 2002). The technique can also 

be used to quantify the flavour concentrations after equilibrium dialysis (Zhou et aI. , 2002) .  

-

B 0 -t;:\ -V .  K - -
-17\ • 13 C!) - \J -

Figure 2.2-1 : Illustration of the partition process in headspace SPME for investigating 
interactions of proteins (P) and flavour compounds ( .) (not to scale) ;  Kfl, fibre­
headspace partition coefficient, Khw headspace-water partition coefficient, K binding 
constant. 

However, there are some l imitations of headspace SPME, such as the difficulty in using 

external standards for more complex sample matrices (Yang and Peppard, 1 994) .  I nstead, 

standard addition and isotopic dilution can be used for quantitative analysis of such samples 

by SPME (Hawthorne et ai. , 1 992) . In addition, competition of flavour compounds in the 
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fibre coating can cause biases in the quantitative analysis (Coleman, 1 996; Grote and 

Pawliszyn, 1 997; Roberts et al. , 2000) .  Hence, the method is more suitable for simple systems 

rather than complex systems. In addition, it has to be ensured that the amount of flavour 

extracted from the headspace is small to avo id re-equil ibration of the system. 

Other equilibrium techniques inc lude liquid-liquid partitioning (Speetor et aI. , 1 969; Speetor, 

1975; Damodaran and Kinsella, 1 980b) and radioactivity count ing (King and So/ms, 1 979) . 

For flavour compounds with little vo latility, such as vanillin or benzaldehyde, HPLC methods 

have been developed to determine the free flavour after equilibration with the protein (Ng et 

al. , 1 989a; MeNeill and Sehmidt, 1 993; Andriot et al. , 1 999; Li et al. , 2000; Chobpattana et 

al. , 2002) .  However, several disadvantages are assoc iated with equilibrium methods, such as 

long equilibration times and thus the possible degradation of the volatiles during this period. 

The conformational stability of protein-flavour complexes upon heat denaturation can be 

examined using differential scanning calorimetry (DSC) methods (Burova et al. , 1 999; 

Semenova et al. , 2002b, 2002e) .  DSC also allows the calculat ion of binding constants using 

bovine serum albumin (BSA) as an internal molecular detector since its denaturation 

temperature and thus conformational stability depends on the amount of flavour bound 

(Burova et al. , 2003) . However, the amount of bound flavour determined this way is not 

preCIse. 

2.2. 1 .2 Dynamic Methods 

Some dynamic methods, i .e . ,  dynamic headspace analysis (exponential dilut ion), are used 

currently for the investigation of protein-flavour interactions (Jouenne and Crouzet, 1 996; 

Fares et al. , 1 998; Jouenne and Crouzet, 2000b) .  The flavour compounds in the headspace 

are of greater importance than those in the food since they can travel to the nose during eating 

and stimulate the olfactory receptors in the nasal cavity (Linforth and Taylor, 1 993) . In  

dynamic headspace analysis, the exponential decrease of the flavour concentration in  the 

headspace above the sample is measured, while the sample is exhausted of aroma volatiles by 

passing an inert gas through it or sweeping it over its surface.  The gas leaving the system is 

sampled at regular intervals and analysed using Gc. Purge-and-trap analysis is a commonly 

used method of dynamic headspace analysis and enables fast determination of the activity 

coefficient of the flavour compound in a model food system (Sorrentino et al. , 1 986; Jouenne 

and Crouzet, 1 996, 2000b) . Disadvantages are the purging of water along with the analytes, 

decreasing the adsorption capacity of the trap, and diffusion or 'breakthrough' losses of  

analytes not retained by the trap (Stevenson e t  al. , 1 996) .  
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Other dynamic methods involve liquid chromatography, such as size exclusion 

chromatography (Hummel and Dreyer, 1 962; Dumont, 1 987; Pelletier et aI. , 1 998) ,  dynamic 

coupled co lumn l iquid chromatography (DCCLC) (Langourieux and Crouzet, 1 995; Jouenne 

and Crouzet, 2000a) , or affmity chromatography on protein-bonded stationary phases 

(Pelletier et aI. , 1 998; Sostmann and Guichard, 1 998; Reiners et aI. , 2000) .  The methods 

based on liquid chromatography need small amounts of product and are rapid, thereby 

reducing the degradation of analytes. In spite of this, affmity chromatography only provides 

global binding constants (nK). The number of binding sites (n) has to be determined through 

size exclusion chromatography or other methods. Another drawback of affinity 

chromatography is that possible conformational changes in proteins due to their 

immobilisat ion have to be considered, and some protein binding sites may be hindered, as 

observed for isoamyl acetate (Pelletier et aI. , 1 998) . 

2.2. 1 .3 Spectroscopic Methods 

The above mentioned methods can be used to demonstrate the existence and extent of 

molecular interactions between aroma volatiles and proteins or other food constituents. 

However, they do not provide information about the nature of interactions. Spectroscopic 

techniques have been used successfully to gain insight into the nature of interactions. Binding 

of a flavour compound to a protein molecule can cause conformational modificat ions of the 

protein (Damodaran and Kinsella, 1 980b; Lilbke et aI. , 2000) .  These conformational changes, 

and thus the binding of l igands can be measured by fo llowing the change in protein 

tryptophan fluorescence, which can be increased or quenched depending on the ligand present 

(Muresan et aI. , 2001) . The technique also indicates if a l igand binds in the vicinity of a 

tryptophan residue. Assuming that the change in fluorescence depends on the amount of 

protein-ligand complex, fluorescence spectroscopy can be used to determine binding 

constants (Dufour and Haertle, 1 990a; Frapin et aI. , 1 993; L iu et aI., 2005a) .  However, the 

protein investigated needs to contain at least one tryptophan residue. I n  addition, for ligands 

that quench the tryptophan fluorescence, the binding is overestimated and should always be 

verified using a second method (Muresan et aI. , 2001) . 

Another technique monitoring conformational changes of proteins upon flavour binding is 

infrared ( IR) spectroscopy (Lilbke et aI. , 2000) .  The technique is a very useful tool to study 

protein secondary structures. Generally, the amide I bands region between 1 600 and 

1 700 cm-1 reveals the most information as it is h ighly conformation-sensitive. When using 
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either fluorescence or IR spectroscopy it has to be considered that flavour binding without 

conformational changes in the protein can not be investigated using these techniques. 

Nuc lear magnetic resonance (NMR) spectroscopy techniques are a very valuable tool to 

explore mechanisms of protein-flavour interactions. Two-dimensional (2D) NMR 

spectroscopy reveals conformational changes of the protein upon flavour binding, and those 

amino acid residues invo lved in the binding so that information about the location and number 

of binding sites on a protein can be obtained (Lubke et aI. , 2002) . Diffusion-based NMR 

techniques are fast and easy but do not offer information about the nature of interactions. The 

pulsed field gradient NMR (PFG-NMR) method can provide binding constants K and number 

of binding sites n on the proteins. However, using this technique it is assumed that there are 

no interactions between the proteins or the flavour ligands themselves but this assumption is 

not true. A powerful tool for rapid screening of flavours which have an affinity for a proteh'1 is  

the diffusion-based nuc lear Overhauser effect (NOE) pumping technique (Jung et aI. , 2002; 

Jung and Ebeler, 2003b) . This technique should only be used as a screening method as it 

lacks sensitivity. 

2.2. 1 .4 Sensory Methods 

Sensory analysis has also been applied to examine the effect of proteins on flavour perception 

(Ng et aI. , 1 989b; Hansen and Heinis, 1 991 ,  1 992; McNeill and Schmidt, 1 993; Reiners et aI. , 

2000) .  Rating of flavour intensities in the presence and absence of protein gives insight into 

the effect of protein-flavour binding on flavour perception and complements instrumental 

techniques. However, an intensive training of the taste panel is necessary to obtain prec ise 

results, and thus is t ime consuming and costly. 

2.2. 1 .5 Determination of B inding Parameters 

To characterise the binding of  a specific flavour compound to a specific protein, binding 

parameters, such as an intrinsic binding constant K, the number of binding sites n, the H i l l  

coefficient h ,  the Gibbs' free energy of  binding LlG, the enthalpy change LlH, and the entropy 

change LlS, can be determined experimentally. Different p lots have been used to determine 

these parameters, including the Scatchard plot (Scatchard, 1 949) ,  the Klotz plot (Klotz et aI. , 

1 946; Klotz and Urquhart, 1 948) , and the Hil l  plot (Hill, 1 91 0; Yven et al. , 1 998) . The 

experimental determination of K as a function of temperature allows the determination of the 

thermodynamic parameters LlG, LlH and LlS (Steinhardt and Reynolds, 1 969) .  
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2.2. 1.5. 1  Scatchard Plot 

For a protein P having an equal number of discrete and independent binding sites, the 

interaction between the l igand, that is, the flavour molecule L, and the protein may be 

represented by the equation :  

P + nL = PLn (n = 1 , 2, 3 ,  . . .  ) (2-2) 

On the basis of this model, the equilibrium between free and protein-bound flavour molecules 

can be represented thermodynamically by the Scatchard equation (Scatchard, 1 949) :  

v 
- = nK - vK 
[L] 

(2-3) 

where v is the number of moles of flavour bound per mole of protein, [L} is the concentration 

of the free flavour (moIT' ) in the sample so lution, K is the binding constant, and n is the total 

number of equivalent and independent binding sites on the protein. According to Equation 

2-3 , a plot of v / [L} vs v gives a straight line with a slope of -K and intercept nK from which 

n and K can be calculated. This equation is widely used in binding studies with proteins. 

2.2. 1.5.2  Klotz Plot 

The Scatchard equation can be also expressed in its double-reciprocal form, the Klotz plot 

(Klotz et al. , 1 946) ,  which is the most common plotting technique in binding studies (Price 

and Dwek, 1 979) : 

1 1 1 
- = - + --
v n nK[L] 

(2-4) 

A plot of 1 / v vs 1 / [L} gives a straight line with a slope of 1 / nK and an intercept of 1 / n. 

The interaction parameters n and K can be determined using different experimental techniques 

for studying equilibrium conditions, e .g. ,  equilibrium dialysis or static headspace analysis. 
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2.2. 1.5.3 Hill Plot 

The frequently used Scatchard and Klotz models assume equal and independent binding sites 

on a protein. However, proteins can possess non-equivalent binding sites, for example one or 

more high-affmity primary binding sites and a group of lower affmity secondary binding sites. 

This results in non-l inear Scatchard and Klotz plots and complicates the evaluation of binding 

data since it is often difficult to extrapolate the binding plots to obtain the exact number of 

equivalent binding sites. Furthermore, binding sites can be dependent on each other. The 

init ial binding of aroma compounds can cause a protein to undergo conformational changes 

(Damodaran and Kinsella, 1 980b) ,  revealing new binding sites. If the init ial binding of a 

ligand to a protein produces a tendency to bind more l igand, positive cooperativity exists. I f  

binding i s  restricted after the init ial binding of  a ligand, the protein shows negative 

cooperativity. I f  the Scatchard and Klotz plot are non-linear, the Hill plot (Hill, 19 10) should 

be used to determine if cooperativity between binding sites exists. Predominantly, the double­

reciprocal form of the Hill plot is used: 

1 1 
-----,- + -

v n(k[l])" n 
(2-5) 

where h is the Hill coefficient reflecting interactions between individual binding sites within 

their population. Using non-linear regression from the plot l/v vs 1/[l}, the Hill coeffic ient h 

can be obtained. The Hill equation can be also expressed in the following form (Stryer, 1 995) : 

Y 
log 1 -

Y 
= h ·  log [ l ]  - h . log K" (2-6) 

where Y is the fractional saturation of binding sites, and Kd the dissociation constant (Kd = 
1 /K).  A plot of log [Y/(l- YJ} versus log [l} approximates a straight line. Its slope is the Hi l l  

coefficient h. 

The parameter h indicates the extent of cooperative effect. L igand binding without 

cooperativity gives rise to a linear Hi l l  plot with a slope of 1 . 0 .  Ligand binding with posit ive 

cooperativity leads to Hill p lots with slopes greater than 1 .0, while ligand binding with 

negative cooperativity gives H ill plots with slopes less than 1 .0 (Dam et al. , 2002) .  The 

maximum value of h is equal to the total number of binding sites n (landy et al. , 1 995). 
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A complete binding analysis from the initial signs of binding to saturation is often not 

realisable in flavour binding experiments, for example because of the low water solubi l ity o f  

most flavour compounds. The range o f  flavour concentration varies from one study to 

another, making comparison of  binding data impossible since the amount of flavour 

molecules present determines the occupation of binding sites. If flavour concentrations are 

low only the high-affinity b inding sites are occup ied, whereas high flavour concentrations 

may also result in the occupation of secondary binding sites. 

2.2.2 Flavo u r  Compounds 

The total content of flavour compounds in  foods is  roughly between 1 and about 1 000 ppm 

(e.g.  1 0- 1 00 ppm in fruit) (Maier, 1970) . Flavour compounds are divided into different 

c lasses according to their functional groups, of which the aldehydes, esters, and especially 

ketones have been mostly used in protein-flavour binding studies. Terpenes, such as 

d-l imonene, lactones, and sulphur compounds have also been studied. Alcohols, acids and 

pyrazines have been found to have only very low or no affmities to proteins and have been 

considered rarely. 

2.2.2.1 Aldehydes 

Benzaldehyde has been intensively used in protein-flavour b inding studies (Hansen and 

Booker, 1 996; Fares et al. , 1 998; Seuvre et al. , 2001) . Because of its cherry flavour (Carr et 

aI. , 1 996) it is very suitable for sensory studies. The same applies to vanillin (McNeill and 

Schmidt, 1 993; Li et al., 2000) ,  which also has a characteristic flavour. Other frequently 

studied aldehydes are aliphatic aldehydes, such as hexanal, heptanal, octanal, and nonanal 

(Mills and Solms, 1 984; Schirle-Keller et al. , 1 994; Meynier et al. , 2004) .  

2.2.2.2 Ketones and Methyl Ketones 

The most widely used flavour compounds in studies investigating flavour binding to proteins 

are the methyl ketones, particularly 2-nonanone (Damodaran and Kinsella, 1 980a, 1 981 a, b;  

Sostmann and Guichard, 1 998; Andriot et al. , 2000; Seuvre et al. , 2001) . 2-Nonanone makes 

a substantial contribution to the flavour of different foods (Table 2 .2- 1 ), and its odour 

character has been reported as mustard-like and spicy (Moio et al. , 1 994) , and as grassy­

herbal and green-fruity (Friedrich and Acree, 1 998) .  
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Table 2.2- 1 :  Levels of 2-nonanone in foods. 

Food Concentration (ppm) Reference 

Coconut oil (rancid) 2,970 Kellard et al. (1985) 

B lue-type cheese 33  Dwivedi and Kinsella (/ 974) 

Potatoes 1 -3 . 5  Kahn e t  al. (1 977) 

Heated milk (4 % fat) 0 .72 Langler and Day (1 964) 

Sour cream butter 0 .2-0.5 Mick et al. (1982) 

Stored steri l ized concentrated mi lk  0.03-0.47 Arnold and Lindsay (1 969) 

Passion fruit ju ice 0. 1 Murray et al. (19 72) 

2-Nonanone and other methyl ketones have also been detected in feijoa fruit (Hardy and 

Michael, 1 970) ,  kiwifruit (Wan et al. , 1 999) ,  a number of stored milk products, including dry 

whole milk (Parks and Patton, 1961) , yoghurt (Viani and Horman, 1 976) ,  Cheddar cheese 

(Liebich et al. , 1 970), and as an odorant in Camembert cheese (Kubickowi and Grosch, 1 997) .  

Both, 2-hexanone and 2-nonanone were identified as the most intense volatile flavour 

compounds of UHT milk (Moio et al. , 1 994) . Other frequently studied methyl ketones are 

2-hexanone, 2-heptanone, and 2-octanone. Another important ketone is diacetyl, which has 

been widely used in protein-flavour binding studies (Landy et al. , 1 995; Roberls and Pollien, 

2000; Fabre et al. , 2002) .  

2.2.2.3 Esters 

Retention of  esters, such as isoamyl acetate, ethyl acetate, ethyl hexanoate, and methyl 

hexanoate, by milk proteins has been investigated and confIrmed by Landy et al. (1 995), 

Pelletier et al. (1 998), Fabre et al. (2002) and Meynier et al. (2003) . 

2.2.3 Flavou r  Bind ing by Mi lk  and Other Proteins 

In  the area of protein-flavour interactions, studies have been conducted mainly with milk 

proteins, but also with a range of other food proteins, which will be discussed. 

Bovine milk proteins (Table 2.2-2) are the best-characterised food proteins. The casems 

represent approximately 80 % of the milk proteins, and the whey proteins 20 %. Milk proteins 

that have been reported to bind flavour compounds include p-Iactoglobulin, a-lactalbumin, 

bovine serum albumin, and p-casein. 
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Table 2 .2-2 : Major proteins in bovine milk; adapted from Rosenthal (1 991) . 

Caseins 

asl -casein 

l3-casein 

K-casem 

y-casein 

Whey proteins 

2.2.3 . 1  

13-lactoglobul in  

a-Iactalbum in  

bovine serum album in 

proteose-peptones 

immunoglobu l ins 

J3-Lactoglobul in (J3-lg) 

% of total milk protein 
80 

34 

8 

25 

9 

4 

20 

9 

4 

4 

2 

Of all the different food proteins, P-Ig has been used extensively as a model protein for 

studying protein-flavour interactions, because of its well-defmed structure and properties 

(McKenzie, 1 971;  Kinsella and Whitehead, 1 989; Bau et al. , 1 994) .  

The three-dimensional structure of bovine P-Ig has been determined by high-resolution 

crystallographic studies (Savtyer et al. , 1985; Papiz et al. , 1 986; Monaco et al. , 1 98 7) and has 

been shown to be similar to that of serum retinol-binding protein (Papiz et al. , 1 986; North, 

1 989) .  P-Lg is built up of two p-sheets, formed from nine strands converging at one end to 

form a hydrophobic calyx or pocket, and a flanking three-turn a-helix (Sawyer et al. , 1 985; 

Papiz et al. , 1 986) (Figure 2 .2-2). This pocket serves as a binding locus for apolar molecules 

such as retinol (K = 5 x 1 07 M-I ) (Fugate and Song, 1 980) and long-chain fatty acids (K = 1 05_ 
1 07 M-I ) (Spector and Fletcher, 1 9 70; Diaz de Villegas et al. , 1 98 7; Perez et al. , 1 989; 

Frapin et al. , 1 993; Wu et al. , 1 999; Ragona et al. , 2000) .  
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Figure 2.2-2: A general view o f  p-Iactoglobulin with palmitic acid i n  the central 
hydrophobic pocket (filled atoms), and on the surface binding site (open atoms) (from 
Wu and others (1999)). 

Fourier transform IR spectroscopy has been used to determine the conformational changes in 

�-lg upon the addition of ligands. The technique conftrmed the binding of �-ionone, retino l, 

and fatty acids into the central cavity (Liibke et aI. , 2000) .  For other ligands (p-cresol, 

eugeno l, 2-nonanone, and y-decalactone), no conformational changes of the protein were 

observed and the authors suggested either a binding to the protein surface or a binding into the 

central cavity without inducing a conformational change. However, an NMR study did 

confrrm conformational changes of �-lg upon binding of flavour molecules (y-decalactone 

and �- ionone) (Liibke et aI. , 2002) . It appeared that the side chains of several amino acids 

c lose to the central hydrophobic cavity (Leu46, I le56, Met l 07, and Gln 1 20) were affected by 

the binding of y-decalactone, whereas the binding of �- ionone affected amino acids located in 

a groove near the outer surface of the protein (Leu l 04, Tyr l 20, and Asp 1 29), a groove that is 

c lose to a region that has been described by Monaco et al. (1 987) (Liibke et aI. , 2002) .  This 

study confrrms the existence of two different binding sites on �-lg for aroma compounds, but 

it is still not entirely c lear which flavours bind preferentially to which site. 

Therefore, the most probable binding site for flavour compounds is the hydrophobic pocket of 

�-lg. In addition to this primary binding site, �-lg is thought to contain weaker secondary 

binding s ites that are capable of undergo ing interactions with hydrophobic molecules, such as 
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flavour compounds (Spector and Fletcher, 1 9 70; Robillard and Wishnia, 1972; Monaco et 

aI. , 1 987; O'Neill and Kinsella, 1 988; Du/our and Haertle, 1 990a) . 

�-Lg is known to interact with several flavour compounds, such as alkanes (Wishnia and 

Pinder, 1 966; Mohammadzadeh-K. et aI. , 1 967, 1 969a, 1 969b), ketones (O'Neill and Kinsella, 

1 987b;  A ndriot et aI. , 2000; Guichard and Langourieux, 2000; Jouenne and Crouzet, 2000b) ,  

aldehydes (van Ruth and Villeneuve, 2002) ,  ionones (Du/our and Haertle, 1 990a; Jouenne 

and Crouzet, 2000a; Lubke et aI. , 2002; Jung and Ebeler, 2003b) ,  lactones (Sostmann and 

Guichard, 1 998; Lubke et aI. , 2002; Guth and Fritzler, 2004) , and esters (Pelletier et aI. , 

1 998; Guichard and Langourieux, 2000; Jouenne and Crouzet, 2000b; Reiners et aI. , 2000) .  

As a result of different experimental methodologies and conditions, various binding 

parameters have been derived in different studies, making companson of binding data 

difficult .  

o 'Neill and Kinsella (1987b) , using equilibrium dialysis, showed that �-lg has a high binding 

affinity and one main binding site for methyl ketones. The slopes of the Klotz p lots for 

2-heptanone, 2-octanone, and 2-nonanone indicated binding constants (10 of 1 52, 48 1 ,  and 

2,439 M-I , respectively. As the binding constant K for �-lg and homologous series of esters, 

aldehydes, ketones, and alcohols increased with increasing chain length (hydrophobicity) 

within the same chemical c lass, hydrophobic interactions between �-lg and flavour 

compounds were suggested (O'Neill and Kinsella, 1 987b; Pelletier et aI. , 1 998; Guichard and 

Langourieux, 2000) .  However, earlier work by Jasinski and Kilara (1985) , using the same 

method, reported a much lower value of K = 1 22 M-I for 2-nonanone and about 1 4  binding 

sites were evident. The authors suggested that unfo lding of the protein may explain the high 

number of binding sites determined, but it is unclear how this unfo lding may have occurred. 

In our opinion the flavour protein ratios used by Jasinski and Kilara (1985) are comparatively 

high so that weaker, secondary binding sites on the protein might be occupied as well, which 

would also decrease the overall binding constant. In addition, sodium azide was added as an 

antibacterial agent, which has later been shown to influence protein-flavour interactions 

(O'Keefe et aI. , 1991 b; Fares et al. , 1 998; Reiners et al. , 2000) .  

The presence or absence o f  certain functional groups and steric factors are also known to have 

a marked influence on the degree of  flavour binding by proteins. The interactions of an alkyl 

chain with �-lg can be reduced by a po lar group, i .e . ,  the introduction of a hydroxyl function 

(OH) is responsible for weaker interactions (Reiners et aI. , 2000) .  The introduction of an 
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aldehyde group led to a sl ight increase in binding. I n  general, the binding capacities of 

proteins increase from alcohols to ketones and aldehydes. 

A recent fluorometric study on the binding of retinol and y-undecalactone to �-lg showed that 

there is competition between the l igands (Muresan et al. , 2001) . The effect of the chain length 

on the free energy of interaction between �-lg and different lactones indicated that the 

interaction is mainly hydrophobic, which led the authors to conc lude that the preferential 

binding site for the lactones is likely to be the central cavity. This hypothesis was confumed 

by competition experiments between �- ionone and other flavour compounds, such as 8- and 

y-octalactone (Sostmann and Guichard, 1 998) . The authors concluded that ( 1 )  lactones have 

some affinity for the central cavity as well, and (2) a-ionone, �-damascenone, methy l 

benzoate, and unsaturated aliphatic aldehydes and ketones bind non-specifically to the 

protein. In contrast, Guth and Fritzler (2004) suggested a binding position of y-decalactone 

that is different from that of the central cavity since both retinol and palmitate only slightly 

inhibited the binding of the lactone. These contradictory results demonstrate that the location 

of binding sites for flavour molecules on proteins needs to be invest igated further. Even 

flavour binding locations on the frequently studied �-lg are st i l l  not fully understood. 

Dufour and Haertle (l 990a), using fluorescence spectroscopy, suggested that the central 

hydrophobic pocket has a narrow specificity to the structure formed by the conjugated double 

bonds of the �- ionone ring and isoprenoid chain, present in both �- ionone and retinol. The 

authors could not demonstrate binding between �-lg and a-ionone, since it did not quench the 

tryptophan fluorescence. The ionone isomers differ only in the posit ion of the cyc lohexene 

double bond. On the other hand, a-ionone might be bound by �-lg, but without interacting 

with tryptophan. In contrast, Lubke et al. (2000),  using IR spectroscopy, showed that the 

binding of retino l and �-ionone into the hydrophobic cavity of �-lg induced no significant 

conformational change in the protein, whereas the binding of a-ionone did, probably due to 

the "wrong" position of the double bond (Lubke et al. , 2000) . Jung and Ebeler (2003b) ,  using 

a diffusion-based NOE pumping technique demonstrated that the binding of �-ionone by �-lg 

was significantly higher than the affmity of a-ionone. In  addition, a-ionone was bound only at 

pH 9, whereas �-ionone was bound at pH 3- 1 1 , with the greatest binding affinity at pH 9, and 

the lowest at pH 1 1 , due to alkaline denaturation and aggregation. The reason why these 

authors, contrary to Lubke et a!. (2000) ,  did not observe any binding of a-ionone at neutral pH 

may be the low sensit ivity of the NOE pumping method. The complementary results of the 

above studies show the importance of using a combination of techniques to obtain more 

reliable results. 
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2.2.3.2 a-Lactalbumin (a-la) 

a-La is a compact globular protein, stabilised by four intrachain d isulphide bonds (Kinsella 

and Whitehead, 1 989) ,  and it plays an important role in the synthesis of lactose (W ong, 1 988) . 

However, only a few studies have investigated the binding of flavour compounds to a-la, as 

its affinity for flavour compounds is believed to be lower than that of �-lg. Using headspace 

analysis, a-la was found to bind various amounts of aldehydes and methyl ketones (Franzen 

and Kinsella, 1974) , but binding constants were not given. The study of Jasinski and Kilara 

(1985) , which considered the binding of 2-nonanone and nonanal to a-la, showed very weak 

binding of both flavours to the protein, as determined by equilibrium dialysis. S ince Jasinski 

and Kilara (1 985) underestimated the binding of 2-nonanone to �-lg, they possibly 

underestimated the binding to a-la as well .  Further examination of flavour binding by a-la 

should be performed. 

2.2.3.3 Bovine Serum Albumin (BSA) 

BSA binds a large variety of compounds, including retinol (Futterman and Helier, 1 9 72), 

long-chain fatty acids (Morrisett et ai. , 1 9 75; Spector, 1975; Perez et ai. , 1 989) ,  alkanes 

(Wishnia and Pinder, 1 964; Mohammadzadeh-K. et ai. , 1967, 1 969a, 1 969b), and aldehydes 

and ketones (Beyeler and Solms, 1 9 74; Franzen and Kinsella, 1 974; Damodaran and 

Kinsella, 1 980b; Jung and Ebeler, 2003a) .  The protein is composed of a single polypeptide 

chain, which is folded so that three or four spherical units are formed. The binding sites for 

fatty acids are probably located in crevices between the spherical units (Spector, 1 9 75) . 

Using static headspace analysis, native BSA was found to decrease the vapour pressure o f  

diacetyl over its aqueous solution. A s  little as 0 . 5  % protein caused a 25 % reduction in 

vo lati l ity (Land and Reynolds, 1 981) ,  indicating a very high affinity of BSA to bind diacetyl. 

Beyeler and Solms (19 74) used equil ibrium dialysis to study the interactions of a large 

number of flavour compounds with BSA. The binding constants ranged from 0 to 

1 0  x 1 03 M-I , and decreased in the sequence: aldehydes > ketones > alcohols. The authors 

suggested that the binding of aroma compounds was due to both hydrophobic and 

electrostatic forces. King and Solms (1 979) found the interaction between labeled C4C) benzyl 

alcohol and denatured BSA to be reversible. The interaction was independent of pH and ionic 

strength, confirming a dominance of hydrophobic interactions. 

Damodaran and Kinsella (1980a, 1 980b, 1 981 c) extensively studied the interactions between 

flavour compounds, in particular 2-nonanone and BSA. Using liquid-l iquid partitioning, they 

determined a binding constant for 2-nonanone and BSA of K =  1 ,800 M-I with six primary 
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binding sites o n  the protein molecule (Damodaran and Kinsella, 1 980a, b) . More recently, 

PFG-NMR spectroscopy revealed quite different binding parameters for the BSAl2-nonanone 

system with K = (833 ± i 5 ) M-I and n = 7 (Jung et aI. , 2002) .  Differences in binding 

parameters for systems containing BSA are often due to the type of BSA used since BSA 

products contain varying amounts of fatty ac ids which are t ightly bound by the protein and 

thus reduce the binding of  flavours. The above mentioned values agree with the number of 

binding sites in BSA for long-chain n-alcohols (Steinhardt and Reynolds, 1 969) and free fatty 

acids (Spector et aI. , 1969; Spector, 1975) . In addit ion, a large number of weaker, secondary 

binding sites are probably present (Spector et a/. , 1 969) .  This was conftrmed by Guth and 

Fritzler (2004) who suggested one or two high-affinity binding sites, and a large number of 

lower affmity sites for y- and 8-lactones on BSA. 

A recent study using DSC suggested two and three binding sites amI binding constants of 600 

and 300 M-I for vani llin (4-hydroxy-3-methoxybenzaldehyde) and 2-octanone on BSA, 

respectively (Burova et aI. , 2003) . The low binding parameters compared to other flavour 

ligands could be explained by the sl ightly ac idic condit ions (pH = 6.4) used by these authors, 

since lowering the pH by 1 . 8 units reduced the binding of y-decalactone on BSA by 40 % 

(Druaux et aI. , 1 995), probably due to conformat ional changes in the protein. 

Using predominantly chromatographic methods, Dhont (1987) provided some evidence that 

albumin bound vanillin irreversibly to a substant ial extent, but Dumont (1 987) showed that 

the binding was reversible. It may be possible that the binding sites for vanil lin on BSA are 

not equivalent; binding could occur both reversibly via non-covalent interactions, and 

irreversibly via the aldehyde function. Alaiz and Giron (1 994) observed irreversible binding 

of 2-octenal to BSA. The authors suggested a covalent binding of 2-octenal, through its 

double bond, with the imidazole ring of histidine in BSA. 

Jasinski and Kilara (1 985) , using equilibrium dialysis, compared the binding between BSA 

and two flavours, 2-nonanone and nonanal .  For both flavours, they observed strong binding to  

the protein, with nonanal having a higher affmity than 2-nonanone. The authors attributed the 

stronger binding of nonanal to the posit ion of the functional group, or the higher reactivity of 

aldehydes compared to ketones. A reduction in the available £-amino groups of BSA on 

analysis of  the nonanal-protein comp lex could not be found by Damodaran and Kinsella 

(1 980b), indicating that the i -position of the keto group caused the higher binding affmity. 

The 2-posit ion of the keto group in 2-nonanone would give rise to more steric hindrance to 

hydropho bic interactions. 
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2.2.3 .4 Whey Protein Products 

A few studies have been reported on the b inding of flavour compounds by whey protein 

products. Jasinski and Kilara (1985) investigated the binding of 2-nonanone and nonanal to 

whey protein concentrate (WPC). They found a large number of binding sites with strong 

binding affmity. Using HPLC, a weak interaction between whey protein iso late (WPI )  and 

vanillin in a sweetened drink was demonstrated by McNeill and Schmidt (1 993) . 

Unfortunately, no binding parameters were determined. Li et al. (2000) extended their 

research and found that the interaction between vanil l in and WPI was strong, with an average 

binding constant of 1 ,7 1 3  M- I ( 1 2 QC) and 0.67 binding site on WPI .  Recently, a high binding 

affmity between 2-nonanone and WPI was confirmed using headspace SPME (Zhu, 2003) . A 

binding constant of K = 2,059 M- I (25 QC) and on average one b inding site per protein 

molecule was found. The strong interactions between whey protein products and flavour 

compounds indicate that the addition of these proteins to food products, even at very low 

concentrations, could influence the flavour profile of the food. 

2.2.3.5 Caseins 

A few studies have dealt with the behaviour of aroma compounds in the presence of sod ium 

caseinate or casein. Bovine sodium caseinate is  a useful model for investigating the 

interactions between aroma and protein because of its well-known functional properties and 

its wide use in dairy, as well  as non-dairy, food products (Mulvihill, 1 992) .  

In  the presence of sodium caseinate ( 1 0  %), Reineccius and Coulter (1 969) noted a decrease 

in the diacetyl headspace concentration of nearly 50 %. In an aqueous solution containing 

only 1 % casein, lower volatilit ies of acetone and acetaldehyde were observed (Maier, 1 9 70) . 

Even the add ition of only 0. 1 % sodium caseinate induced a decrease in the vo lat il ity of 

flavour compounds in aqueous solution in the following order: �-ionone > n-hexanol > ethyl 

hexanoate, isoamyl acetate (Voilley et al. , 1 991) .  The intensity of the odour due to aldehydes, 

stored in a mixture with casein, decreased with increasing t ime of storage (Pokorny et al. , 

1 9 76) . However, Le Thanh et al. (1992) did not fmd a decrease in the headspace 

concentrat ions of acetone and ethyl acetate in the presence of 1 0  % sodium caseinate. The 

authors attributed this to the residual NaCI present from the preparation of caseinate, because 

salts are known to increase the concentration of volatile compounds in the headspace (Nawar, 

1 966; Land and Reynolds, 1 981) .  

In  a model dairy protein drink, sodium caseinate (6  %)  was shown to  interact with vanillin. A 

significant decrease in free vanillin in the drink was shown by HPLC (McNeill and Schmidt, 
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1 993) . Using similar methodology, moderate binding o f  vanillin to sodium caseinate was 

shown by Li et af. (2000) .  Landy et af. (1 995) observed a major influence of  sodium caseinate 

on the headspace-liquid partition coefficients and on the relative vo latility of diacetyl, ethyl 

butanoate, and ethyl hexanoate, but not of ethyl acetate, in so lutions containing 0 .5  % and 5 % 

protein, respectively. The presence of strong interactions between diacetyl and sodium 

caseinate was suggested by the retention of diacetyl in the dialysis sac even after exhaust ive 

dialysis against water (Fares et af. , 1998) . Conversely, an exhaustive dialysis in the presence 

of benzaldehyde and sodium caseinate resulted in no volatile compound retained by the 

protein, revealing weak bonds between benzaldehyde and sodium caseinate (Fares et af. , 

1998) . In contrast, the aliphatic aldehyde hexanal has been found to bind covalently to sodium 

caseinate (Meynier et aI. , 2004) .  

Dubois e t  af. (1 996) showed that, m a model cheese system, the vo latility of d iacetyl 

decreased sl ightly with increasing calcium caseinate content whereas a change in the fat 

content of up to 3 0  % did not affect the volat ility. The hydrophilic ity of diacetyl was used as 

an explanation by these authors. 

Fischer and Widder (1 997) developed a method based on headspace GC-O to measure the 

retention of esters and heptanal in aqueous solutions with a casein content varying from 0 to 

1 2  %. Generally, the aroma retention increased with increasing protein content. A recent 

study by Zhu (2003) demonstrated weak binding of 2-nonanone by sodium caseinate, using 

headspace SPME. An average affmity constant of K = 1 ,8 58  M-I and on average 0.3 binding 

site per protein molecule were found. The above studies c learly show that case ins and sodium 

caseinate are capable of binding several different flavour compounds. Therefore,  when adding 

case ins to a food product, it has to be considered that flavour may be bound by the proteins 

and made unavailable for perception. 

Hardly any information is available on the flavour binding behaviour of the individual 

case ins - as l -, as2-, �-, and K-casein. Of all the case ins, �-casein is the most hydrophobic 

(Swa isgo od, 1 992) ,  and thus could have higher affmity constants for lipophil ic flavour 

compounds. In addition, casein molecules have tendency to undergo self-association or 

association with each other, depending on environmental conditions, such as protein 

concentration, pH, and ionic strength. I t  is unknown how this association behaviour 

influences flavour binding. Recently, Burova et af. (2003) estimated binding constants around 

1 00 M-I for 2-octanone or vanillin on �-casein. Systematic studies on the binding of selected 
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flavour compounds by individual case ins and their mixtures under different conditions are 

required to fully understand this complex system. 

2.2.3.6 Comparison of Flavour B ind ing Capacities of M i lk Proteins 

The binding parameters of the most studied flavour compound, 2-nonanone, for milk proteins 

obtained by different authors vary significantly, as shown in Table 2 .2-3 . 

Researchers have used different experimental approaches to investigate protein-flavour 

binding, which may be the reason for some of the variation in the results (O'Keefe et al. , 

1 991 b; Stevenson et al. , 1996) .  Nevertheless, there are obvious trends, such as decreasing 

affmity constants in the order: BSA > B-lg > a-la. 

Table 2 .2-3 : B inding data for the interactions between 2-nonanone and milk p roteins 
(25 °C) : n, number of binding sites per monomer; K, intrinsic binding constant. 

n K (M'I) Method Reference 

WPC 6 1  1 ,920,000 Equi l ibrium dialysis Jasinski and Kilara (/985) 

0.2 53 ,000,000 F luorescence spectroscopy Liu et a/. (2005b) 

WPI 2 ,059 Headspace SPME Zhu (2003) 

Na-Caseinate 0 .3  1 ,858 Headspace SPME Zhu (2003) 

�-Lg 2,439 Equil ibrium dialysis O 'Neill and Kinsella (/987b) 

0.2 6,250 (:5 40 ppm) Static headspace analysis Charles et a/. (/996) 

0 .5  1 ,667 (� 45 ppm) 

1 4  1 22 Equ i l ibrium dialysis Jasinski and Kilara (/985) 

a-La 33  1 1  Equil ibrium dialysis Jasinski and Kilara (/985) 

BSA 5-6 1 ,800 L iquid-l iquid partitioning Damodaran and Kinsella (/ 980b) 

1 5  1 4, 1 00 Equi l ibrium dialysis Jasinski and Kilara (/985) 

7 833 PFG-NMR spectroscopy Jung et a/. (2002) 

An early study that compared the binding of  diacetyl by sodium caseinate and whey protein 

showed s imilar flavour binding for both proteins, as determined by static headspace analysis 

(Reineccius and Coulter, 1 969) . However, this observation was disputed by several later 

studies, which showed that whey protein generally has a stronger flavour binding capacity 

than casein (Hansen and Heinis, 1 991 ;  Hansen and Booker, 1 996; Lt et al. , 2000,' Zhu, 2003) 

(Figure 2 .2-3) .  Under identical experimental condit ions, WPI was found to have higher 
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affmity for vanillin than sodium caseinate (Li et al. , 2000) . These results agree with the 

fmdings of Hansen and Booker (1996) ,  who examined the binding of vanillin, benzaldehyde, 

citral, and d-limonene to sodium caseinate and WPC. They reported that whey protein 

exhibited greater degrees of binding than casein of these flavour compounds. Recently, Zhu 

(2003) , using headspace SPME, determined a higher average binding constant for 2-nonanone 

and WPI than for 2-nonanone and sodium caseinate (Table 2 .2-3 ) .  

0.6 
� 0.5 
·in c:: 0.4 
$ .: 0.3 
� 0.2 ·c 
IV 

> 0.1 
0 

a a 

o 0. 1 25 0.25 0.5 
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Figure 2.2-3 : Vanillin flavour intensity relative to the reference in the presence of 
sodium caseinate (CAS) and whey protein concentrate (WPC). The reference vanillin 
concentration was 3.38 x 1 0-6 mM in a 2.5 % sucrose solution. For each protein type, 
bars with dissimilar letter codes indicate significant differences between means (Hansen 

and Heinis, 1 991). 

In contrast, McNeill and Schmidt (1993) reported that sodium caseinate interacted 

significantly more than WPI with vanillin in sweetened drinks. The authors did not provide 

any explanation for this surprising result. Their fmdings highlight that a complex matrix, 

containing sucrose and emulsifier as well as protein, can influence flavour binding to proteins 

differently than a simple matrix. Therefore, it is crucial to explore basic systems first to be 

able to interpret results in mult icomponent systems. 

Another study investigated the influence of different ratios of sodium caseinate and whey 

protein on the flavour perception of yoghurts. The flavour intensity and the fruity notes were 

less intense in yoghurts with a high caseinate ratio than in those with a high whey protein 

ratio (Saint-Eve et al. , 2006a) . No explanation for the differences in flavour perception was 

g iven by the authors. In my opinion, reasons for the low retention of flavour compounds in 

the whey protein enriched yoghurts may be the low pH of 4.6 since flavour binding by whey 

proteins decreases with pH (see section 2 .3 .4). In addition, the milk bases were heat treated at 

92 QC for 5 min which is known to result in lower binding of flavour compounds and whey 
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proteins due to denaturation (see section 2 . 3 .2 .2) .  In agreement with this, static headspace 

SPME showed a higher retention of most aroma compounds in the yoghurts with a high 

caseinate ratio (Saint-Eve et al. , 2006b) . The authors suggested that the heterogeneous 

network of the caseinate enriched yoghurts which had large pores may constitute a more 

effective barrier for the transfer of flavour compounds under static condit ions than the 

homogenous network of the whey protein enriched yoghurts. However, they determined 

flavour binding under static conditions which is controlled by thermodynamic and not mass 

transfer factors so the differences in flavour binding between the yoghurts with different 

textures result from physicochemical interact ions between the yoghurt matrix and the flavour 

compounds. 

BSA has been shown to interact strongly with vanillin, whereas sodium caseinate and WPI 

showed similar and significantly lower binding of  vanillin. Hydrogen bonding appeared to be 

a major force for the interaction of vanillin and sodium caseinate. However, hydrophobic 

interaction seemed to be more important than hydrogen bonding in the vanillin-BSA system 

(Chobpattana et al. , 2002) .  Binding of y- and 8-lactones has been shown to be much stronger 

to BSA in comparison to �-lg (Guth and Fritzler, 2004) . From all of these studies, it becomes 

obvious that BSA is the milk protein that is most capable of flavour binding, fo llowed by P-Ig. 

2.2.3.7 Other Food Proteins 

2.2.3. 7.1 Soy Protein 

I nteractions between flavour compounds and soy protein have been investigated extensively, 

because soy protein preparations frequently possess t ightly bound off-flavours, especially 

carbonyl compounds (Damodaran and Kinsella, 1 981a; Q 'Keefe et al. , 1 991b) .  Studies by 

Gremli (19 74) and Franzen and Kinsella (1974) showed a reduction in the headspace 

concentration of homologous series of aldehydes and ketones in the presence of soy protein 

solution, compared with water. The effect was greatest with higher homo logs, indicating that 

the degree of the interaction was a function of hydrophobicity (Gremli, 1 9 74) . Alcohols 

remained unaffected. In  contrast, Chung and Villota (1989),  using equilibrium dialysis, did 

fmd weak b inding of alcohols by soy protein. 

Using HPLC, considerable binding of vanillin to soy protein isolate (K = 684 M-I , n = 3 .8, 

1 2  QC) was demonstrated by Li et al. (2000) . King and Solms (1979) showed a reversible 

binding of labeled C 4
C) benzyl alcohol to denatured soy protein in aqueous so lution. 
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Soy protein consists of the two proteins �-conglyc inin (7S) and glycinin ( 1 1  S) .  Kinsella' s 

group (Damodaran and Kinsella, 1 981a,' O 'Neilf and Kinsella, 1 987a) determined the binding 

parameters for 2-nonanone and soy protein and its fractions, �-conglycinin and glycinin. Soy 

protein, �-conglyc inin, and glycinin had approximately five, two, and three primary binding 

sites and binding constants of 570, 3 ,050, and 540 M-I , respectively, i .e . ,  �-conglycinin 

showed a fivefo ld greater affmity than glyc inin for 2-nonanone. In contrast to these results, 

O 'Keefe et al. (1 991a), using static headspace analysis, reported that glyc inin had a higher 

affinity than �-conglycinin for binding aldehydes and ketones, including 2-nonanone. 

However, differences in experimental conditions make it very difficult to compare results 

from different studies. For example, a dependence of the binding constant on the buffer 

system used and on sodium azide was observed by O 'Keefe et al. (1991b) .  

2.2.3. 7.2 Fababean Protein 

Binding experiments with fababean protein ( 1 - 1 0  %) and vanillin showed that up to 49 % of 

the ligand present in the system was bound by the protein (Ng et al. , 1 989a) .  The sensory 

perception of vanil l in was directly related to the free vanil lin concentration in model systems 

containing fababean protein (Ng et al. , 1 989b) . 

Semenova et al. (2002a) determined the binding of hexyl acetate with 1 1  S globulin - the main 

storage protein of faba beans - in an aqueous medium. A total number of binding sites of 

n = 1 3  and an intrinsic binding constant of K = 1 ,280 M- I were calculated from the data. It 

was also observed that the binding to the native 1 1  S globulin was completely reversible. 

2.2.3. 7.3 Pea Protein 

The binding of diacetyl to pea protein was studied by Dumont and Land (1 986) .  The binding 

constant was relatively low (K = 1 73 M-I ), suggesting weak and reversible binding. However, 

the number of binding sites reported was 1 8 . The authors suggested that the binding of 

diacetyl to pea protein results from the interaction of the flavour with arginyl residues. 

2.2.3. 7.4 Egg Protein 

The protein ovalbumin (egg albumin) has been studied in terms of its flavour binding 

behaviour by a few researchers. Lower headspace concentrations of acetone and acetaldehyde 

were observed in the presence of 1 % egg albumin in aqueous solution (Maier, 1970) . Native 

egg albumin also markedly decreased the vapour pressure of diacetyl over its aqueous 

solution, even at a protein concentration of 0 .5  % (Land and Reynolds, 1981) .  Ebeler et al. 
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(1 988) investigated interactions between ovalbumin and menthone and isoamyl acetate. The 

presence of egg albumin resulted in a decrease in headspace flavour concentrations and the 

perce ived flavour intensities, especially in the case of menthone. A good correlation between 

the sensory and physicochemical data was observed. 

2.2.3. 7. 5 Fish Actomyosin 

To date, only one study on the retention of flavour compounds by fish protein has been 

reported (Damodaran and Kinsella, 1 983) . These authors focused on the interaction of native 

fish actomyosin with selected alkanones. The intrinsic binding constant for 2-nonanone 

(K = 386 M-I ) and 1 3  binding sites were determined by equilibrium dialysis. 

2.2.3. 7. 6 Muscle, Bone and Skin Proteins 

Sarcoplasmic protein, extracted from pork muscle, binds branched aldehydes (2- and 3 -

methyl-butanal), octanal, and hexanal ;  however, 2-pentanone was not bound (Perez-Juan et 

al. , 2007) .  The binding was found to be very dependent on the ionic strengths and the ions 

present. 

Gelatin and collagen have also been shown to bind flavour compounds. Nawar (1971) 

described a decrease in the vo latility of methyl ketones in aqueous systems containing 1 0  % 

gelatin. Reduced headspace concentrations of acetone, ethanol, acetaldehyde, and ethyl 

acetate were observed in the presence of only 1 % gelatin (Maier, 1 970) .  Low molecular 

weight aldehydes have been shown to react readily with the N H2 groups of collagen (Bowes 

and Cater, 1 968). 

2. 3 Factors Influencing Protein-Flavour Binding 

The principal factors influencing the binding between aroma compounds and proteins are the 

natures of the protein and the volatile compound, especially their hydrophobicit ies. 

Conditions in the medium also affect the extent of the interactions because they have an 

influence on the conformation of the proteins. 

2.3.1  Prote i n  Concentration 

Several studies (King and So/ms, 1979; Dumont and Land, 1 986; Fischer and Widder, 1 997; 

Chobpattana et al. , 2002) have shown that the binding of flavour compounds increases with 

increasing protein concentration. Even small increases in protein concentration can markedly 

reduce the aroma perception. For example, at levels below 0 .5  % protein, the reduction is 
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suffic ient to be readily perceptible, but the protein content of many foods greatly exceeds this 

level (Land and Reynolds, 1981) . 

Hansen and Heinis (1991) reported that the flavour intensity of vanillin, measured by a 

trained taste panel, decreased from 0.32 to 0 . 1 5  as the WPC level increased from 0. 1 2  to 

0 .5  % in flavoured protein solutions. S imilar losses of benzaldehyde and d-limonene were 

found with increasing WPC concentration (Hansen and Heinis, 1 992) . Hansen and Booker 

(1 996) compared the intensity of flavour compounds in the presence of increasing WPC or 

sodium caseinate concentration (0-5 %). The intensities of all the flavours examined 

decreased with increasing WPC concentration, whereas only the intensity of d- limonene was 

affected by sodium caseinate. Landy et a!. (1 995) also observed an increase in the retention of 

aroma compounds with increasing sodium caseinate content (0-5 %), and the increase varied 

with the nature of the aroma compound. The amounl uf bound vanillin increascd significantly 

as the concentration of sodium caseinate or BSA (Chobpattana et al. , 2002) or fababean 

protein (Ng et al. , 1989a) in the model systems increased. 

2.3.2 Heat Treatment 

Flavour binding by proteins is very dependent on the conformational state of the proteins, and 

all the factors that alter the conformation, i .e . ,  temperature (Li et al. , 2000; Chobpaltana et 

al. , 2002), pH (Druaux et al. , 1995; Jouenne and Crouzet, 1 996; Andriot et al. , 1 999; 

.!ouenne and Crouzet, 2000a, b), and ionic strength (Mohammadzadeh-K. et al. , 1 969b; 

Damodaran and Kinsella, 1981c) .  It has been demonstrated that conformational changes 

affect both the binding affinity and the number of binding sites on proteins for aroma 

compounds. 

In practice, heat denatured proteins are of greater importance than native proteins, because 

heat treatment is an important step during the processing and preparat ion of many foodstuffs 

containing protein (de Wit, 1 981) . Heat treatments usually cause denaturation of proteins, 

which invo lves unfolding and subsequent aggregation of unfo lded protein molecu les. The 

process of unfo lding may reveal binding sites that were previously buried and thus may result 

in an increase in binding. In contrast, specific flavour binding sites on the proteins may be 

destroyed during denaturation, causing a decrease in flavour binding. 

2.3.2.1 Below the Denaturation Temperature 

The effects of temperature on protein-flavour interactions appear to be dependent on the type 

of protein and the type of flavour compound. The affmity of y-decalactone for BSA in a 
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model wine system was found to be higher at 1 0  QC than at 20 and 30 QC, possibly due to 

structural changes of the protein at low temperatures, whereas the number of binding sites 

(n = 6-7) was not modified at the three temperatures (Druaux et al. , 1 995) .  However, an 

increase in temperature from 1 0  to 3 5  QC had little effect on the binding of  2-nonanone to 

BSA (Damodaran and Kinsella, 1 980b) .  This discrepancy could be explained by the presence 

of ethanol ( 1 0  % w/w) and salts in the model wine system used by Druaux et a!. (1 995), 

which may have had an effect on BSA conformation. In  addition, y-decalactone and 

2-nonanone might bind on different sites on  BSA due to their structural differences. A large 

number of b inding sites has been suggested by several authors (Spector et al. , 1 969; 

Damodaran and Kinsella, 1 980a, b; Jung et al. , 2002; Guth and Fritzler, 2004) , which makes 

the interpretation of results even more difficult .  Some of the sites might be susceptible to 

temperature changes, whereas others might not be. 

A decrease in temperature from 1 2  to 4 QC increased the number of binding sites and the 

binding constants for vanill in on casein and whey protein (Li et al., 2000) .  The authors 

conc luded that the changes in the number of binding sites and the binding affmity could be 

attributed to possible changes in the tertiary and quaternary structures of the protein at 4 QC . 

The exact changes to protein structures under these conditions need to be investigated. 

Mills and Solms (1 984), using static headspace analysis, observed an increase in the binding 

of heptanal to whey protein with an increase in temperature from 25 to 50 QC. The amount of 

heptanal irreversibly bound markedly increased at 50 QC. These results were attributed to 

covalent binding of the aldehyde and c-amino groups of lysine residues in the proteins. An 

increase in temperature seems to enhance the binding of "reactive" flavours, whereas 

reversibly bound flavours may be released or not affected at all, depending on the nature of 

flavor compound. C learly, further work is needed to fully understand the temperature 

dependence of these interactions, in particular in the case of reversible binding. 

2.3.2.2 Above the Denaturation Temperature 

Studies on the influence of heat denaturation on protein-flavour binding are summarised in 

Table 2 .3 - 1 .  A number of studies reported a decreased binding when proteins are denatured. 

On exposure of �-lg to 75 QC for 1 0  and 20 min, the binding affmity for 2-nonanone was 

weaker than that of the native protein and the number of low-affmity non-specific binding 

sites increased (O'Neill and Kinsella, 1 988) . Heat-treated WPI (85  QC, 1 0  min) had 

significantly higher vanil l in flavour intensity than an untreated WPI (McNeill and Schmidt, 

1 993) . Free vanillin as determined by HPLC was also higher in a heated BSA system (68 QC 
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for 30 min and 75 QC for 1 5  min) than in the non-heated system (Chobpattana et aI. , 2 002) . In 

agreement with this, Burova et al. (2003) reported the complete loss of vanillin binding after 

thermal denaturation of BSA. This may have been due to heat-induced structural changes and 

protein aggregation during the heat treatment. These authors also demonstrated an increase in 

the denaturation temperature of BSA in the presence of  e ither vanillin or 2-octanone, which 

means that the flavour ligands increased the conformational stability of the protein (Burova et 

al. , 1999, 2003) .  Non-flavour ligands, such as palmitate, have also been found to stabi lise the 

native structure of �-lg against heat-induced unfo lding and denaturation. This stabi lising 

effect appears to be ligand-dependent; ligands which bind strongly into the hydrophobic calyx 

seem to be most effective (Considine et aI. , 2005a) . 

Table 2.3-1 :  Influence of heat denaturation on the binding between milk proteins and 
flavour compounds; i binding increases, 1 binding decreases. 

P rotein-flavour system e (QC) / t (min) Binding Method Reference 

�-Lg / benzaldehyde 70 / 30 i Ultrafiltration-HPLC Hansen and Booker (/ 996) 

�-Lg / 2-nonanone 7 5 / 1 0  and 20 1 Equilibrium dialysis o 'Neill and Kinsella (/988) 

WPI / vani l l in  85 / 1 0  1 Sensory McNeill and Schmidt (/993) 

BSA / vani l l in  75 / 1 5 1 Ultrafiltrat ion-HPLC Chobpallana et al. (2002) 

On the other hand, when heated and unheated sodium caseinate solutions were compared, no 

differences were found for vanillin flavour intensity (McNeill and Schmidt, 1 993) and free 

vanil l in concentration (Chobpattana et aI. , 2002) .  This was expected as casein has a little 

secondary and tertiary structure and remarkably high heat stability (Fox and Mulvihill, 1 982) . 

However, for one milk protein- flavour system, it has been reported that the binding capacity 

of denatured proteins is generally higher than that of native proteins. Hansen and Booker 

(1996) reported that the amount of benzaldehyde bound by �-lg increased from 3 8  to 63 % as 

the temperature was raised from room temperature to pasteurisation temperature (70 °C, 

30 min) . The authors attributed the increase in binding to unfo lding of whey proteins upon 

heating. The previously buried hydrophobic residues may become accessible for interaction 

with non-polar flavour molecules, resulting in a greater amount of flavour compounds bound. 

S ince these authors added the flavour before the heat treatment, it is l ikely that covalent 
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binding may play a role in this case, i .e. ,  the aldehyde function of benzaldehyde could be 

susceptible to reaction with E-amino groups in B-Ig, particularly at the elevated temperature. 

Most of the reported data on the influence of  heat treatment on protein-flavour binding are 

based on single temperature and heating time. No systematic studies have been reported on 

the development of interactions with increasing heating t ime or increasing heating 

temperature. There might be an early stage with increased binding due to unfo lding of  the 

proteins, and a later stage characterised by a decrease in binding due to aggregation. 

Moreover, it has been established that a number of intermediate species are generated during 

heat-induced denaturation and aggregation of B-Ig and whey proteins (Havea et aI. , 2001) . It 

would be interesting to understand the role of these intermediates in flavour binding. 

2.3.3 H i g h  Pressu re Treatment 

The use of high pressure as an alternative to heat treatment of foods, including milk and dairy 

products is becoming of increasing interest . H igh pressure treatment not only results in 

microbial inactivation, but has also been shown to improve rennet or acid coagulation of milk 

without detrimental effects on important quality characteristics, such as taste, flavour, 

vitamins and nutrients (Trujillo, 2002) .  It is known that high pressure treatment changes the 

structure of milk proteins (lametti et aI. , 199 7) ,  and is thus l ikely to affect the protein-flavour 

interactions. In particular, B-lg has been shown to be very sensitive towards pressure-induced 

denaturation, and the process of pressure denaturation appears to be similar but not identical 

to that of heat denaturation (Huppertz et al. , 2004a; Considine et aI. , 2005b) .  a-La is more 

resistant to pressure than B-Ig (Huppertz et aI. , 2004a; L iu et aI. , 2005b) . Recently, an 

extensive review on high pressure and heat treatment of individual whey proteins and 

mixtures of milk proteins (Considine et aI. , 2007b) has been published. 

Yang et al. (2003) observed that ligand binding by high pressure treated B-Ig can be increased 

or decreased compared to the native protein depending on the structure of the ligand. High 

pressure treatment of B-Ig decreased the affmity for capsaicin on specific binding sites, 

whereas the binding of the other flavour compounds examined, namely a-ionone, B-ionone, 

c innamaldehyde, and vanillin, was unspecific and remained unaffected by high pressure 

treatment. The authors explain this fmding with the incorporation of water into the protein 

upon high pressure treatment, as compared to the transfer of non-po lar groups into water upon 

heat denaturation of a protein (Hummer et aI. , 1 998) ,  so that high pressure treated B-lg may 

not exhibit an increase in surface hydrophobicity, and thus not exhibit an increasing affinity 

for hydrophobic flavour compounds. However, this would mean that heat-treated B-Ig would 
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bind more flavour compared to the native protein, but this is not true in most cases (Table 

2 .3 - 1 ). 

New insight into the effects of high hydrostatic pressure (HHP) treatment on protein-flavour 

binding was given by Liu et al. (2005b), using fluorescence spectroscopy and static headspace 

analysis. The flavour compounds investigated - benzaldehyde, heptanone, octanone, and 

nonanone - were added after the high pressure treatment. The number of binding sites and the 

apparent dissociation constants for benzaldehyde and the methyl ketones on WPC were either 

unaffected or increased upon HHP treatment, depending on the structure of the flavour 

compound, the flavour concentration, and the HHP treatment t imes. Using SDS-PAGE, the 

same authors (Liu et al. , 2005a) showed that during the time to reach the target pressure (600 

MPa), dissociation of protein aggregates present in WPC occurred, which may have exposed 

more binding sites. The presence of aggregates may have resulted from the ultrafiltration and 

drying procedures used in WPC manufacture. Flavour binding to high pressure treated WPC 

was found to be dependent on the flavour concentrations and on the HHP treatment time, e .g . ,  

the binding of octanone and nonanone to WPC, HHP treated for 10 min, was decreased, but 

the binding to WPC, HHP treated for 30  min, was increased (Liu et al. , 2005b) . Therefore, the 

authors indicated the importance of careful selection of  flavour concentrations and HHP 

treatment conditions for desired outcomes in food applications. 

Presently, only two studies (Yang et al. , 2003; Liu et al. , 2005b) have investigated the 

influence of high pressure treatment on protein-flavour interactions. Therefore, thorough 

research on the effect of high pressure treatment on protein-flavour binding is clearly needed. 

Non-flavour ligands, when added prior to high pressure treatment, have been found to inhibit 

the format ion of intermediate, non-native protein species (Considine et al. , 2005b, 2007a) . 

The same effect may exist with flavour ligands but has not been studied yet . This area clearly 

warrants further investigations. 

2.3.4 pH of the Med i u m  

Changes in  pH can affect the ionisation and the net charge on  a protein molecule and, 

therefore, can influence the attractive and repulsive forces of proteins, their abil ity to 

associate with water, and their interactions with volatile flavour compounds. The effects of 

pH on the binding of aroma compounds to proteins have been investigated by several authors 

with different proteins, including BSA (Beyeler and So/ms, 1974) , case ins (Friedrich and 

Cub/er, 1 9 78) , whey protein (Mills and So/ms, 1 984) ,  �-lg (Andriot et al. , 1999) ,  and pea 

protein (Dumont and Land, 1 986) .  
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General ly, the binding of different aroma compounds to whey proteins increased with 

increasing pH (Druaux et ai. , 1 995; Andriot et ai. , 1 999; Jouenne and Crouzet, 2000a, b; van 

Ruth and Villeneuve, 2002; Weel et ai., 2003) . The authors attributed the increase in retention 

to a change in protein conformation with increasing pH, allowing better access to the binding 

sites at higher pH values. For example, the hydrophobic pocket of �-lg was found to be c losed 

at pH 6. 1 ,  with loop EF (residues 85-90) being folded over the entrance of the pocket, while it 

is opened at pH values of 7. 1 and 8 . 1 (Qin et ai. , 1 998) . Above pH 7 .0, other conformational 

changes, such as the dissociation of �-lg dimers or the "Tanford t ransition", characterised by 

the release of a buried carboxyl group, better accessibility of the free sulphydryl group, and a 

change in environment of a tyrosine residue (Fanford et ai. , 1 959; Hambling et ai. , 1 992) , 

may be responsible for changes in protein-flavour interactions. A dramatic decrease in 

binding of methyl ketones, ethyl esters, l imonene, and myrcene was observed at pH 1 1 , and 

was considered to be a consequence of the alkaline denaturation of �-lg (Jouenne and 

Crouzet, 2000a) . 

In contrast, Mills and Solms (1 984) ,  using static headspace analysis, reported a higher binding 

of 2-nonanone and low-fat whey protein at pH 4.66 as compared to pH 6. 89, with no 

explanation given by the authors. Sodium azide was added to the samples as a preservative 

and may influence flavour binding. 

Acid denaturation of broad bean l I S globulin caused a drastic c hange in the native protein 

structure, which resulted in loss of the capacity for the binding of hexyl acetate (Semenova et 

aI. , 2002a) .  Decreasing the pH of a pea protein solution, and in particular isoelectric 

precipitation of the protein, resulted in a dramatic reduction in its diacetyl retention and led to 

a partial release of the previously bound flavour (Dumont and Land, 1 986) .  

2.3.5 Ionic  Strength of the Med ium 

The native conformation of a protein, and thus i ts flavour-binding properties, can be affected 

by the type and concentration of the ions in the medium. For example, fish actomyosin has 

low solubil ity in a medium with only 0. 1 5  M NaCI. I n  this suspension, the protein bound 

more 2-nonanone than the soluble protein in a medium containing 0 .6  M NaC I  (Damodaran 

and Kinselia, 1 983) . Fares et al. (1998) observed that the number of moles of benzaldehyde 

bound per mole of sodium caseinate was 5 . 56  without sodium azide and was 0.05 in the 

presence of 0 .03 M sodium azide. However, the binding between diacetyl and sodium 

caseinate was not affected by the addition of 0 .03 M sodium azide to the aqueous solution. 

Other investigators working with �-lg came to a similar conclusion (Mohammadzadeh-K. et 
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al. , 1 969b) ; e.g., the binding of he pta ne to �-lg decreased with increasing ionic strength up to 

0.25 M. 

More recently, Perez-Juan et al. (2007) observed a reduction in the binding of branched 

aldehydes, hexanal, and methional and sarcoplasmic protein extracts from pork muscle with 

increasing concentrations of NaCl and KCl, while octanal binding was not affected. The 

effect of MgCh and CaCh was much lower, except for the branched aldehydes which were 

completely released at 1 .0 ionic strength. 

An opposite trend was observed for the binding of 2-nonanone and BSA; the binding 

increased linearly with increasing concentration of sodium sulphate, chloride, bromide, and 

perchlorate (Damodaran and Kinsella, 1 981 c) . The ability of the salts to increase the binding 

affinity of the flavour compound fo llowed the Hofmeister series, i .e . ,  SO/- > cr > B{ 

> CI04- > SCN4- > ChCOO-, which is also the order in which these salts tend to stabilise 

globular protein structure. 

2.4 Implications in the Development of Protein Foods 

Proteins do not contribute to flavour directly, but protein-flavour interactions can cause the 

aroma profile of a food to become unbalanced and unpleasant since proteins bind flavours to 

differing extents, depending mainly on the nature of the protein and flavour compound. This 

problem occurs particularly in high protein based foods and in low-fat foods since fat is the 

preferred carrier of flavour compounds. Ideally, flavour molecules are preserved in the food 

during storage and processing, and slowly released during consumption of the food. However, 

in the presence of protein and absence of fat, some flavour compounds are lost due to the 

absence of fat ,  whereas others are t ightly bound by the proteins, preventing them to be 

released and perceived during mastication. In such foods it is extremely difficult to control 

flavour. If proteins are present, the amount of flavour compounds added usually has to be 

increased to compensate for the protein-bound flavour. 

The processing of foods, and in particular heat treatment, has been shown to have a marked 

effect on milk protein-flavour interactions. Even slight changes in temperature below the 

denaturation temperature of the proteins have been shown to influence the binding of flavours 

(Mills and Solms, 1 984,' Druaux et al. , 1 995) . Severe heat treatments caused a decrease in 

binding for most flavours (O'Neill and Kinsella, 1 988,' McNeill and Schmidt, 1 993; 

Chobpattana et al. , 2002,' Burova et al. , 2003) ,  but an increase in binding has also been 

reported (Mills and Solms, 1 984; Hansen and Booker, 1 996) . Thus heat treatment may 
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drastically change the flavour profile of a food product, depending on what flavour 

compounds are present. In the development of protein-based foods, any factors changing the 

conformation of a protein, i .e . ,  pH, ionic strength, etc . ,  have to be considered since they 

potentially alter the binding of flavours to the protein. The presence of flavour compounds 

during heat treatment has been shown to increase the protein conformational stability (Burova 

et a/. , 1 999, 2003), which in turn may alter the characterist ics of the end product. 

2. 5 Flavour Release from Proteins 

2.5.1  Flavo u r  Release and Perception 

Flavour perception in humans is  the consequence of specific interactions of the flavour 

compounds with particular receptors in the o lfactory epithelium (Meynier et a/. , 2003) . S ince 

the flavour receptors are specifically designed proteins, the mechanism of flavour perception 

is the most important protein-flavour interaction (Fischer and Widder, 1 997) .  To produce a 

response, flavour compounds must be present at a concentration above a certain thresho ld and 

free to interact with the receptors. The overall perception of flavour is generally understood to 

be a combination of both non-volatile compounds in the saliva (taste) and vo lat ile compounds 

transported to the olfactory epithelium (aroma) (Harrison, 1 998) . 

To perceive the flavour of a food, flavour compounds need to be released from the food 

matrix into the mouth and nose of the consumer. Thus, the perceived intensity of  flavour not 

only depends on the type and concentrations of flavour compounds present, but also on their 

release into the mouth and nose. The major factors playing a role in the release are the 

composition and the structure of the food matrix (Seuvre et a/. , 2001) . The amount of flavour 

released into the air in the mouth and hence to the olfactory epithelium in the nose depends 

upon the vapour pressure of the volatile in the aqueous phase of the food, and can be 

influenced by the presence of other food components, such as proteins (Overbosch et al. , 

1 991) .  Consequent ly, the nature of the mechanism of  binding of flavour components to 

proteins and other macromolecules has a significant effect on the acceptance of a food 

product. 

2.5.2 Analysis of Flavo u r  Release from P roteins 

Conventional headspace analysis has been used to  measure flavour release from foods but it 

does not consider conditions in the mouth, which do affect the release of flavour compounds 

such as esters (Doyen et a/. , 2001) . Nowadays, methods are applied that instrumentally 

measure the release of flavour compounds from foods during eating. They can be divided into 
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two categories: ( 1 ) the breath exhaled from the mouth o r  nose i s  collected and analysed by 

MS or GC-MS ("MS Breath Methods"), and (2) a "mouth simulator" is constructed that 

attempts to mimic mouth conditions, and the flavour released from this artific ial mouth 

system is collected and analysed by MS or GC-MS. 

2.5.2.1 MS Breath Methods 

The measurement of volatile release in the mouth ( 'mouthspace')  or breath expired from the 

nose ( ' nosespace') is of great interest (Soeting and Heidema, 1 988; Delahunty et al. , 1994; 

Taylor and Linforth, 1994; Weel et al. , 2003; Gierczynski et al. , 2007) .  It enables us to 

observe the influence of human physio logy on aroma release from different food matrices 

(Linforth et al. , 1996). The fust MS breath system was developed by Soeting and Heidema 

(1988) .  They coupled the human nose to the ion source of a mass spectrometer to measure the 

flavour concentration in the nasal cavity in real t ime, allowing the differences in flavour 

profiles resulting fro m different flavour-ingredient combinations to be determined (Overbosch 

et al. , 1 991) .  Membranes can be used to prevent moisture and oxygen entering the electron 

impact source of the MS, whilst vo lat iles pass through the membrane (Soeting and Heidema, 

1988; Taylor and Linforth, 2000) .  Using this method, it was possible to determine the aroma 

release profile of methyl ketones from o il-water systems (Soeting and Heidema, 1 988; 

Haring, 1 990) .  A shortcoming of the method using membranes is that the membranes can 

exhibit selectivity for some flavour compounds, i .e . , exclude those with a low affinity for the 

membrane, or cause long response t imes for other compounds with a slow rate of diffusion 

through the membrane (Linforth et al. , 1996) .  

Since the concentrations of vo latiles i n  the breath are very low, MS breath analyses have the 

problem of sensitivity. To overcome the sensitivity problem, the vo lat iles from breath samples 

have been trapped prior to GC-MS analysis, i .e . ,  by using low temperature (cryo-trapping) 

(Linforth and Taylor, 1993; Taylor and Linforth, 1 996) or adsorbing po lymers (e.g. Tenax) 

(Delahunty et al. , 1 994; Taylor and Linforth, 1994) .  When breath is sampled onto Tenax traps 

over several minutes whilst eating different foods (Linforth and Taylor, 1993; Delahunty et 

al. , 1 994; Legger and Roozen, 1 994; Taylor and Linforth, 1 994; 1ngham et al. , 1 995) the 

vo lati le compounds of interest are effectively separated from air and, to a great extent, water. 

However, such sampling techniques only yield a temporal aroma profile after a large number 

of chromatographic runs are comp leted (Linforth et al. , 1 996) .  For example, nosespace was 

sequentially sampled onto a set of po lymer traps to obtain a t ime-reso lved flavour release 
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profile. Off-l ine GC analysis of the traps was carried out after thermodesorption (Linforth and 

Taylor, 1 993) or solvent desorption (Delahunty et al. , 1 994) . 

2.5.2. 1.1  Atmospheric pressure chemical ionisation mass spectrometry (APe/-MS) 

As an alternative to trapping the breath contents during eat ing, the retronasal aroma can be 

directly measured using soft ionisation mass spectrometers with detectors that can 

accommodate moisture and atmospheric pressure, such as in APCI-MS (Linforth et al. , 1 996; 

Malone et al. , 2000; Weel et al. , 2002,· Gonzalez-Tomas et al. , 2007) .  This technique is more 

direct and less t ime-consuming (Taylor et al. , 2000) .  A small sample of the test person' s 

breath is continuously sampled into the mass spectrometer where volatiles are detected 

providing a direct and simultaneous temporal release profile of several volatiles (Taylor and 

Linforth, 1 996) .  The system al lows sensitive and fast monitoring of the in vivo flavour release 

(Linforth et al. , 1996,· Taylor and Linforth, 2000) ,  and is commercially available as the 

MS-Nose™ from Micromass (Manchester, UK). 

The breath-by-breath profile obtained by APCI-MS is thought to be very similar to that 

sensed by the o lfactory epithelium (Baek et al. , 1 999; Linforth et al. , 1 999) and may be 

different from the volatile composition of the food and its headspace profile, because of the 

changes that occur to the physical state of foods during eating (Overbosch et al. , 1 991,· Taylor 

and Linforth, 1 996) .  

2.5.2.1.2 Proton-transfer-reaction mass spectrometry (PTR-MS) 

Techniques involving ionisation based on proton transfer - either APCI or the similar PTR 

technique (Lindinger et al. , 1 998,· Taylor and Linforth, 2000,· Mei et al. , 2004) - fo llowed by 

mass spectrometry are the best current options for vo lat ile flavour analysis in breath (Taylor 

et al. , 2000) .  

A PTR-MS (Figure 2 .5 - 1 )  allows the simultaneous real-time monitoring of volat ile 

compounds, such as flavour compounds, present in gaseous samples, such as air or breath. I t  

has been successfully used for various applications, for example, the analysis of vo latiles 

during the decay of foods, or air quality monitoring (Lindinger et al. , 1 998) . 

To investigate flavour release in mouth, the subjects, while consuming the sample, breathe 

into a U-shaped g lass nose p iece inserted into their nostrils ( Figure 2 . 5 - 1 ), from which breath 

is sampled continuously, and directed into the PTR-MS drift tube. 
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Figure 2 .5- 1 : The PTR-MS instrument (lonicon Analytik G mbH, Innsbruck, Austria), 
and a subject connected to the instrument while consuming a sample. 

The technique utilises proton-transfer reactions (Equation 2-7) from protonated water 

molecules H30+ to volatile compounds R, which are then separated according to their mass to 

charge ratio (mlz). 

(2-7) 

The instrument (Figure 2 .5-2) cons ists of three main parts: 

• The ion source, where H30+ ions are produced using water vapour as the molecular 

source of ions 

• The drift tube, into which the sample (breath/air) is continuously introduced, and 

where proton-transfer reactions to the volatiles in the breath occur 

• The ion detection system which provides sensitive detection of mass selected ions and 

consists of a quadrupole mass spectrometer in conj unction with a signal amplifier. 



3 8  

pump pump 

Chapter Two: Literature Review 

DIJDODDOOD{]ODDDDDDDOOI.!:::::::�:::::;, �1FI'F� I � lE:::1 1  �'1 \ 
::::::::::; �� 1 L ::;::.....-,, '� gas inlet  1 -""": H20 - va p o r  

i n l el 

ion  source 

(air to be ana lyzedJ 

drift tube 

pump 

ion  detect ion system 

Figure 2.5-2 : Schematic of the PTR-MS system (Source: Ionicon Analytik GmbH, 
Innsbruck, Austria). 

The H30+ ions are passed via a Venturi type inlet into the drift tube, which is under the 

influence of an e lectric field (E) and a vacuum pump. Within the drift tube, some H30+ ions 

become hydrated to form cluster ions, H30+(H20)n (n = 1 ,  2, 3, . . .  ), which can act as reagent 

ions. The quantity and distribution of these c luster ions within the drift tube depend on the E 

and on the pressure, but is usually < 5 % of the total reagent ions (Hewitt et al. , 2003) .  

Reagent ion c lustering is suppressed by decreasing the drift tube pressure o r  increasing E. 

However, a decrease in pressure or an increase in E promote product ion fragmentation. 

Therefore, a compromise between reagent ion hydration and product ion fragmentation has to 

be made, depending on the sample composition. For example, in complex samples, too much 

fragmentation is undesirable in terms of compound identification. 

The advantage of PTR-MS over APCI-MS is that in PTR-MS the generation of the H30+ ions 

and the chemical ionisation of the volatile analytes are individually controlled and spatially 

separated processes. As a consequence, constant and well-defined condit ions exist in the drift 

tube, allowing the calculation of analyte concentrations without calibration or the use of 

standards (see section 5 . 3 .4 .4 for more detailed information) . Volatile compounds that have 

proton affinities higher than water are ionised by proton transfer from H30+. The proton 

affmity of water is 1 66.5 kcal ·mor 1 , whereas organic volatiles have proton affmities of 1 70-
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205 kcaVmol (Lindinger e t  ai. , 1 998) (Table 2 .5 - 1 ) . Therefore, another benefit of PTR-MS is 

that H30+ ions do not ionise any of the major components present in c lean air due to their low 

proton affinities. 

Table 2.5- 1 : Proton affinities of selected constituents of air and selected organic volatile 
compounds (Lindinger et al., 1 998) .  

Compound Proton affinity (kcal ·mor' ) 

1 1 8 .0  

1 29 .2  

1 00.6 

1 65.2 

Acetaldehyde 1 83 . 8  

Ethanol 1 85 .6 

Butanal 1 89 .5  

Acetone 1 94. 1 

Dimethyl sulph ide 1 98 .6  

Both, the APCI-MS and PTR-MS techniques, can cope with water and air, produce single 

ions for most compounds, operate at pressures, which a l low easy and safe sampling of air 

from people to the source, and show high sensitivity (Taylor et aI. , 2000; Hewitt et ai. , 2003; 

Mei et al. , 2004) . Another advantage of MS breath techniques is that they are objective 

methods, providing the opportunity to investigate factors affecting flavour release and the 

relationship between flavour delivery and perception (Malone et aI. , 2000) .  

The main disadvantage o f  breath-by-breath experiments is the poor reproducibility which is 

due to differences in mastication, saliva flow and composit ion (Lee, 1 986; Soeting and 

Heidema, 1988) ,  and breathing between, and to a lesser extent, within subjects (Soeting and 

Heidema, 1 988; Deibler et al. , 2001) . In addition, the technique can only discriminate 

compounds on the basis of mass, and for some aroma compounds the sensitivity is not high 

enough to be detected (Mei et aI. , 2004) .  This suggests that in vitro methods, such as mouth 

simulators (see section 2 . 5 .2 .2) which have better precision, should be used to complement 

and verify results from in vivo techniques. 
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Detailed reviews of methods for monitoring volatile compounds in vivo have been published 

previously (Taylor, 1 996; Taylor and Linforth, 1 996, 2000) .  

2.5.2.2 Mouth S imu lators 

Several authors used in vitro devices that mimic conditions of  the human mouth as c lose ly as 

possible ("mouth simulators") to investigate flavour release in the mouth. Different mouth 

simulators incorporating shearing, saliva dilution, temperature control, and airflow have been 

designed to simulate eating and drinking dynamics (Lee, 1 986; Roberts and Acree, J 995; 

Elmore and Langley, 1 996; Giroux et aI. , 2007) .  Trapping on po lymers (Delahunty et aI. , 

1 994; Roberts and Acree, 1 995; van Ruth et al. , 2000) ,  cryofocusing on capi llary columns 

(Nafil e t  aI. , 1 995) ,  and direct MS coupling of the mouth-simulating device (Lee, 1 986; 

Elmore and Langley, 1996; Deibler et aI. , 2001) have been applied to measure the vo latiles 

released. 

The earliest model mouth system consisted of a small glass vial containing the sample, which 

was agitated mechanically using metal balls (Lee, 1 986) . The system also allowed heating and 

the addition of synthetic saliva. A cont inuous gas flow transported the flavour compounds to 

an MS detector, which produced a time profile of the released flavour compounds. The 

release curves for diacetyl, as obtained from this system, have shown a remarkable similarity 

with the corresponding time-intensity curves (see section 2 . 5 .2 . 3 )  obtained by a sensory panel .  

Roberts and Acree (1995) introduced the so-called "retronasaI aroma simulator" (RAS) . 

Retronasal aroma is the odour sensation experienced during food consumption that is caused 

by flavour molecules travelling from the mouth to the olfactory epithelium (Friedrich and 

Acree, 1 998) . It is a purge-and-trap device designed to simulate eating conditions in mouth by 

regulating temperature to 37  QC, adding synthetic saliva, and b lending at shear rates reported 

to occur during eating. The control of these parameters allows the RAS to be used to simulate 

a range of release conditions. The released volatiles are removed by a gas stream, collected on 

a si l ica trap and quantified by GC-FID or GC-MS. Later, the same authors designed an RAS 

using a set of six volatile traps to observe the dynamics of flavour release (Roberts and A cree, 

1 996b) . 

The RAS has been shown to be a sensitive and reproducible device which was verified by 

Deibler et al. (2001) and gave a good approximation of time-averaged flavour release in the 

mouth as defmed by breath-by-breath measurements using model food systems as wel l  as real 

foods. I n  contrast, Legger and Roozen (1994) found results of breath-by-breath analysis more 
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suitable for correlation with t ime-intensity data (see section 2 . 5 .2 . 3 )  than those o f  a purge­

and-trap method with simulated mouth conditions. 

Later, similar mouth simulators have been successfully applied to understand the release of 

flavour during eating and to investigate flavour-matrix interactions during eating (Elmore and 

Langley, 1996; Bakker et al. , 1998; van Ruth and Roozen, 2000a; Deibler et al. , 2001;  Chung 

et al. , 2003) .  A fully computerised device for the measurement of dynamic flavour release 

from liquids was developed by Rabe et a!. (2002) . 

More recently, an artifical throat system for the investigation of liquid samples was developed 

which simulates the act of swallowing fo llowed by exhalation (Weel et al. , 2004a) . As liquid 

foods are swallowed directly after intake, the release of flavour compounds is mainly 

determined by swallowing in the throat. The technique produced aroma release curves which 

were similar to in vivo release profiles. 

An advantage of mouth s imulators compared to MS breath methods (see section 2 .5 .2 . 1 )  is 

that a range of physical parameters can be varied to elucidate the effects of, for example, gas 

flow rate or shear rate on flavour release. Generally, an advantage of in vitro devices is the 

increased reproducibility of flavour release data in comparison to MS breath techniques, 

which involve human subjects s ince instrumental methods can be more carefully controlled. 

In addition, they exhibit higher sensitivity than MS breath techniques (Deibler et a!. , 2001) . A 

disadvantage is the considerably lower resolution of time profiles. It has to be considered that 

the process by which flavour compounds are transferred from a food product to the olfactory 

epithelium is very complex and can only partly be described in a model mouth system. 

2.5.2.3 Sensory Methods 

Sensory analysis (Ng et al. , 1 989b; Hansen and He in is, 1 991, 1992; Gra! and de Roos, 1 996) 

can also be used to determine the overall flavour release in the mouth. A sensory technique 

that is becoming increasingly popular for the measurement of flavour release and perception 

is the t ime-intensity (TI) methodology. It is a technique that permits the recording of the 

perception of an attribute and its change with time (Peyvieux and Dijksterhuis, 2001) . Various 

parameters can be obtained from a TI curve and these include, for example, the maximum 

intensity of flavour perception Imax, the t ime at which maximum flavour intensity is perceived 

tmax, and the duration of perceived flavour. Because food undergoes an oral breakdown, 

mixing, and hydration during mastication (Jaylor, 1 996) ,  TI measurement can provide 

information concerning the pattern of flavour release during eating (Chung et al. , 2003) . 
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The TI method has been used to successfully characterise the flavour release properties of  

reduced- and full-fat cheeses and salad creams (Shamil e t  al. , 1 991192) , low-fat and high-fat 

ice cream (Chung et al. , 2003) , and model gels (Guinard and Marty, 1 995; Wilson and 

Brown, 1 997; Weel et al. , 2002) .  Although sensory analysis is a powerful tool, it has some 

limitations, such as variation in responses between individuals, the necessity of a trained 

panel, and limitations of flavour perception in humans (Taylor, 1 996) .  Hence, the 

instrumental analyses of the aroma-protein interactions are necessary. 

2.5.3 F lavo u r  Release from Liquid,  P rotei n-Conta i n ing Systems 

A few studies have been published on the effect of proteins on the release of flavour 

compounds from different systems; general ly, a decrease in flavour release with increasing 

protein concentration was observed due to the binding of flavour compounds by the proteins 

(Giroux et al. , 2007) .  �-Lg decreased the odour intensities of methyl ketones and eugeno l, and 

it was found that 20 % or more binding was noticeable as a significant decrease in flavour 

perception (Guichard, 2000) .  

Milk proteins reduced the in-mouth release o f  selected flavour compounds from coffee as 

compared to water (Denker et al. , 2006) .  The addition of whey proteins resulted in a lower 

release of flavour compounds as compared to the case ins which can be explained with the 

generally higher binding affinity for flavour compounds on whey proteins. Interestingly, for 

most flavour compounds, the retention could not be increased by adding more whey protein, 

whereas the flavour release depended on the quantity of added casein. Using an artificial 

throat system, the release of butanal, hexanal, octanal, and nonanal from aqueous solutions 

decreased in the presence of WPI (3 %) (Weel et al. , 2004a) .  Unfortunately, these studies do 

not indicate if the flavour compounds are partly released from the proteins under the dynamic 

conditions, they only show that the proteins retain the flavour compounds as compared to 

water. 

Several studies have shown that the presence of proteins at o il-water interfaces, such as in 

emulsions, also induced a decrease in flavour release due to an increase in the resistance to 

transfer at the interfaces (Harvey et al. , 1995; Rogacheva et al. , 1 999; Charles et al. , 2000; 

Voilley et al. , 2000) .  

However, the actual release o f  flavour compounds from proteins has only been studied by 

Weel et al. (2003) and Le Guen and Vreeker (2003) . The effect of  WPI on the in vivo release 

of aldehydes (butanal to nonanal) in solution was examined by Weel et al. (2003) . They found 

a high retention of the flavour compounds by WPI under static conditions; however, the 
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retention of aldehydes by WPI was less under in vivo conditions, as determined in-nose by 

APCI-MS, possibly due to the highly dynamic environment in the mouth. These authors 

suggested that after swallowing, a thin film of the sample solution remains in the pharynx, 

and both the free flavour compounds present in this film and those reversibly bound to the 

whey proteins are released by the air flow of exhalation.  The hypothesis that a thin layer of 

l iquid remaining in the throat after swallowing largely determines the in vivo flavour release 

from l iquids was later confirmed (Weel et al. , 2004a, 2004b) .  

Le Guen and Vreeker (2003) determined the release of a homologous series of methyl ketones 

(acetone to 2-nonanone) from MPC ( 1 0  %, w/w) in mouth. Using static headspace analysis, 

MPC showed a considerable retention of methyl ketones, whereas the in vivo APCI-MS signal 

of the flavour compounds was not influenced by the presence of milk proteins. These authors 

also concluded that during in-mouth flavour release, not only the free flavour compounds L.'1 
the fi lm are released but also those compounds reversibly bound to the milk proteins. I n  

contrast, the presence o f  MPC resulted i n  a decrease i n  the concentration o f  alkenals 

(2-propenal to 2-nonenal) ,  which are bound irreversibly on proteins, in the nasal cavity. I n  

conclusion, flavour perception may only be reduced if strong binding occurs (Guichard, 

2006) .  However, the release of reversibly bound flavour may depend on the consumption 

technique. I f  a sample is not masticated (e.g. when drinking) reversibly bound flavour may 

not be released. 

2.5.4 F lavo u r  Release from Viscous, Protein-Conta i n ing Systems 

Flavour release and perception have also been found to be affected by the viscosity of the 

medium (Pangborn and Szczesniak, 1974; de Roos and Wolswinkel, 1 994; Roberts et al. , 

1 996; de Roos, 2003) since the viscosity influences the mass transfer of flavour compounds 

within a food, and from the food into the oral and nasal cavities. Using an RAS (see section 

2 .5 .2.2),  highly volatile compounds were released slower in high viscosity systems, whereas 

the release of compounds with low volati l ity was not affected by a higher viscosity (Roberts 

and Acree, 1 996a) , confirming that thickeners influence the mass transfer rather than the 

volat il ity (de Roos, 2003) . 

Macromo lecules tend to increase viscos ity and thus to slow down d iffusion. However, 

Darling et al. (J 986) showed that the diffusion coefficient of 3-methylbutyl acetate, the 

character-impact compound of bananas, in solutions of  galactomannan remained constant at 

concentration of up to at least 1 % gum. The authors indicated that diffusion is a slow process 

and thus its role in flavour release would be insignificant in a highly agitated system, such as 
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that exists m the mouth during food consumption. However, several studies showed a 

decrease in the flavour release rates with increasing viscosity (Mestres et al. , 2005; Boland et 

al. , 2006; Terta et al. , 2006) ,  which was explained with a decreased mobility of  flavour 

compounds in viscous systems. Interestingly, increased gel rigidity resulted in higher 

maXImum concentrations of volatiles as determined by in-nose PTR-MS (Boland et al. , 

2006) .  

Hollowood et al. (2002) observed that, despite a decrease in perceived strawberry flavour 

intensity, the actual flavour concentration in the breath, using ethyl butyrate as a marker for 

the strawberry flavour, was not reduced by an increase in hydroxypropyl methyicellulose 

(HP MC) concentration, indicating that the viscosity does not influence in-mouth flavour 

release. According to the authors, a possible explanation for the decrease in flavour 

perception may be the effect of HPMC on the free water available in so lution, resulting in a 

decrease in sweetness intensity and, therefore, a decrease in flavour intensity. 

Several authors studied flavour release from gel systems and have reported a decrease in 

flavour perception with increasing gel hardness (Jaime et al. , 1 993; Guinard and Marty, 

1 995; Carr et al. , 1 996; Wilson and Brown, 1 99 7) .  Results contradictory to these were found 

by Gwartney et at. (2000) who changed the texture of the protein gels by varying the type of  

salt and ionic strength. Gel hardness and perceived flavour intensity were not related, but gel 

structure seemed to have an effect with particulate gels, which showed a low water holding 

capacity, having a lower maximum perceived intensity than gels with a stranded structure. 

In vivo studies, looking at the actual flavour release by nosespace measurements, generally  

showed no effect of texture. Mestres et al. (2005) found that whey protein gel  hardness did 

not affect the in vivo release of flavour compounds, and Lethuaut et al. (2004) observed that 

aroma release from custard desserts was not influenced by the texture. Maximum intensities 

of nosespace concentrations were not influenced by viscosity (Baek et al. , 1 999; Weel et al. , 

2002) ,  but there was a significant difference in the perceived flavour intensities. Thus, Weel et 

al. (2002) concluded that the texture of the gels rather than the in-nose flavour concentration 

determines perception of flavour intensity. 

In contrast, an increase in carrageenan concentration, and thus, an increase in dynamic 

viscosity from 1 to 44 rnPas, resulted in an increase in the release of  ethyl butanoate, butane-

2,3 -dione, and hexanal from aqueous solutions in an artificial throat system (Weel et al. , 

2004a) . This observation was explained with a thicker layer on the inner surface of the 

artificial throat, which contains more flavour compounds than a thin layer of water. As a 
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consequence, the total flavour release from viscous samples will be higher. However, in vivo 

measurements showed no effect of viscosity on the amount of flavour compounds released. 

The authors attributed this finding to differences in the swallowing mechanism and dilution 

with saliva. Cook et al. (2003) also demonstrated that viscosity does not influence flavour 

release in vivo. 

The in vivo flavour release from cheese-l ike gels differing in hardness, as determined by 

APCI-MS, was found to be greater and faster from the harder gels; however, the in vitro 

flavour release, using a mouth simulator, was not significanlty different between the three 

gels (Gierczynski et aI. , 2007) .  These studies show that the effect of texture on flavour release 

depends on the type of food (Gierczynski et aI. , 2007) ,  and clearly further investigations of  

flavour release in  thickened systems are needed. 

2.5.5 Factors I nfluencing Flavo u r  Release I n-Mouth 

As mentioned above, factors such as the nature of the flavour compound and the protein, and 

the structure of the food matrix affect the release of flavours from a food during consumption. 

The partition coefficient and the resistance to mass transfer are the main factors controlling 

the rate and extent of flavour release; partitioning of flavour compounds is influenced by the 

composition of the food, and the resistance to mass transfer by its texture (de ROGS and 

Wolswinkel, 1 994) . Beside these factors, which concern the food itself, factors in the mouth, 

such as cutting, stretching, dilution with saliva etc. influence flavour release (Plug and 

Haring, 1 994) . 

The change in temperature that a food undergoes when p laced in the mouth can cause melting 

and other phase changes modifying volatility and flavour perception. Increasing the 

temperature from 23 to 3 7  QC increased the volati l ity (Roberts and Acree, 1 995) . When 

simulating flavour release in the mouth, i.e. by using the RAS (see section 2 .5 .2 .2), it is 

important to regulate the temperature to 37  QC as temperature significantly affects flavour 

release rates (Roberts and Acree, 1 996a) . In contrast, Weel et al. (2004a) did not find an 

effect of temperature on flavour release in vivo, nor using an artificial throat. 

Masticat ion accelerates the mass transfer of flavours and increases the release of aroma 

compounds by increasing the surface area exposed to the air in the mouth and reducing the 

diffusion path from the food matrix to the vapour phase (Roberts and Acree, 1 995; van Ruth 

and Roozen, 2000b) .  
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Hydration or dilution of foods by saliva affects the partitioning o f  the volatile compounds 

over the food, and thus affects flavour release and perception (raylor, 1 996) .  The high 

polarity and neutral pH of saliva can change the volatility of certain flavour compounds, 

especially in foods high in fat or with low pH (Roberts and Acree, 1 995) . Addition of water or  

saliva increased the rate of volatilisat ion for most flavour compounds, because they have poor 

solubility in water (McNulty and Karel, 1973) . However, Odake et al. (1998) and van Ruth 

and Roozen (2000b) reported a decrease in the release of flavour compounds with increased 

saliva vo lumes. This observation agrees with the flavour release model of Harrison (1998) ,  

which predicted a decreased release with higher saliva flow rates. 

2. 6 Concluding Remarks 

The presence of proteins in flavoured low-fat food products causes a great challenge for 

flavour scientists because many proteins are able to bind several flavour compounds tightly 

and influence the perceived aroma profile significantly. BSA is the milk protein most capable 

of binding volatile flavour compounds, followed by �-lg. A large number of instrumental 

methods have been used to investigate the type and the extent of flavour binding, which 

makes it difficult to compare results between studies. Sensory methods are very useful 

because they complement instrumental techniques and g ive insight into the effect of protein­

flavour binding on flavour perception. The characterist ics of the aroma compounds and the 

proteins determine the extent of binding, which can be influenced by several parameters. 

Although extensive information on the binding of various flavour compounds to different 

food proteins is available, there are many apparent contradict ions and disagreements among 

various studies. For example, the effects of heat treatments on protein-flavour interactions are 

not fully understood. The develop ment of protein-flavour interactions with heating t ime or  

rather with increasing temperature should be looked at and compared with the corresponding 

conformational state of the protein. Research on the influence o f  high pressure treatment of  

milk proteins on the proteins' flavour binding behaviour needs to be investigated further as 

well. 

A good knowledge of the physicochemical interact ions that occur between aroma compounds 

and proteins is required to improve food flavouring and to make protein based foods, e .g . ,  

"light" dairy products, sensorily more acceptable to the consumer. I n  particular, the nature 

and the location of binding sites on proteins for flavours need to be investigated further. I t  is 

vital to obtain more consistent results between different instrumental methods. Some of  the 

early methods such as equilibrium dialysis and exponential dilution are still going to be 
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frequently used. Some of the newer techniques, such as SPME and NMR, need to be 

developed further to invest igate protein-flavour interactions and be used more frequently in 

the future. SPME is fast, solvent-free, and very sensitive. The main advantages of NMR 

techniques are speed and insight into binding mechanisms and binding topology. 

Furthermore, the focus should be more on sensory techniques, since instrumental flavour 

binding studies do not show if and how bound flavour is perceived during consumption. A 

growing area of research comprises the mechanisms of in vitro and in vivo flavour release 

from foods. No systematic studies have been reported on the relationship between extent or 

strength of flavour binding to proteins and its in vivo release. 

To date, most systems that have been invest igated consist of one protein and one aroma 

compound in an aqueous solution. Food systems are much more complex, consist ing of 

several food matrix components and flavour mixtures. Thus, further research on these 

complex systems is becoming increasingly important. However, primarily consistent results 

using simple systems should be obtained before investigating complex systems. 
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CHAPTER TH REE : BI N D I N G  OF 2·NO NANO N E  AN D 

M I LK PROTE I NS 2 

3. 1 Abstract 

Interactions of the model flavour compound 2-nonanone with individual milk proteins, whey 

protein isolate (WPI), and sodium caseinate in aqueous solutions were investigated. A method 

to quantify the free 2-nonanone was developed using headspace so lid-phase micro extraction 

(SPME) followed by gas chromatography with flame ionisation detection (GC-FID). B inding 

constants (K) and numbers of binding sites (n) for 2-nonanone on the individual proteins were 

calculated. The 2-nonanone binding capacities decreased in the order: bovine serum albumin 

> �- lactoglobulin > a-lactalbumin > asl -casein > �-casein, and the binding to WPI was 

stronger than the binding to sodium caseinate. All proteins appeared to have one binding site 

for 2-nonanone per molecule of protein at the flavour concentrations investigated, except for 

bovine serum albumin which possessed two classes of binding sites. The binding mechanism 

is believed to involve predominantly hydrophobic interactions. 

3. 2 Introduction 

I t  is well-known that milk proteins bind flavour compounds of different chemical c lasses 

(Damodaran and Kinsella, 1 980b; Liibke et ai. , 2002), but results between studies differ 

considerably. Reasons for this may be the variety of  conditions and methods used to 

determine the binding or the different compositions of protein batches. The individual whey 

proteins, in particular �-lactoglobul in (p-Ig) (Guichard and Langourieux, 2000) ,  have been 

frequently studied (Damodaran and Kinsella, 1 980b; Jasinski and Kilara, 1 985; O'Neill and 

Kinsella, 1 987b; Jung et ai. , 2002; Guth and Fritzler, 2004) .  �-Lg has been found to interact 

with several flavour compounds, such as esters (Reiners et ai. , 2000) ,  ketones (O'Neill and 

Kinsella, 1 987b; Jouenne and Crouzet, 2000a) ,  ionones (Liibke et ai. , 2002) , and lactones 

(Sostmann and Guichard, 1 998; Guth and Fritzier, 2004) . The number and location of flavour 

binding sites on �-lg are not entirely c lear, but most hydrophobic flavour compounds appear 

2 Parts of this chapter have been published previously: Ktihn, J . ,  Zhu, X.-Q., Considine, T., and Singh, H.  

(2007). Binding of 2-Nonanone and Milk Proteins in Aqueous Model Systems. Journal of Agricultural and Food 

Chemistry 55 (9) :  3 599-3604 (see Appendix). 
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to bind in a central hydrophobic pocket, which also serves as the binding locus for apolar 

ligands, such as retino l (Fugale and Song, 1 980) and long-chain fatty acids (Wu et al. , 1 999; 

Ragona et al. , 2000) ,  and at least one secondary binding site exists on the protein surface 

(Lubke et al. , 2002) . Studies on the flavour binding behaviour of a- lactalbumin (a- la) are rare 

because its flavour binding capacity was found to be low (Jasinski and Kilara, 1 985) . In  

contrast, bovine serum albumin (BSA) seems to exhibit a strong affmity for different flavour 

compounds. BSA was found to have six (Damodaran and Kinsella, 1980b) and seven (Jung 

et al. , 2002) binding sites for methyl ketones. GUlh and Fritzler (2004) suggested one or two 

high-affmity binding sites, and a large number of  lower affinity sites, for y- and 8-lactones on 

BSA. 

In contrast, the individual case ins have been neglected so far, probably because of their lower 

flavour binding (Hansen and Booker, 1 996; Li et al. , 2000) .  Nevertheless, casein proteins are 

present and util ised in several food products (Mulvihill, 1992) and they do bind flavour 

compounds with measurable affinit ies (Fischer and Widder, 1997; Li et al. , 2000,· Meynier et 

al. , 2004) .  To date, there is no information about the number of binding sites and the binding 

constants for flavour compounds on individual caseins. Sodium caseinate, a mixture of all 

casein types, was found to possess one low-affmity binding site for vanillin at low 

temperatures (Li et al. , 2000) .  

The interactions between proteins and flavour compounds can have a strong influence on 

flavour perception, especially in  reduced-fat products (Hatch we ll, 1 996) .  Further insights into 

protein-flavour interactions are required to improve food flavour, particularly that of reduced­

fat foods. 

This chapter describes ( 1 )  the development of a headspace SPME method to investigate 

protein-flavour interactions, and (2) the binding of the hydrophobic flavour compound, 

2-nonanone, to individual milk proteins (namely, �- lg, a- la, BSA, asl -casein, and �-casein), 

WPI ,  and sodium caseinate, using an optimised SPME-GC-FI D  method. Using the Klotz plot 

(Klotz el al. , 1 946; Klolz and Urquhart, 1 948) ,  binding constants K and numbers of binding 

sites n on the proteins were determined. 2-Nonanone was chosen as the model flavour 

compound because it is known to be bound completely reversibly on proteins. In addit ion, 

2-nonanone is the most frequently studied compound in protein-flavour binding studies, 

allowing better comparison with other studies. 
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To date, the SPME technique has not been applied to determine binding parameters for 

flavour compounds on proteins. This is the first study comparing flavour binding capacities o f  

the major individual milk proteins, including the case ins, which have been neglected so far. 

3. 3 Materials and Methods 

Distilled, deionised water (DDI) was obtained from a NANOpure™ I I  water purification 

system (Barnstead, Dubuque, l A, USA). Henceforth, the term "water" refers to DD!. 

3.3.1  2-N o nanone 

The flavour compound used was 2-nonanone, which represents hydrophobic flavour 

compounds. Its characterist ics are shown in Table 3 . 3- l .  

Table 3.3- 1 :  Physicochemical properties of 2-nonanone. 

Structure 

Aqueous solubility (g·r1 ) (25 °C) 

Hydropbobicity (log p)l )  

Air-water partition coefficient (25 °C) 

1 42.24 

0.4 

2.9 

15 x 1 0-3 

1 7  x 1 0-3 

6 .7  (± 0 . 1 )  x l O-J 

I) Value of the logarithm of the partition coefficient between water and n-octanol .  

2-Nonanone stock solution (10 mM) 

Seuvre et af. (2001) 

Rogacheva et af. (J 999) 

Buttery et af. (1 969) 

Overbosch et af. (J 99 J) 
lung and Ebeler (2003a) 

A stock solution of 2-nonanone (Aldrich Chemical Co. ,  Milwaukee, WI, USA) was prepared 

by disso lving 7 l .0 mg 2-nonanone in 50 ml propylene g lycol (Bronson and Jacobs Pty Ltd. , 

Sydney, Australia) . Propylene glycol is a suitable solvent for flavour compounds because of 

its low vapour pressure, avoiding competition between 2-nonanone and the solvent in the 

fibre coating, which can be observed with other solvents such as ethanol. The stock solution 

was stored at 5 DC . 
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2-Nonanone standards (0. 1-0. 8 mM) 

An external standard calibration was used to calculate the extent of binding. Standards of 0. 1 ,  

0.2, OA, 0.6, and 0 .8  mM 2-nonanone were prepared in water from the 1 0  mM 2-nonanone 

stock solution. 

3.3.2 M i l k  Proteins 

WPI (Alacen 895) and sodium caseinate (Alanate 1 80) were obtained from Fonterra Co­

operative Group Ltd.,  New Zealand. The WPI consisted of 93 .3  % protein, 0 .3  % fat and 

4.6 % moisture, and the sodium caseinate consisted of 93 . 1  % protein, 0 .6  % fat, and 4 .8  % 

moisture. Individual whey proteins were purchased from Sigma-Aldrich (St .  Louis, MO, 

USA). P-Lg AB from bovine milk is a lyophilised powder of approximately 90 % purity. BSA 

had been processed to reduce its fatty acid content to  0.002 %.  

A 0 .5 % (w/v) WPI solution and a 1 .0 % (w/v) sodium caseinate so lution were prepared in 

water by weighing 2.5 g and 5 .0 g powder, respectively, into beakers and adding about 200 ml 

of water. The solutions were magnetically stirred for 1 h and fil led up with water in a 500 ml 

volumetric flask. They were stored at 5 QC for 6 h to allow complete hydration before using 

them to prepare the protein-flavour mixtures. So lutions of the individual whey proteins 

(0 .5 %, w/v) were prepared in water and were also stored at 5 DC for 6 h. The pH of the 

protein solutions was between 6 .8  and 6.9. 

There was no addition of preservative, such as sodium azide, as this was found to affect 

flavour binding by proteins (O'Keefe et al. , 1 991 b; Fares et al. , 1 998; Reiners et al. , 2000) . 

3.3.3 Composition of WPI 

3.3.3.1 Determination of Individual Whey Proteins by HPLC 

WPI (5 mg'mr
l
) was run on a Pharmac ia Resource RPC column (Pharmacia, Uppsala, 

Sweden) ( 1  ml) as per method of Elgar et a!. (2000) . 

3 .3.3.2 Moisture Content 

The moisture content of WPI was determined by loss on drying. Samples were accurately 

weighed into aluminium moisture dishes and dried overnight at 1 02 DC in an oven (Watvic 

oven, Watson V ictor, New Zealand). After drying, the moisture dishes were al lowed to cool 

in a dessicator before being weighed. 
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3.3.4 Preparation of Caseins 

The individual case ins were prepared in the laboratory by making sodium caseinate from 

bovine milk and separating the case ins by ion-exchange chromatography as described below. 

The process of the manufacture of the single case ins from bovine milk is summarised in the 

simplified scheme in Figure 3 . 3- 1 .  

cream � 
Whey � 

Bovine milk J} 3 5  °c, defatting 

Skim milk J} pH 4.6, filtering 

Casein curd 

n Washing steps 

u n p'H 6 .8  (NaOH) VllFreeze drying 

Sodium caseinate n Ion exchange chromatography (DEAE) U Dialysis, freeze drying 

I us-caseins, p-casein, K-casein I 
Figure 3.3- 1 :  Simplified scheme of the isolation of the casein proteins from bovine milk. 

3.3.4.1 Preparation of Sodium Caseinate 

The procedure is based on the method used by Mulvihill and Fox (19 77) .  

Preparation of skim milk 

About 5 litres of bovine milk (Fonterra Co-operative Group, Ltd. , New Zealand) were heated 

to 3 5  QC . Subsequently the warm milk was centrifugally defatted at 2 ,500 g in a separator 

(Alfa-Laval Separator Co., Hamilton, New Zealand). The cream was discarded, and the skim 

milk kept at 5 QC unti l  further used. 
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Precipitation of casein 

Under stirring, the pH of the skim milk was adjusted to pH 4.6 using 2 M HC!. The milk was 

then held at 5 DC for 1 h, warmed to 30 DC in a water bath, and held at 30 DC for 30 min. The 

whey was fi ltered off through cheese-cloth and the curd washed three t imes with water. The 

washed curd was suspended in about 1 litre of water, and the pH of the suspension was again 

adjusted to pH 4.6 using 2 M HC!. For 1 h, the suspension was held at 5 DC, then warmed to 

30 DC again and held for 30 min. Another time the suspension was filtered through 

cheese-cloth and washed three t imes with water. 

Production of sodium caseinate 

The casein was suspended in water to dissolve it by adjust ing the pH to 6 .8  with 2 M NaOH. 

The so lution was then poured into a plastic bag, sealed, and frozen. The caseinate was freeze 

dried for 48 h. 

Size exclusion chromatography (SEC) 

The finished product was compared with commerc ial sodium caseinate (Alanate 1 80, NZMP, 

New Zealand) by SEC using both UV and refractive index (RI) detection. SEC was carried 

out on a GBC LC 1 440 HPLC system (Melbourne, Australia) using a glass co lumn ( 1 6  mm x 

90 cm) packed with Sephacryl S-400 (Pharmacia, Uppsala, Sweden), at a flow rate of 

0 .2  ml·min- I using 20 mM imizadole buffer as eluent at room temperature. A 1 ml sample of 

1 % (w/v) sodium caseinate was injected and the eluate was monitored with an LC 1 200 

UV /VIS  detector (GBC, Melbourne, Australia) at 280 nm and an RI detector RI 2000 (GBC, 

Melbourne, Australia). 

3.3.4.2 Separation of Caseins by Ion Exchange Chromatography ( IEC) 

The method for the separation and purification of Cl51 -, B- ,  and K-caseins from sodium 

caseinate was based on the methods of Thompson (1 966) ,  Lawrence and Creamer (1 969) and 

Creamer (1 9 74) . Using IEC, the sodium caseinate was separated into the individual casein 

fractions. The ion exchanger used was DE-52 (Whatman, Kent, UK), a weak anion exchanger 

based on the diethylaminoethyl (DEAE) tertiary amine functional group. The caseins were 

e luted using a salt gradient . 
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Preparation of solutions 

Urea solution (4. 5 M) 

Under stirring, 8 8 1  g urea (BDH, Poole, UK) was dissolved in 3 ,000 ml water. This solution 

was divided to mix the buffers and to soak the beads as described below. 

Soaking the beads 

I midazole (6 .8  g) (Sigma-Aldrich, St . Louis, MO, USA) was dissolved in 500 ml of urea 

solution (4.5 M). Then, 1 .0 ml p-mercaptoethanol (BDH, Poole, UK) was added in the fume 

hood, and the pH of the so lution was adjusted to pH 7.0 using 6 M Hel.  About l 30 g of 

DE-52 anion exchanger (Whatman, Kent, UK) was added, and the mixture was left for 30  min 

to completely hydrate the beads. The supernatant containing fines was removed so that the 

final volume remaining was the vo lume of the hydrated beads plus 20 %. 

Buffer A 

I n  the fume hood, the following reagents were mixed in a 2-l itre beaker : l .09 g imidazole, 

1 ,600 ml of 4 .5  M urea solution, and l .6 ml p-mercaptoethanol. Using 1 M Hel, the pH was 

adjusted to pH 7.0.  This buffer was made up fresh for immediate use, as the 

p-mercaptoethanol is susceptible to oxidation. 

Buffer B (Salt buffer) 

I n  a 2-litre beaker, 0 .55 g imidazole and 23 .4 g sodium chloride (BDH, Poole, UK) were 

disso lved in 800 ml urea solution (4.5 M). After adding 0 .8  ml p-mercaptoethanol, the pH was 

adjusted to pH 7 .0  using 1 M Hel. 

Casein solution (10 %) 

To 3 .0 g of prepared sodium caseinate, 30 ml buffer A was added. The pH was adjusted to 

pH 7.0, and the mixture was st irred until the caseinate was comp letely disso lved (about one 

hour). 

Set-up of the lEe system 

Filling column 

A glass co lumn ( 1 6  mm x 90 cm) (Pharmacia, Uppsala, Sweden) was fi lled with water, above 

and under the fi lter. Air was removed around the fi lter by inverting the column (top sealed) 

and opening the valve at the bottom. This procedure was repeated a few t imes until all air was 

removed. The co lumn was emptied to just above the filter mark, and the bead mix was slowly 

poured in. The bottom valve was completely opened to let the buffer run out and the resin 
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settle. It is of great importance that the beads do not go dry. Buffer A was run through the 

column until the column bed height was constant . 

Column equilibration 

The set-up of the system is pictured in Figure 3 . 3 -2. To equilibrate the resin before adding the 

sample, buffer A was run through the co lumn at a flow rate of 2.0 ml·min- I using a LC 1 1 50 

HPLC Pump (OBC, Melbourne, Australia). The pH was checked by collecting effluent from 

the bottom of the column. The pH has to read 7 .0 to make sure the column is equilibrated and 

to get a good separation. About two to three bed volumes of buffer A were required to 

equil ibrate the column. 

Buffer 

Buffer B HPLC pump 

. .  DE-52 ion exchange column 
. . .  

Fraction collector 

Figure 3.3-2 : Set-up of the system for the casein separation using ion-exchange 
chromatography. 

Sample addition 

After the ion exchanger was equil ibrated, the buffer flow to the column was shut off, and the 

column was drained until no buffer was present just on top of resin. It is important that the 

column does not run dry. Using a Pasteur pipette, the sample was slowly dripped on top of the 

column as not to disturb the resin bed. After most of the sample ran into the resin, buffer A 

was layered on until the colunm was filled. The gradient was set up as described below.  
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Gradient set-up 

Using a LC 1 1 50  HPLC pump (GBC, Melbourne, Australia), buffer A and buffer B were 

mixed producing a gradient from 0 % to 1 00 % buffer B in a total t ime of26 hours. 

Fraction collector 

The first 200 rnl of effluent were collected in a beaker, and stored in the refrigerator to use as 

a spectrophotometric blank. Then, the tubing from the bottom of the column was set to drip 

into the tubes p laced in a Frac- 1 00 Fraction Collector (Pharmacia, Uppsala, Sweden) . The 

flow rate was 0 . 5  rnI·min-1 , and 6 rnl effluent was collected per test tube. 1 30 tubes were filled 

in 26 h. 

Detection 

The UV -VIS spectrophotometer used was a UV - 1 60A (Shimadzu, Kyoto, Japan), and the 

quartz cells used were 1 cm (Starna Ltd. , Essex, UK) .  All collected fractions were read on the 

UV spectrophotometer at A = 280 nm. If required, they were diluted in buffer A. The first 

effluent from the column saved in the refrigerator was used as a spectrophotometric blank. 

Urea mini-gels (see section 3 . 3 .4 .3)  were run on some test tubes believed to contain pure 

protein. 

Regeneration of DEAE cellulose 

The co lumn was emptied using compressed air. Excess buffer was discarded, and beads were 

washed three times with water. The slurry was then suspended in three times its volume of  

0 . 5  M HCI  and left for 1 h ,  st irring the solution from t ime to t ime. Excess acid so lution was 

discarded, and beads were washed with water until the pH reached 4.0.  Having discarded the 

excess water, the slurry was then suspended in three times its volume of 0 . 5  M NaOH and left 

standing for 1 h under occasional stirring. Afterwards, it was washed with water unti l  the pH 

reached pH 7 .0 .  

Prior to pouring the column again, the slurry was suspended in three t imes its volume of 

buffer A and then the pH was again adjusted to pH 7 .0 .  Excess buffer was discarded so that 

the [mal volume remaining is the vo lume of the hydrated beads p lus 20 %. Now the Ion 

exchanger was ready to be packed in the column again. 

3 .3.4.3 Polyacrylam ide Gel Electrophoresis (PAGE) 

According to the method of Andrews (1983) with modifications, urea PAGE gels were run 

using a vertical s lab-gel system (BioRad, Hercules, CA, USA) to identify each casein and to 

verify the purity of the pooled fractions. 
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Separating gel buffer 

Tris (hydroxymethyl) methyl amme ( 'Tris ' )  (6 .43 g) (BDH, Poole, UK), urea (38 . 57  g) 

(BDH, Poole, UK), and 572 �l conc.  HCI were disso lved in water and made up to 1 00 ml. 

Using 6 M HCI, the pH was adjusted to pH 8 .9 .  

Stacking gel buffer 

'Tris '  (0 .83 g), urea (30 g), and 440 , . .tl conc. HCl were disso lved in water and made up to 

1 00 ml. Using 6 M Hel, the pH was adjusted to pH 7 .4. 

Sample buffer 

The sample buffer contained 0.75 g 'Tris ' ,  49 g urea, 0.4 ml conc. HCI, 0 .7  ml 

B-mercaptoethanol (BOH, Poole, UK),  and 0. 1 5  g bromophenol blue (Merck, Oarmstadt, 

Germany) . It was filled up to 1 00 m1 \vith water 

Electrode buffer 

The electrode buffer consisted of 3 .0  g 'Tris ' and 1 4 .6 g glycine (BOH, Poole, UK), dissolved 

in water and made up to 1 litre (pH unadjusted). 

Acrylamide solution (40 %) 

Acrylamide (8 .0  g) (Electran®, BDH, Poole, UK) was weighed in a glass bottle (use o f  gloves 

and mask) and filled up to 20 ml with water. 

Pouring the gels 

Separating gel (12.5 % T, 4 % C) 

Acrylamide so lution (40 %) (4. 8 ml) was added to 1 1 .2  ml separating gel buffer. 

Subsequently, 0 .08 g Bis-N' ,N' -methylene-bis-acrylamide (BioRad, Hercules, CA, USA) was 

added. The above was filtered through Whatman No. 1 filter paper and degassed for 1 0  min 

prior to gelation. To initiate polymerisation, 60 �l of freshly prepared 1 0  % (w/v) ammonium 

persulphate (APS) (Sigma, St. Louis, MO, USA) and 8 �l of N,N,N',N' -tetramethyl­

ethylenediamine (TEMEO) (Sigma, St. Louis, MO, USA) were added. 

The Protean II Xi e lectrophoresis unit (B ioRad, Hercules, CA, USA) was assembled 

according to the manufacturer' s  instructions, and the separating gel so lution was poured to 

within 1 cm of the bottom of the slot-former. Once poured, the gel was overlaid with water 

and allowed to polymerise for 45 min. When gelation had occurred, the water layer was 

removed. 
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Stacking gel (4 % T, 15. 8  % C) 

Acrylamide solution (40 %) ( 1 . 35  ml) was added to stacking gel buffer ( 14 .65 ml) . 

Subsequently, 0 . 1 0  g B is-N' ,N ' -methylene-bis-acrylamide was added. The above was filtered 

through Whatman No. 1 filter paper and degassed for 1 0  min prior to gelation. To initiate 

polymerisation, 96 III of freshly prepared 1 0  % (w/v) APS and 8 III ofTEMED were added. 

The stacking gel was then poured, and the wells were formed with the slot-former. 

Polymerisation of the stacking gel took approximately 30 min at room temperature. 

Sample p reparation 

The casein samples were selected from the chromatogram in F igure 3 .4- 1 6  (page 89) and 

anlysed by electrophoresis, as these fractions were bel ieved to contain relatively pure K- , �-, 

Us2-, and usl -casein, respectively. Each fraction (200 Ill) was mixed with sample buffer 

(200 Ill). 

Of the casein standards, Us-, �-, and K-casein (S igma-Aldrich, St. Louis, MO, USA) ,  5 .0  mg of 

each were disso lved in 1 .0 ml sample buffer. 

Running the gels 

Standards of Us-, �-, and K-casein and the samples were applied to the gel in aliquots of 1 0  III 

and 1 5  Ill, respectively. Samples were run at 250 V through the stacking gel (- 1 0  min) and at 

1 50 V through the separating gel until the tracking dye front was close to the bottom of  the 

gel slab (- 1 . 5 h) . The gels were immediately removed from the plates and placed in 1 2 . 5 % 

(w/v) trichloroacetic acid (TCA) (AnalaR®, BDH, Poole, UK) for fixation of the protein 

bands. After 1 0  min, an aqueous solution of 0 .25 % (w/v) G-250 Coomassie Blue (Sigma, St. 

Louis, MO, USA) was added and left mixing for 30 min. The stain was then poured off, and 

destaining was achieved in 1 0  % (v/v) acetic acid, which was changed as required until the 

background became clear. 

The tubes containing the purest fractions were then pooled: K-casein, �-casein, us l -casein. I t  

was not possible to isolate us2-casein because it  co-eluted with �-casein. Each so lution was 

then dialysed in a SpectralPor® 1 membrane tubing, MCO 6,000-8,000 (Spectrum 

Laboratories Inc . ,  Rancho Dominguez, CA, USA) for two days in water in the cold room, 

changing the water five t imes. Each pure casein fraction was freeze-dried over two days, and 

then stored at -20 QC. 
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To check the purity of the pooled fractions, they were re-run on mini-urea gels (procedure as 

above). Each fraction (2.5 mg) was dissolved in 5 00 , .. ti sample buffer, and 10 , .. ti were loaded 

on the gel. Casein standards were also loaded. 

Casein solutions (0. 5 and 2. 0 %) 

Bovine as-casein and p-casein were purchased from Sigma-Aldrich (St.  Louis, MO, USA). In 

addition, the individual caseins were prepared in the laboratory as described in section 3 . 3 . 3 .  

Because of the low proportion of K-casein in  total casein, only as l -casein and p-casein were 

examined regarding their affinity for 2-nonanone . The case ins were dissolved at 0. 5 % and 

2 .0 % (w/v) in water under gentle magnetic stirring (- 1 00 rpm). 

3.3.5 UV S pectroscopy 

The protein concentrations in the so lutions of the individual \vhey proteins and CaSeLl1S were 

determined by UV spectroscopy using an Ultrospec 1 1  UV -VIS spectrophotometer (Pharmacia 

LKB Biochrom, Cambridge, UK). The samples were measured in a 1 cm quartz cell (Stama 

Ltd. ,  Essex, UK) at 280 nm against water as the reference. The a-la, P-lg, and BSA so lutions 

were diluted 1 :  1 5 , 1 : 5, and 1 : 5 with water, respectively. Both the as l - and p-casein solutions 

were diluted 1 :  1 0  and 1 : 5 for the 0 . 5  % solutions, respectively, and 1 :40 and 1 :20 in the case 

of the 2 .0  % solutions, respectively, in water. Protein concentrations were calculated using the 

extinction coefficients (c) given in Table 3 . 3-2 and a modified law of Lambert and Beer 

(Equation 3 - 1 ) . The absorbance at 320 nm was used to correct for light scattering due to any 

turbidity and the factor 1 . 7 was derived from the Rayleigh approximation Cl - 1 / le 4). 

Table 3.3-2 : Spectroscopic data of aqueous solutions of the main whey proteins and 
caseins (1 %). 

Protein Wavelength Absorptivity 

A (nm) 

�-Lg 278 

a-La 278 20. 8 

BSA 279 6.67 

asl-Casein 280 1 0  

�-Casein 280 4 .6 

J) Calculated from the absorptivity AJ%
lcm' 

Extinction coefficient 

1 7,600 

29,482 I )  

44,200 I )  

23 ,000 I )  

1 1 ,086 I )  

Reference 

Du/our et al. (/990) 

McKenzie and Murphy (19 70) 

Foster and Sterman (/956) 

McKenzie and Murphy (/ 9 70), 

Swaisgood (/992) 

McKenzie and Murphy (/ 970), 

Swaisgood (/ 992) 
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c = 
A280nm - 1 .7 · A320nm . F 

c · d  

c Protein concentration (mol' r l )  

A280nm Absorptivity at 280 nm 

A320nm Absorptivity at 320 nm 

1 . 7 Factor derived using Rayleigh approx imation 

Extinction coeffic ient (l 'morl 'cm- I ) 

d D iameter of quartz cell (d = 1 cm) 

F D ilution factor 

3.3.6 Preparation of Protein-Flavo u r  Sol utions 

(3-1 )  

After the protein so lutions had been stored for 6 h at 5 QC, all protein solutions and the 

2-nonanone stock solution were brought to room temperature before the mixtures were 

prepared. At room temperature, the protein so lutions were mixed with the 2-nonanone stock 

solution to obtain final 2-nonanone concentrations of 0 . 1 -0 .8 mM (� 1 4- 1 1 4 ppm). 

2-Nonanone can be found in this concentration range in real foods, e .g . ,  it has been detected at 

33 ppm in blue cheese (Dwivedi and Kinsella, 1974) . 

The protein-flavour solutions were stored at 5 QC for 40 h to allow equilibration of 

2-nonanone between the free state and the protein-bound state prior to the SPME analysis. 

Equilibration at 5 QC was found to be complete after 40 h (Zhu, 2003) .  

The protein-flavour samples and flavour standards were then brought to room temperature 

and analysed by the optimised headspace SPME method (section 3 .4 . 1 . 6) and 2-nonanone 

was quantified using GC-FID (section 3 .3 . 8) .  

3.3.7 Development of a Headspace SPME Method 

The SPME method for the determination of 2-nonanone in the headspace is based on the 

method by Zhu (2003), and was further optimised in this study, in terms of the type and 

thickness of the SPME fibre coating, the headspace extraction time lex, the thermal 

equilibration time leq, the flavour solvent, and sample agitation during extraction. L inearity 

and precision were also tested. 
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3.3.7.1 SPME Equ ipment 

The SPME holder for manual sampling and the SPME fibres were purchased from Supelco 

(Bellefonte, PA, USA). The fibres were conditioned in the gas chromatograph injector port 

before use at the time and temperature recommended by the manufacturer. 

For the 2-nonanone standards and the protein-flavour solutions, 400 I ... d aliquots were 

transferred into 4 ml glass vials (Alltech, Deerfield, IL, USA). The standards and the samples 

containing individual whey proteins were prepared in triplicates, individual case ins in 

duplicates, sodium caseinate in four replicates, and WPI in five replicates. The sample vials 

were sealed with TFE/silicone combination liners and open hole screw thread caps (Alltech, 

Deerfield, IL ,  USA) and placed in a water bath equipped with a TE- l OA thermostat (Techne, 

Cambridge, UK) to keep the temperature constant at 25 DC . For agitated samples, an 

8 mm x 3 mm Azlon S WN 500 magnetic stir bar (B ibby Slerilin Ltd. ,  Stone, DK) was p laced 

in each sample vial, and the samples were stirred at 250, 500, or 750 min-I during the SPME 

extraction using an MR 2002 magnetic st irring plate (Heidolph, Schwabach, Germany) under 

the water bath. After equil ibration, the SPME fibre was exposed into the headspace of the 

sample vial for a defmite time and was subsequent ly introduced into the gas chromatograph 

injector port for quantification (see section 3 . 3 . 8) .  

It has to be emphasized, that in SPME neither complete extraction of analytes nor full  

equilibrium is necessary, but consistent sampling temperature, constant sample volumes, and 

especially constant sampl ing times are critical for high accuracy and precision in SPME. 

3.3.7.2 Fibre Selection and Determination of Extraction Time (tex) 
The extraction profiles of the fol lowing fibre coatings for 2-nonanone were determined to 

compare their affinity for the flavour compound, and to determine the optimum extraction 

times: polydimethylsiloxane (PDMS) (30 Ilm), PDMS ( 1 00 J..lm), and CarboxenIPDMS 

(85 Ilm). According to Supelco, they are recommended for non-polar semi-volatiles 

(MW 80-500), for volatiles (MW 60-275), and for gases and low molecular weight 

compounds (MW 30-225),  respectively. 

A 2-nonanone solution (0.6 mM) was prepared by diluting 1 . 5 rnl of 2-nonanone stock 

solution ( l 0  mM) in 25 ml water. The vials containing 400 III of the 2-nonanone standard 

solution (0.6 mM) were equilibrated for 1 h at 25  DC in a water bath. Subsequently, the 

headspace was extracted for different times between 30  sec and 40 min using each of the 

above fibres. 
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Fibre Coating Thickness 

Since headspace analysis is based on the equilibrium between different phases, it is important 

to investigate how much flavour is extracted during the SPME extraction because the 

equilibrium would be changed considerably if too much flavour was removed. For this 

reason, the headspace of one and the same vial containing 400 �l  of a 0.6 mM 2-nonanone 

solution was extracted twice with 1 5  min between the two extractions. Any flavour losses 

through the hole in the septum between the two extractions were accounted for by p iercing 

the septa of a sample vial containing the 2-nonanone solution, and determining the 

2-nonanone lost after 1 5  min. The septa used are supposed to have good resealability 

according to the manufacturer; however, the large diameter of the SPME p iercing needle 

might impair the resealability sl ightly. 

From the average peak areas of the two extractions, and the extraction after piercing the septa, 

it was calculated how much of the 2-nonanone init ially present in the sample solution was 

extracted by both the 30 �m and the 1 00 /lm PDMS fibres. 

Determination of the Fihre-Headspace Partition Coefficient (Kf1,) 

The fibre-headspace partition coefficient Kjh for 2-nonanone on the PDMS fibre was 

estimated using two different approaches. 

Approach 1 :  

The first calculation required the value of the headspace-water partition coefficient Khw, a 

parameter describing the distribution of volatile compounds between the gas phase and water. 

It also required the amount of 2-nonanone extracted using the 30 /lm PDMS fibre and an 

extraction t ime of lex = 5 min, which was obtained from the experiment above. 

S ince the total amount of analyte in the three-phase system remains the same during the 

extraction as the initial amount, we have 

(3-2) 

(Pawliszyn, 1997), where 

initial flavour concentration in the aqueous solution 

equilibrium flavour concentrations in the fibre coating, the aqueous 

solution, and the headspace, respectively 
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volumes of the fibre coating, the aqueous so lution, and the headspace, 

respectively 

"" 

C 
With the fibre-headspace partition coefficient being K jll = � 

Ch 

00 

the headspace-water partition coefficient of 2-nonanone being Khw = 
Ch 

00 ' 

Cw 

and the amount of analyte adsorbed by the fibre coating being n f = e r  "'Vf ' 

Equation 3-2 can be expressed as fo llows and used for the calculat ion of Kjh: 

K = 
nf (K"w V" + Vw ) 

/Il Khw Vf (coVw - nf ) 

Approach 2 :  

(3-3) 

The second approach was based on the comparison o f  conventional headspace sampling using 

a gas-tight syringe, and SPME sampling of the same sample headspace. The partition 

coefficient of 2-nonanone between the PDMS fibre coating and the headspace above the 

flavour solution Kjh was determined by sampling the headspace of a 2-nonanone solution 

( l .0 mM) with both the SPME fibre and a 1 ml gas-tight syringe (Hamilton, Reno, NV, USA). 

An al iquot of 300 /ll was taken with the syringe. The 30 /lm PDMS fibre was exposed for 

5 min. Equilibrium between the fibre and the headspace was found to be reached after this 

time, as seen from the extraction profiles (Figure 3 .4- 1 ,  page 69). Samples were analysed by 

GC-FID (section 3 . 3 . 8) .  

Zhang and Pawliszyn (1 993) and Chai and Pawliszyn (1 995) determined Kjh this way. They 

analysed the headspace of an analyte solution by both SPME extraction and conventional 

headspace extraction with a gas-tight syringe and calculated Kjh using the following equation:  

(3-4) 
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analyte concentration in the fibre coating and in the headspace at equilibrium, 

respectively 

number of moles extracted by the fibre coating, and number of moles of the 

analyte in the headspace sample, at equilibrium, respectively 

peak areas from the GC corresponding to the fibre coating injection and 

headspace injection, at equilibrium, respectively 

V}; Vh volume of the fibre coating ( Vj =  0. 1 32 Ill ;  Boey (2003)) and of the gas sample 

injected ( Vh = 300 Ill), respectively. 

Because the ratio of nl' and nh 00 is proportional to the analyte peak area from the 

chromatogram, the partition coeffic ient of an analyte can be calculated easily (Chai and 

Pawliszyn, 1 995) . 

Determination of the Headspace-Water Partition Coefficient (K"w) 

2-nonanone (27 .3 mg) was disso lved in 1 00 rnl water by sonicating at room temperature for 

one hour. The flavour solution was diluted 1 :4 to give a concentration of about 0 .5  mM 
2-nonanone, and aliquots of 400 III were transferred into 4 rnl vials and sealed. The value of  

KhlV was determined using static headspace sampling after the vials were equilibrated at 25 °C. 

The sample headspace (800 Ill) was injected into the GC-FI D  using a 1 rnl gas-t ight syringe 

(Hamilton, Reno, NV, USA) .  Of the liquid sample, 5 III were injected using a 1 0  III syringe 

(Hamilton, Reno, NV, USA) .  The headspace-water partition coefficient was calculated using 

Equation 3 -5 .  

(3-5) 

analyte concentration ill the headspace and ill the water at equil ibrium, 

respectively 

number of moles of the analyte ill the headspace and ill the water, at 

equilibrium, respectively 
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3.3.7.3 

FID peak areas corresponding to the headspace injection and aqueous 

injection, at equilibrium, respectively 

vo lume of the headspace sample ( Vh = 800 Ill) and aqueous sample injected 

( �v = 5 Ill), respectively. 

Determination of the Thermal Equilibration T ime (teq) 
The optimum thermal equilibration t ime teq of the sample vials in the water bath without 

stirring was determined. An equilibration temperature of 25 QC was chosen for this study 

because most of the binding parameters in the literature were determined at 25 QC so the 

comparison with exist ing data is easier. 

Aliquots (400 Ill) of a solution containing 0 .5  % WPI and 0 .8 mM 2-nonanone were 

transferred into 4 ml vials. The sample vials were stored in the fridge and then equilibrated for 

different times (0-60 min) in the water bath at 25 QC. After headspace SPME, the extracted 

2-nonanone was quant ified by GC-FID (see section 3 .3 . 8 ) .  

3.3.7.4 Solvent Selection 

Due to the low so lubil ity of 2-nonanone in water (0.4 gT
l
) (Seuvre et aI. , 2001), a suitable 

flavour solvent had to be found. Zhu (2003) used 50 % (v/v) ethanol as the so lvent for 

2-nonanone. However, ethano l has some disadvantages, that is, it has a high vapour pressure 

which makes it compete with the analyte in the fibre coating. Grate and Pawliszyn (1 997) 

showed that ethanol can replace acetone and isoprene on a PDMS/DVB fibre. Besides, 

ethanol is  known to induce changes to the secondary structure of �-lg and to alter its affmity  

for retino l at ethano l concentrations above 30  % (Dufaur and Haertle, 1 990b) . Zhu (2003) 

concluded that ethanol concentrations below 4 % do not have any significant effect on 

protein-flavour binding. Another disadvantage of ethanol is that it can not be used in certain 

foods. 

Propylene glyco l ( l ,2-propanedio l), a common flavour solvent (Hansen and He in is, 1 992; 

Schirle-Keller et aI. , 1994; Fabre et aI. , 2002; Mei et aI. , 2004) ,  is available in food grade 

quality. It has a low vapour pressure (0 . 1 1 hPa at 20 QC) and will thus not be absorbed by t he 

fibre coating in such an extent as ethanol. Propylene glyco l was therefore compared with 

ethanol, and any effects on the SPME extraction and on the binding of 2-nonanone to milk 

proteins were determined. 
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Ethanol (p.a. ,  min. 99.8 %) was obtained from Merck (Darmstadt, Germany) .  Propylene 

glyco l  (food grade) was purchased from Bronson and Jacobs Pty. Ltd. (Sydney, Australia) . 

The effect of the flavour so lvent was examined by comparing the binding of 2-nonanone to 

WPI (0.5 %) and to sodium caseinate ( 1 .0 %) using both 2-nonanone stock solutions in 50  % 

ethanol and in 1 00 % propylene g lycol, respectively, to prepare the protein-flavour mixtures 

and flavour standards. 2-nonanone is only very slowly so luble in 50 % propylene g lyco l. 

Therefore, the stock solution was prepared in pure propylene glycol. The extent of binding 

was determined at a 2-nonanone concentration of 0 .2  mM. 

3.3.7.5 Sample Agitation during SPME Extraction 

In headspace SPME, the mass transfer from the solution to the headspace can be speeded up 

rapidly by constantly stirring the aqueous sample to generate a continuously fresh surface 

(Zhang and Pawliszyn, 1 993) . This enhances extraction and reduces extraction t ime and thus 

analysis time. 

I t  was tested how agitation of a 2-nonanone containing sample during the SPME extraction 

would affect the extraction speed and reproducibility. I nconsistent stirring can cause poor 

precision and can be worse than no st irring (Supelco, 1 998) . To ensure that inconsistent 

stirring does not have an effect on the resulting peak area it was tested if the stirring speed has 

an influence on the amount of flavour adsorbed by the fibre coat ing. 

The headspace of a 0.6 mM solution of 2-nonanone was extracted for 5 min using different 

stirring speeds, 250, 500, and 750 min- I , on an MR 2002 magnetic stirring plate (Heidolph, 

Schwabach, Germany) under the water bath, and 8 mm x 3 mm Azlon SWN500 magnetic stir 

bars (Bibby Sterilin Ltd. ,  Stone, UK) in the vials. The measurements were done in dupl icate 

and the peak areas were compared. 

To fmd out to what extent stirring reduces the optimum SPME extraction t ime, extraction 

curves were determined using different extraction t imes and stirring speeds of 250 and 

750 rnin- I , as well as no stirring. For this experiment the same 0.6 mM 2-nonanone so lution 

was used. 

3 .3 .8  Gas C h romatog raphy 

A S himadzu GC- 1 7  A gas chromatograph coupled with an FID detector (Shimadzu, Kyoto, 

Japan) was used throughout the study. The co lumn used was a Supelcowax™ 1 0  fused s i l ica 

capillary column, 30 m, 0 .32  mm inner diameter, 0 . 50  /lm film thickness (Supe1co, 

Bellefonte, PA, USA). The carrier gas was helium ( linear velocity = 40 ems-I ) .  S il icone 
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rubber septa (Shimadzu, Kyoto, Japan) were used in the injector. The injection port (splitless 

mode) temperature and the detector temperatures were 250 °C. The oven temperature was 

held isothermally at 1 20 °C. Data acquisition was achieved using Class-VpTM Chroma­

tography Data System Software (Shimadzu, Co lumbia, MD, USA). 

Once the SPME sampling was completed, the fibre was immediately inserted into the gas 

chromatograph injector for desorption. The fibre was left in the port for 5 mm for purging. 

There was no carry-over between samples using a 5 min desorption t ime. Prior to the next 

S PME extraction, the fibre was allowed to cool to room temperature . This is very important 

as the amount of analytes  extracted by a PDMS fibre highly depends on the temperature 

(Grate and Pawliszyn, 1 997) .  A blank sample verified that, during the cooling down time of  

5 min, no  absorption of  vola tiles from the air occurred. 

3.3.9 Determination of Bi nding Parameters 

The binding constant (K) and the number of binding sites on the proteins (n) were determined 

using the Klotz plot (see section 2 .2 . 1 . 5 .2). The values of [I] were calculated from the FID 

peak area using the standard curve, and the values of v were calculated using the equation 

[ILl - [I] v = --'-'----

[P] 
(3-6) 

whcre [I'od is the total 2-nonanone concentration in the sample (free and bound) (mol ·r l ) and 

[Pi is the protein concentration  in the sample as determined by UV spectroscopy (mo l · r l ) .  

For the calculation of the average binding parameters, average molecular masses 1 8 ,000 and 

22,000 Da were assumed for WPI and sodium caseinate, respectively. The protein contents of 

95 % and 93 % in WPI and sodium caseinate, respectively, were also considered in the 

calculat ion. For the individual milk proteins, the protein concentrations determined by UV 

spectroscopy were used. 

3.3 . 1 0  Statistica l  Analysis 

Whey protein samples were analysed in triplicates, individual case ins in duplicates, sodium 

caseinate in four replicates, and WPI in five replicates. The standard errors (SE) of K, n, and 

nK were estimated from the standard errors of the intercept l In ( l In = a) and the slope l inK 

( l inK = b) of each Klotz plot which were obtained using SPSS version 14 . 0  (SPSS, Chicago, 
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IL ,  USA). The vanances (var) were estimated usmg Equations 3 -7, 3-8,  and 3 -9, and 

SE = --.)var. 

SE 2 
var(n) ::::; _a_ 

a4 

var � - -- + -- - ---'----'-(K) 
� ( a ) 2 (SEa 2 SE/ 2 ·  COV(a, b) J b a 2  b 2  a · b  

SE 2 
var(nK ) ::::; _b_ 

b4 

3.4 Results and Discussion 

3.4.1  Optimisation of the SPME Method 

3.4. 1 . 1  Fibre Selection and Determination of Extraction Time (tex) 

(3-7) 

(3-8) 

(3-9) 

Non-polar analytes are most effectively extracted with a non-polar fibre coating and polar 

analytes are most effectively extracted with a polar coating. For a non-polar flavour 

compound, such as 2-nonanone, a fibre coating containing PDMS should be suitable s ince 

PDMS is non-polar (Supe/co, 1 998) . For the analysis of 2-nonanone, PDMS has been found 

to be suitable (Zhu, 2003), and was therefore used in this study. In addition, a Carboxen 

(CAR)/PDMS (85  !lm) fibre was compared with PDMS fibres (30 !lm and 1 00 !lm) in terms 

of its affmity for 2-nonanone. 

A very important step in the development of an SPME method is the determination of the 

time needed for the analyte to reach equilibrium between the sample headspace and the fibre. 

This t ime can be determined from extraction time profiles. The extraction t ime profiles of  the 

different fibres were establ ished by plotting the FID detector response versus the extraction 

t ime (Figure 3 A- I ). 

Compared to both PDMS fibres, the 85 !lm CARJPDMS fibre had a very high affinity for 

2-nonanone. Even after l a  min there was still a great increase in FID response. This fibre 

extracts a very high amount flavour from the sample headspace and thus may change the 
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overall equilibrium in the system. This is not desired since for the determination of binding 

constants, equilibrium condit ions are necessary. In addition, the 2-nonanone peak, after 

desorption from the CARJPDMS fibre, showed tailing in the FID chromatogram, whereas the 

peaks after the extraction with the PDMS fibres were sharp. The CARJPDMS fibre would 

probably be suitable for analysing traces of 2-nonanone. It would show very low detection 

l imits for compounds like 2-nonanone. 
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Figure 3.4- 1 :  Extraction time profiles of different SPME fibre coatings for 2-nonanone 
(0.6 mM). 

The amount absorbed by the fibre coating increases rapidly at the beginning and then slowly 

levels off During the extraction process there is a "turning po int" in the curves, as shown in 

Figure 3 .4- 1 .  This turning po int is caused by the rapid diffusion process in the headspace and 

the very slow diffusion in the aqueous phase (Zhang and Pawliszyn, 1 993) . Prior to the 

"turning point", analytes in the headspace quickly diffuse to the fibre coating, causing a rapid 

increase in FID response. S ince the headspace is cont inually exhausted from analytes, 

analytes are released from the aqueous phase into the headspace in order to attain equilibrium. 

Due to their s low diffusion in the aqueous phase, there is a slow and continuous increase in 

FID peak area after the "turning point". 

The optimum equilibration t ime teq is reached when a further increase of the extraction t ime 

does not result in a significant increase in the detector response (Grote and Pawliszyn, 1 99 7) .  

This i s  near the turning po int. At this po int, equilibrium between the headspace and fibre is 

not yet reached because the fibre has extracted a considerable amount of flavour from the 

system, causing flavour being released from the sample into the headspace, so that a slower 

increase in peak area occurs at longer equilibration t imes. 
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For the 1 00 �m PDMS fibre, the turning point is  at about 1 0  min. In  the case of the 30 �m 

PDMS fibre, the turning po int is already at about 5 min and the increase in peak area at longer 

equilibration times is s lower, which means this fibre does not extract very much flavour from 

the sample. 

Optimum extraction t imes seem to be 1 0  min in the case of the 1 00 llm PDMS fibre, and only 

5 min using the 30  �m PDMS fibre. I t  has to be considered that an extraction t ime of 1 0  min 

using the 1 00 �m fibre would result in a very high amount of 2-nonanone being removed 

from the sample. Extraction at the turning po int makes sure that hardly any protein bound 

flavour is released, absorbed by the fibre, and measured. 

An extraction time of30  sec with the 30 �m fibre, used by Zhu (2003) , appears to be too short 

as the adsorption rate of 2-nonanone to the fibre is still very high at 30 sec extraction t ime. 

The peak area around this t ime changes extremely quickly with almost 1 % per sec and it is 

difficult to keep the extraction t ime exactly 30 sec when SPME extraction is performed 

manually. Using an extraction t ime of 5 min will result in a better precision, and exact t iming 

is easier to realise. 

Fibre Coating Thickness 

As indicated by Equation 3- 1 0  (Pawliszyn, J 997) ,  the amount of analyte extracted by the fibre 

coating (nj) is directly proportional to the volume of the coating. 

(3- 1 0) 

initial flavour concentration in the aqueous solution 

equi librium flavour concentrations in the fibre coating, the aqueous 

solution, and the headspace, respectively 

volumes of the fibre coating, the head space, and the aqueous solution, 

respectively 

A thick fibre coating will extract more of a given analyte than wil l  a thin coating. The right 

choice of the coating thickness of the fibre used is very important as a thick coating might 

adsorb a too high amount of analyte from the headspace, so that the equilibrium between the 



Chapter Three: Binding of2-Nonanone and Milk Proteins 7 1  

sample and headspace, and consequently the equilibrium between the protein bound and free 

flavour, will be changed. 

The PDMS coating was found to be very suitable for the measurement of interactions between 

2-nonanone and milk proteins (Zhu, 2003) . This type o f  fibre is available with a coat ing 

thickness of 7, 30, and 1 00 J..lm. The 7 J..lm coating was found to be too thin for this applicat ion 

as the fibre was saturated with 2-nonanone already at moderate concentrations of the flavour 

compound (Zhu, 2003) . It needs to be tested, if the 1 00 J..lm fibre is suitable for this method by 

determining how much flavour is extracted from the headspace. The 30 J..lm fibre might be 

more suitable as it extracts a smaller amount. 

It was calculated how much of the 2-nonanone init ially present in the sample solution was 

extracted by both the 30 /lm and the 1 00 /lm PDMS fibres (Table 3 .4- 1 ) . By using the 1 00 J..lm 

fibre and an extraction time of 5 min, 23 % of the 2-nonanone init ially present in the sample 

so lution was extracted. This is a very high amount . The extraction t ime of 5 min is actually 

too short as the optimum lex lies around 1 0  min (Figure 3 . 4- 1 )  which would result in an even 

higher amount of 2-nonanone extracted. Using a fibre that extracts a high amount of flavour 

from the system is not preferable, as the fibre can induce additional volatilisat ion of 

compounds from the sample into the air, which the fibre can absorb. 

Table 3.4- 1 :  Amount of 2-nonanone extracted by PDMS fibres. 

PDMS fibre coating thickness 

Extraction time lex (min) 

2-nonanone extracted (%) 

1 00 �m 

5 

23 ± 2  1 3  ± 2  

30 �m 

0.5 

5 ± 1  

For the 30  /lm fibre and an extraction t ime of  5 min this amount was found to be about 1 3  %. 

Using the 30  /lm fibre and tex = 0.5 min, only about 5 % of  the 2-nonanone initially present in 

the sample were extracted. This difference is not very large, and considering that the standard 

deviations may be lower for lex = 5 min, an extraction t ime of 0.5 min only has the advantage 

of faster analysis. Although 1 3  % is a substantial amount of 2-nonanone to be removed, an 

extraction t ime of 5 min would hardly change the equil ibrium between free and protein bound 

flavour since kinetics of flavour interactions with proteins are slow (Graf and de Roos, 1 996) .  

In  conc lusion, the 30  flm PDMS fibre and an  extraction t ime lex of  5 min were used for the 

protein-flavour binding experiments. 
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3.4. 1 .2 Fibre-Headspace Partition Coeffic ient (Kfh) 
From the partition coefficient between the fibre coat ing and the sample headspace, Kjh, the 

affmity of a fibre coating for a particular flavour compound can be estimated. Values of Kjh 

can be very helpful when selecting a fibre in the development of an SPME method. There are 

not many values published so far. Two approaches were used to calculate Kjh for 2-nonanone 

on PDMS. 

Approach 1 :  

For the first approach, Khw and the amount of 2-nonanone extracted by the fibre nj, which can 

be calculated from the results in section 3 A. 1 . 1 ,  were used for the estimation of Kjh, and 

Equation 3-3 (page 63) was app lied. The fol lowing parameters were included in the 

calculat ion: 

0.0302 /lmol (calculated from the results in section 3 A. 1 . 1 ) 

Khw (2-nonanone) (6 .3 ± 0.3)  x 1 0-3 

4 .6  ml 

0.4 ml 

1 . 32  X 1 0-4 ml (calculated from the core diameter of the fibre of 

dj = 1 1 0 /lm (Boey, 2003) )  

0 . 6  mM = 600 /lM 

In  this study the value of  Khw for 2-nonanone was found to be (6 .3  ± 0.3) x 1 0-3 . This value is 

in very good agreement with the value found by Jung and Ebeler (2003a) ,  but values in the 

l iterature vary significantly (Table 3 .3 - 1 ,  page 50) and thus influence the calculated value of  

Kp,. 
The partition coefficient between fibre (j) and headspace (h) Kjh was calculated using the Khw 

value determined in this study: 

K = 

0.0302,wnol(6.3 X 1 0-3 x 4.6ml + OAml) 
= 74,255 jh 6.3 x 1 0-3 x 1 . 32 X 1 0-4 ml(600,LlM x OAml - O.03 02,wnol) 

(3- 1 1 )  
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When a higher value of Khw is used, e .g . ,  1 5  x 1 0-3 (Buttery et ai. , 1969) ,  the value of  Kfh is 

drastically reduced: 

O.0302,umol(1 5 X 1 0-3 x 4.6ml + O .4ml) 
K jh = = 34,096 

1 5  x 1 0 -3 x 1 .32  X 1 0 -4 ml(O.6mM x O.4ml - O.0302,umol) 

In this calculation it also has to be considered that it is not correct to use the literature value of 

Khw because propylene glyco l  is present at  1 0 %, which would reduce the concentration of 

2-nonanone in the headspace sl ightly, resulting in a higher Kfh value. For an estimation of Kfh 

the value of Khw can be used. 

From the value of Kfh, the partition coeffic ient between the fibre and the aqueous so lution Kfw 

results in: 

5 1 1 (Buttery et ai. , 1 969) 

468 (This study) 

Both the total partition coefficients Kfiv are very similar and quite large, which confirms that 

PDMS has a very high concentrating effect on 2-nonanone and leads to good sensitivity. Kfiv 

values for BTEX on PDMS were found to be between 1 26 and 83 1 (Zhang and Pawliszyn, 

1 993) . Since both Kfiv values are very similar it can be concluded that they are a better 

measure for the affinity of a flavour for a fibre coating than the value of Kfh which does not 

depend on the value of Khw. 

The way Kfh was determined in this approach is fairly complicated and probably not very 

accurate as a number of parameters are included in the calculation, which could make the 

final value inaccurate. For this reason, the second approach (see page 74) is considered the 

more adequate because only four parameters, which are measured directly, are included in the 

calculation of  Kfh (see Equation 3 - 1 2) .  When comparing the Kfh values above with the one 

found in the literature (Table 3 .4-2), the value found by Jung and Ebeler (2003a) is about four 

t imes higher though, which could be due to the different method they used ( linear temperature 

programmed retention index, L TPRI) .  L TPRI is a gas chromatographic method using a 

column coated with the same material as the SPME fibre (Pawliszyn, 1 99 7) .  The equation 

they used to estimate Kfh was generated using a GC column that contained 5 % phenyl PDMS, 

which might have increased the retention of 2-nonanone. 
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Table 3.4-2 : Partition coefficients for flavour compounds between the PDMS fibre 
coating and the headspace above the flavour solution (Roberts et al., 2000; Jung and 
Ebeler, 2003a) calculated by LTPRI (Pawliszyn, 1 997) .  

Flavour compound KPDMS-headspace 

3-methylbutanal 270 

ethyl acetate 6 1 7  

dimethyltrisulfide 5 ,700 

guaiacol 1 8,000 

hexanal 1 9,055 

isoamyl acetate 2 1 ,877 

2-heptanone 22,387 

2,3-diethyl-5-methylpyrazine 3 5 ,000 

2-isobutyl-3-methoxypyrazine 45,000 

ethyl hexanoate 93,325 

2-nonanone 309,030 

Approach 2 :  

The second approach was based on a conventional headspace extraction using a gas-tight 

syringe in comparison to the SPME extraction, using Equation 3-4 (page 63).  Zhang and 

Pawliszyn (1 993) used this approach to determine values of Kjh for BTEX and P AHs. This 

method was app lied to 2-nonanone in this work, and the values found are presented in Table 

3 .4-3 . 

Table 3.4-3: FID responses (x 1 0-3) after headspace extraction by syringe (300 Jll) and by 
SPME of a 2-nonanone solution ( 1 .0 mM). 

Area 1 Area 2 Area 3 Average so RSD (%) 

SPME 495 .23 473 .32 474 .9 1  481 .2 1 2  2.5 

Syringe 30 .37 3 1 .75 26.33 29.5 3 9.6 

(3-1 2) 
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This value is in very good agreement with the one determined in approach one using Khw o f  

Buttery e t  af. ( 1  969}. However, it i s  considerably lower than the value calculated using Khw 

determined in this study, and it is even lower than the value reported by lung and Ebeler 

(2003a) . The variation in the Kjh values for 2-nonanone and PDMS show that they are only 

estimations and that the value depends on the method used. However, all Kjh values found for 

2-nonanone are very high ( 3  x 1 0
4 

- 3 x 1 05) compared to those of other flavour compounds 

(Table 3 .4-2) indicating that 2-nonanone has a very strong affmity for PDMS. 

It was not possible to calculate Kjh values for the CARJPDMS fibre coating, as carboxen 

consists of so lid po lymer particles. This fibre extracts the analytes primarily by adsorption 

rather than by absorption (Grate and Pawliszyn, 1 997) .  The surface area of these fibres would 

have to be taken into account, but this surface area is not known. 

3.4.1 .3 Thermal Equi l ibration Time (teq) 
In a flavour-protein so lution, consist ing of 0 .5  % WPI and 0 . 8  mM 2-nonanone, the 

2-nonanone headspace concentration was measured after different times of sample 

equilibration in the water bath (25 QC), ranging from 0-60 min, after the sample was stored at 

5 QC in the refrigerator. In Figure 3 .4-2, the thermal equilibration curve for the sample is 

shown. 
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Figure 3.4-2 : Thermal equilibration of a sample containing 2-nonanone (0.8 mM) and 
WPI (0.5 %) at 25 °C. 

The flavour concentration in the headspace increased very little, only during the init ial 5 min 

of equilibration. This means the sample vo lume of 400 III reached the temperature of 25 QC 

very fast, probably during the 5 min of extraction time, and it appeared that teq of 20 min was 

sufficient . For the determination of flavour binding by proteins, an equilibrat ion t ime of 

teq = 20 min was therefore used throughout this study. 
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3.4. 1 .4 Solvent Selectio n  

Two flavour so lvents, namely 50  % ethanol and pure propylene glycol  were compared 

regarding their effect on the binding of 2-nonanone to WPI and sodium caseinate. First, 

standard curves using both solvents were recorded. F igure 3 .4-3 shows that the slopes of the 

standard curves for both solvents were very similar. The slightly lower slope of the curve 

obtained with propylene g lyco l as the solvent is probably due to a better solubility of 

2-nonanone in the presence of 1 00 % propylene g lycol as  compared to 50  % ethanol as the 

flavour solvent. 
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Figure 3.4-3 :  Standard curves of 2-nonanone using both ethanol (SO %) and propylene 
glycol (pure) as flavour  solvents. 

In the gas chromatograms after headspace SPME, there was no peak of propylene glyco l, 

whereas ethanol showed a peak. This means that propylene g lyco l is not absorbed by the 

PDMS fibre coating, probably mainly because of its low vapour pressure, and there is no 

competit ion between flavour and propylene glycol in the fibre coating. 

S ince the type of so lvent may influence flavour binding, the binding of 0 .2  mM 2-nonanone 

to WPI (0 .5 %) and to sodium caseinate ( 1 .0 %) was compared, using both 50 % ethanol and 

pure propylene glycol as flavour so lvents. In these systems with 0 .2 mM 2-nonanone, the 

concentrations of ethanol and propylene glycol were 1 % and 2 %, respectively. 

The amount of 2-nonanone bound to WPI and sodium caseinate was found to be the same for 

both solvents (Figure 3 .4-4). Since Zhu (2003) concluded that ethanol concentrations below 

4 % do not have any significant effect on protein-flavour binding, propylene glyco l should not 

show an effect either. 

Adding an organic solvent such as ethanol to the medium increases the solubil ity of aroma 

compounds, rendering them less available for interactions, but at the low concentrations of 

flavour solvents used this does not seem to have an effect on 2-nonanone binding. 
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Competition for binding sites on the proteins between 2-nonanone and both these a1coho ls is 

unlikely because the alcohols are hydrophilic and should not interact with proteins on the 

same binding sites as the hydrophobic compound 2-nonanone. 

The results show that propylene glycol  is a suitable solvent for 2-nonanone to examine its 

interaction with proteins. It is available in food grade quality and can therefore be used for 

sensory studies. To use one and the same so lvent throughout the study, propylene glycol will  

be used in all following experiments of this chapter. 
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Figure 3.4-4: Binding of 2-nonanone (0.2 mM) to WPI (O.S %) and to sodium caseinate 
( 1 .0 %) in the presence of ethanol (1 %) and propylene glycol (2 %). 

3.4.1 .5 Sample Ag itation during SPME Extraction 

The influence of st irring speed during SPME extraction on the amount of 2-nonanone 

extracted is presented in Table 3 .4-4. As the amount of 2-nonanone absorbed by the fibre 

coating does not change significant ly with the stirring speed, stirring can be used during 

SPME extraction. Stirring is usually inconsistent, but these results show that an irregular 

stirring speed would not influence the amount of flavour adsorbed by the fibre coating. The 

slight increase in peak area with stirring speed can be explained with a change of the 

equil ibrium due to 2-nonanone extracted from the headspace. Faster stirring speed will result 

in a faster release of flavour from the sample. S ince equi librium conditio ns are desired, the 

lower stirring speed (250 min-
I
) is most suitable. A second reason for using the lowest stirring 

speed is that a too high stirring speed might influence the binding between protein and 

flavour, for example, foaming may occur and change the protein structure. In addition, very 

high and very low stirring speeds were found to have greater relative standard deviations than 

medium stirring speeds (Arthur et al. , 1 992) . 



78 Chapter Three: B inding of2-Nonanone and Milk Proteins 

Table 3.4-4: Influence of stirring speed on the amount of 2-nonanone extracted from the 
heads pace as determined by FID peak area. 

Stirrer speed (miD-I) 250 500 750 

Peak area 1 (x 1 0-3) 233 .57  24 1 .94 247.26 

Peak area 2 ( x  1 0-3) 239.55 235 .74 237.2 1 

Average peak area (x 1 0-3) 237 239 242 

SO 4 4 7 

RSD (%) 1 .7 1 .7 2.9 

As expected, the precision using magnetic agitation seems to be slightly better than without 

agitating the sample, although there was no big difference in relative standard deviations 

(RSD). Without stirring, RSDs were < 5 %, using magnetic stirring they were < 3 %. 

Using a 0 .6  mM solution of 2-nonanone, the amount of 2-nonanone absorbed by the fibre 

coating after different extraction t imes was compared. This experiment was done without 

stirring and with stirring at 250 min- I and 750 min- I . Extraction curves were produced by 

plotting the FID response over the SPME extraction t ime (Figure 3 .4-5) .  
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Figure 3.4-5: Dependence of FID response on stirring speed and SPME extraction time. 

Stirring resulted in a rapid increase in 2-nonanone absorbed by the fibre coating, while the 

equilibrium was reached more slowly, after > 1 5  min compared to 5 min extraction, without 

stirring. The equilibration t ime was shorter for the stirred sample, as expected. Stirring the 

sample during SPME extraction can therefore be used to accelerate equilibrium by 
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continuously generating a fresh surface of the aqueous phase. There was no difference 

between the extraction curves with 250 min- ' and 750 min- ' . 

From the above results it was decided to apply magnetic st irring during SPME extraction at 

250 min- '  for all protein-flavour binding experiments in this chapter. 

3.4.1 .6 Final SPME Method for Measuring F lavour B ind ing on Proteins 

The optimum parameters for the investigation of protein-flavour binding by headspace SPME, 

as determined in the experiments in sect ions 3 .4 . 1 . 1 -3 .4 . 1 . 5 ,  are summarised in Table 3 .4-5 .  

Table 3.4-5: Optimum SPM E parameters for the measurement o f  protein-flavour 
interactions. 

Fibre 30 Ilm PDMS 

Equi l ibration time le" 20 m in 

Temperature 

Extraction time lex 5 min 

Flavour solvent propylene glycol 

Agitation magnetical stirring at 250 min" ! during the SPME extraction 

Precision and Linear Range 

Using the above SPME parameters, the precision of the method and the l inearity over the 

concentration range of interest were determined. The prec ision of an SPME method depends 

on the analyte (Yang and Peppard, 1 994) and on the thickness o f  the coating (Louch et al. , 

1 992) . Precision in SPME is generally very good because it is a single-step method. The RSD 

is typically - 5 % for manual operation and can be as low as 1 % using an autosampler 

(Zhang et al. , 1 994) . The prec ision of the optirnised SPME method was found to be 0.0-3 . 5  % 

relative standard deviation (RSD). The average precision of  approximately 1 .4 % RSD 

demonstrates the high rel iability of  SPME as an effective method for the quantification of 

2-nonanone. 

The linearity of the method was investigated by producing standard curves over the 

concentration range of interest (0. 1 -0 .8  mM). This was tested to make sure the type o f  fibre 

and extraction t ime used for all experiments in this study do not result in overloading the fibre 

coating with flavour molecules, and to check if quantification can be performed by l inear 

regression. Duplicate samples of standards were extracted and analysed using GC-FID. The 
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line of best fit for the relationship between the average peak area and the concentration o f  

analyte i n  the standards was determined b y  l inear regression. F igure 3 .4-2 1 (page 93) shows a 

typical standard curve obtained for 2-nonanone from 0. 1 to 0.8 mM . L inearity was excellent 

with R2 values ranging from 0 .9990 to l . 0000. Usually, SPME has a wide dynamic l inear 

range (more than three orders of magnitude) (Zhang el al. , 1 994) . 

The linearity of  the standard curve shows that the 30 Ilm fibre and an extraction time of  

lex = 5 min are useful for the quantitative determination of  2-nonanone between 0. 1 mM and 

0 .8  mM as the fibre is not overloaded. It is important to mention that the calibration curves 

vary sl ightly from one day to another and a standard curve had to be determined every day. 

3.4.2 B i n d i ng of 2-Nonanone and M i l k  Proteins 

The binding of  2-nonanone to  the major proteins in  milk (P-Ig, a-la, BSA, asl -casein, and 

p-casein) and to milk protein products (WPI and sodium caseinate) was studied using the 

optimised headspace SPME method fo l lowed by GC-FID for quantification o f  the free 

flavour. Typical gas chromatograms are shown in Figure 3 .4-6. The retention time of 

2-nonanone was between 3 .9 and 4.0 min. A reduct ion in 2-nonanone headspace 

concentration was c learly visible in the presence of 0.5 % WPI as indicated by a smaller peak. 
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Figure 3.4-6: Typical gas chromatograms of 2-nonanone in the absence and presence of 
WPI (0.5 %). 

3.4.2.1 I3-Lactog lobul in (13-lg) 

The binding isotherm o f 2-nonanone to P-Ig at 25 DC is shown in Figure 3 .4-7. The amount of  

2-nonanone bound in  0.5 % P-Ig so lution (0 .24 mM , as  determined by UV spectroscopy) 

varied between 22 and 36 %, depending on the initial concentration of added 2-nonanone. The 

number o f  moles o f  flavour bound per mole of protein increased with the flavour 

concentration, and maximum value tended to be one mole of  2-nonanone bound per mole of 
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P-Ig monomer (Figure 3 .4-7), corresponding to the saturation of  the binding sites on  the 

protein. A plateau in the binding isotherm, resulting from saturation of the binding sites, was 

not reached because of the low concentrations of  2-nonanone. However, the maximum value 

of v can be calculated from the intercept of the Klotz plot (Figure 3 .4-8). 
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Figure 3.4-7: B inding isotherm of 2-nonanone in aqueous solution of P-Ig (0.5 %; 

0.24 mM) at 25 °C (each data point is the mean of triplicates); v number of moles of 
ligand bound per mole of protein. 

The binding of 2-nonanone by P-lg was p lotted as a Klotz plot ( see section 2 .2 . 1 . 5 .2) (Figure 

3 .4-8). Linear regression resulted in binding parameters of K =  2 ,700 (± 500) M-I and n = l . 1  

(± 0.2). These values are in very good agreement with those obtained by 0 'NeW and Kinsella 

(l 987b) , who determined binding parameters for 2-nonanone and P-Ig, using equilibrium 

dialysis, and found one binding site per monomer with K = 2,439 M-I . 
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Figure 3.4-8: Klotz plot for the binding of 2-nonanone (0. 1-0.8 mM) to P-Ig (0.5 %; 

0.24 mM) at 25 °c (each data point is the mean of triplicates). 

The primary binding site on P-Ig for 2-nonanone is probably the hydrophobic pocket of the 

protein, which is also believed to serve as the binding site for retinol and fatty acids (Cho et 
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al. , 1 994; Wu et al. , 1 999; Liibke et al. , 2000; Ragona et al. , 2000) .  This result does not 

suggest a second binding site for 2-nonanone on the surface, which was proposed by Monaco 

et al. (1 987) for retinol .  However, at higher 2-nonanone concentrations, additional binding 

sites may be occupied. 

The binding parameters reported in other studies vary considerably due mainly to the different 

methods or different protein batches used. Charles et a!. (1996) ,  using static headspace 

analysis, investigated the binding of 2-nonanone and �-lg at pH 3 ,  at which �-lg is 

predominantly present in monomeric form. They reported 0.2 binding site with K = 6,250 M-I 
for 2-nonanone concentrations below 40 ppm and 0.5 binding site with K = 1 ,667 M-I for 

2-nonanone concentrations above 45 ppm. The lower binding could be attributed to the acidic 

pH because, at pH values lower than 7, there is a lid that c loses off the hydrophobic calyx o f  

P-Ig (Qin e t  al. , 1 998) . I n  addition, these authors added sodium azide (as a preservative), 

which has been shown to affect protein-flavour interactions (Reiners et al. , 2000) .  In contrast, 

Sostmann and Guichard (1998) , using affinity chromatography, determined a global binding 

constant (nK) of 3 ,629 M-I for 2-nonanone and P-Ig at pH 3 .  In this case, the immobilisatio n  

o f  P-Ig may have led t o  conformational changes and a better accessibil ity o f  binding sites .  

Jasinski and Kilara (1 985) reported 14 binding sites for 2-nonanone on P-Ig with an average 

K of 1 22 M-I .  They appeared to have overestimated the number of binding sites and 

underestimated the binding constant. The large number of low-affmity binding sites could 

also have been due to the high 2-nonanone concentrations (> 1 mM) used by these authors. 

3.4.2.2 a-Lactalbumin (a-la) 

The binding of 2-nonanone in a 0.5 % a-la solution (0 .3 mM , as determined by UV 
spectroscopy) was found to be between 1 1  and 2 1  %, considerably lower than that observed in 

a 0.5 % P-Ig so lution. The binding isotherm (Figure 3 .4-9) indicates a low number of  binding 

sites on a-la. With the concentrations of 2-nonanone used, saturation of the protein, which is 

indicated by a p lateau value for v, was not achieved. 

From the slope and intercept of the a-la Klotz p lot (Figure 3 .4- 1 0), it was calculated that there 

is one binding site on a-la with a medium affmity, K = 900 (± 500) M-I , for 2-nonanone. The 

value of  nK was more than three times lower than that of �-lg. Jasinski and Kilara (1 985) 

determined 33  binding sites and a K of 1 1  M-I for 2-nonanone on a-la. However, as 

mentioned earlier for P-Ig, these authors used very high 2-nonanone concentrations, which 

may have been the reason for the high number of low-affinity binding sites. 
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Figure 3.4-9 : Binding isotherm for the binding of 2-nonanone (0. 1 -0.8 mM) and a-la 
(0.5 %; 0.3 mM) at 25 °C (each data point is the mean of triplicates). 

20 � 
1 8  
1 6  
1 4  
1 2  

� 1 0  .... 
8 
6 
4 
2 
0 

0 2 

y = 1 .1 835x + 1 .0187 
R2 = 0.9733 

+ 

4 6 8 1 0  
1 /[L] )( 1 0.3 (1/M) 

r _ 

1 2  1 4  

Figure 3.4- 1 0 :  Klotz plot for the binding of 2-nonanone (0. 1 -0.8 mM) to a-la (0.5 %; 

0.3 mM) at 25 °C (each data point is the mean of triplicates). 

3.4.2.3 Bovine serum albumin (BSA) 

The amount of 2-nonanone bound in 0 . 5  % BSA solution (0.065 mM, as determined by UV 

spectroscopy) varied between 33  and 60 %, depending on the initial 2-nonanone concen­

tration, and was considerably higher than that bound to P-lg or a-la under the same condit ions. 

The binding isotherm of 2-nonanone and BSA at 25 °C is shown in F igure 3 .4- 1 l .  The 

number of mo les o f  ligand bound per mole of protein increased with the concentration of  free 

2-nonanone, and maximum value tended to be around five moles of 2-nonanone bound per 

mole of BSA. 

The Scatchard plot  (see section 2 .2 . l . 5 . 1 )  (F igure 3 .4- 1 2) is slightly non-linear, suggesting 

heterogeneous binding sites and maybe cooperative binding (Spector, 1975; Damodaran and 

Kinsella, 1 980a) . The concave nature of the p lot suggests that 2-nonanone binds to BSA with 

negative cooperativity (Price and Dwek, 1 979) .  Using liquid-l iquid part itioning, Damodaran 

and Kinsella (l980a) also found the Scatchard plots for BSA and 2-nonanone to be non- linear 
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which implicated cooperative binding behaviour. The Scatchard p lot in F igure 3 .4- 1 2  has a 

very similar shape to that determined by Damodaran and Kinsella (1 980a) ,  although they 

used a wider concentration range. A Hi l l  p lot  (see section 2 .4 .3)  will e lucidate this 

assumption. 
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Figure 3.4-1 1 :  B inding isotherm of 2-nonanone (0. 1 -0.8 m M) in aqueous solution of BSA 
(0.5 %; 0.065 mM) at 25 °C (each data point is the mean of triplicates). 
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Figure 3.4- 12 :  Scatchard plot for the binding of 2-nonanone (0. 1 -0.8 m M) to BSA 
(0.5 %; 0.065 m M) at 25 °C (each data point is the mean of triplicates). 

The Klotz plot for the binding of 2-nonanone to BSA is shown in Figure 3 .4- 1 3 .  Again, the 

non-linear shape indicates that different classes o f  binding sites are present on  BSA, and that 

cooperativity between the binding sites may exist . The convex shape o f  the Klotz p lot 

indicates that BSA may show negative cooperativity (Price and Dwek, 1979) . On the other 

hand, the non-linear shape may be due to different c lasses of binding sites. 

At low added 2-nonanone concentrations (0. 1 -0 .2  mM), there were 2.4 (± 0 .5)  binding sites 

with a binding constant of 1 6,000 (± 7,000) M-I . At higher added 2-nonanone concentrations 

(0.2-0.8 mM), 1 0  (± 4) binding sites with an average binding constant for 2-nonanone of 

1 ,700 (± 900) M-I were found. 
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Figure 3.4-1 3 :  Klotz plot for the binding of 2-nonanone (0. 1 -0.8 mM) to BSA (0.5 %; 
0.065 mM) at 25 °C, divided into low (0. 1-0.2 mM) and high (0.2-0.8 mM) 2-nonanone 
concentrations (each data point is the mean of triplicates). 

There are obviously two to three primary binding sites on BSA that have a very high affinity 

for 2-nonanone. Guth and Fritzler (2004),  using an ultracentrifugation technique, also 

suggested one or two high-affinity binding sites for long-chain y- and 8-lactone flavours and a 

large number of binding sites with lower affinity. The number of binding sites found in this 

study is also in good agreement with the reported number of binding sites on BSA for other 

l igands, such as free fatty acids with three primary binding sites, three secondary binding 

sites, and several weaker binding sites (Spector, 1975) , long-chain alcohols or neutral ligands 

with four to five primary binding sites (Reynolds et al. , 1 968,' Steinhardt and Reynolds, 1969) .  

For the structurally similar flavour compound 2-octanone, three binding sites with a binding 

constant of 300 M-I at pH 6.4 were found (Burova et al. , 2003) .  Those three binding sites are 

probably the same that 2-nonanone occup ies, and the lower binding constant for 2-octanone 

can be explained with the lower hydrophobicity of 2-octanone as compared to 2-nonanone. 

However, Damodaran and Kinsella (1 980b) suggested that there are two classes of binding 

sites in BSA for 2-nonanone : the first s ix sites have higher affmities than the second class of 

binding sites. However, these authors used fairly high 2-nonanone concentrations. 

Damodaran and Kinsella (1980b) found five to six init ial binding sites for 2-nonanone on 

BSA, using liquid-liquid partitioning. The binding constant, K = 1 ,800 M-I , was similar to that 

of the secondary binding sites found in this study, K = 1 ,700 (± 900) M-I . This might be due 

to different contents of fatty acids in the BSA products used. Damodaran and Kinsella 

(1980b) used BSA with 0 .4 mol of fatty ac ids per mole of protein, whereas the product used 

in this study contained approximately 0 .002 % fatty acids, which equates to about 0 .005 mol 

of fatty acids per mole of BSA, calculated on the basis of  the molecular weight of oleic acid, 
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the major fatty acid in milk fat .  Probably, the primary, high-affmity binding sites of the BSA 

used by Damodaran and Kinsella (J 980b) were to a greater extent occupied by fatty acids 

than those of the BSA used in this study, resulting in a lower binding constant. 

Using the pulsed field gradient NMR technique, Jung et al. (2002) found seven binding sites 

for 2-nonanone and other methyl ketones on B SA, with an average binding constant for 

2-nonanone of K = 833  (± 1 5) M-I . However, these seven binding sites may not be equivalent 

and may include primary and secondary binding sites, especially as high 2-nonanone/protein 

ratios were used. The occupation of secondary binding sites may be the reason for the low 

overall binding constant. 

To reveal ifBSA shows any cooperative behaviour when binding 2-nonanone, a Hi ll p lot  (see 

section 2 .2 . 1 . 5 . 3 )  was calculated from the binding data using the Hill  equation (Equation 2-6, 

page 1 3) (Figure 3 .4- 1 4) .  The H ill plot gives information about the type and extent of  

cooperativity. 
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Figure 3.4-14:  HiD plot for the binding of B SA (0.5 %; 0.065 mM) to 2-nonanone 
(0. 1 -0.8 mM), divided into two classes of binding sites; Y saturation of binding sites 
(assum ing nl = 2.4 and n2 = 1 0);  ILl concentration of free 2-nonanone (M). 

For low 2-nonanone concentrations (� 0.2 mM) a H il l  coefficient of h = l . 94 was obtained, 

which is a sign of posit ive cooperativity. At high concentrations of 2-nonanone (� 0.24 mM), 

h = 1 .43, indicating slightly positive cooperativity_ This means that the convex shape of  the 

Klotz p lot (Figure 3 .4- 1 3 ) is merely due to the presence of two groups of binding sites. These 

findings are in very good agreement with the results of Damodaran and Kinsella (1 980a) who 

found the binding of  2-nonanone to BSA to exhibit positive cooperat ivity at low 

concentrations of 2-nonanone (� 0.4 mM). Above 0 . 8  mM 2-nonanone, they found negative 

cooperativity, whereas between 0.4 and 0.8 mM their Scatchard p lot was fairly l inear. 
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Comparing the amount of 2-nonanone binding of the main whey proteins, the binding of 

2-nonanone to BSA is highest with 33  to 60 % depending on the init ial concentration of 

2-nonanone, whereas is was about 22 to 36  % in the case of �-lg. The lowest binding was 

observed with a-la ( 1 1  to 2 1  %). I n  contrast to �-lg and a-la, which both bind up to one mole 

of 2-nonanone per mole of protein, BSA is able to bind two to three moles o f 2-nonanone per 

mole ofBSA on high affinity sites, and around 1 0  moles o f  the flavour on lower affin ity sites. 

The n and K values for the binding of 2-nonanone to the individual whey proteins found in the 

literature are summarised in Table 2 .2-3 (page 22). For �-lg, there is a good agreement 

between the values determined in this study, K = 2,700 M-I and n = l . l , and those by 0 'Neill 

and Kinsella (1 987b) using equilibrium dialysis (Table 2.2-3) .  The binding parameters by 

lasinski and Kilara (J 985) seem to overest imate the number of binding sites since they are 

not in agreement with any othcr studies. The variation between studies is mainly due to the 

different methods or different protein batches used . 

In  the case of  a- la, there is hardly any data in the literature to compare the obtained binding 

parameters with. This is probably due to the lower binding affmity of a-la for flavour 

compounds compared to �-lg and BSA. The binding constants of �- lg and BSA were found to 

be more than three times higher than the binding constant of a-la. 

3.4.2.4 Caseins 

3.4.2.4. 1 Purity o/prepared sodium caseinate 

The prepared sodium caseinate was compared with commercial sodium caseinate regarding 

purity. I n  Figure 3 .4- 1 Sa, chromatograms of prepared and commercial sodium caseinate using 

size exclusion chromatography (SEC) with UV detection are shown. The commercial sodium 

caseinate showed a higher amount of impurities than the prepared one, especially some early 

eluting, high mo lecular we ight impurities (Figure 3 .4- 1 Sa) .  H igh levels of high molecular 

weight proteins in commerc ial caseinate were also noticed by Lynch et al. (1 997) ,  while these 

were present at very low levels in their laboratory-prepared caseinate. 
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Figure 3.4-15:  Comparison of prepared and commercial sodium caseinate using SEC 
and (a) UV detection, and (b) RI detection. 

The comparison using a refractive index (RI) detector is shown in F igure 3 .4- 1 5b. With an RI 

detector, these high molecular weight impurities are also obvious. I n  addition, the RI 

detection reveals that the commercial sodium caseinate contains a high amount of some low 

molecular weight impurities which are hardly present in the prepared caseinate, and some salt, 

indicated by the negative peak. 

The preparation of sodium caseinate in the laboratory is a straightforward procedure and g ives 

an excellent product compared to commercially manufactured sodium caseinate. Besides high 

levels of high molecular weight compounds in commercial caseinate compared to 

laboratory-prepared caseinate, it is known to give a poor resolution on urea-PAGE gels, and 

to contain lower amounts of free amino and sulphydryl groups (Lynch et aI. , 1 99 7) .  The 

reduced modification of the laboratory-prepared caseinate is probably due to the fact that 

there was no heating involved in the manufacturing process. 

The prepared caseinate was then used to separate the individual casems by ion-exchange 

chromatography (lEe). 

3.4.2.4.2 Separation of caseins by ion-exchange chromatography (lEe) 

The e lution profile of the case ins from the ion-exchange co lumn is p ictured in Figure 3 .4- 1 6 . 

Selected tubes (as indicated by vertical arrows) were then run on urea mini-gels to identify 

each casein and to fmd out which tubes should be pooled for further purification. The gels of 

the selected fractions are shown in F igure 3 .4- 1 7 . After pooling the appropriate fractions, they 

were dialysed, freeze-dried and weighed (Table 3 .4-6) . 
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Figure 3.4-16 :  Elution of the caseins from the ion-exchange column, measured by UV 
absorbance at A = 280 nm; vertical errors indicate tubes selected for urea PAGE. 

I n n n n n  n . '-I LI I_ I LI I � f_ � 

I ' I Q, P K 84 90 93 97

' 

3 -

Figure 3.4- 1 7: Urea PAGE gels of casein standards (three lanes on the left) and selected 
fractions (see Figure 3.4-1 6). 

Table 3.4-6: Fractions and yields of prepared caseins. 

Casein Tubes pooled Yield (mg) 

K-casein 59-62 43 

p-casein 70-8 1 7 1 8  

89- 1 05 853 
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3.4.2.4.3 Purity of prepared caseins 

To check the purity of  the final casein products, mini-urea PAGE gels were run. The gel 

comparing the commercial case ins (S igma-Aldrich, St. Louis, MO, USA) with the prepared 

caseins is shown in Figure 3 .4- 1 8 . 

Figure 3.4-18 :  Urea PAGE gel of casein standards (three lanes on the left) and pooled 
casein fractions. 

The prepared K-casein had a very good purity (Figure 3 .4- 1 8) .  There are no traces of other 

proteins, and it is of better quality than the commercial standard. The prepared B-casein 

contained a small amount of (ls2-casein (approximately < 1 0  %). I t  is not as pure as the S igma 

standard but its purity is reasonably good. Both prepared (lsl -casein fractions contained small 

amounts of B-casein (approximately < 5 %). They only contain (ls l -casein and no (ls2-casein as 

the (ls2-casein peak overlapped with both the B-casein peak and (lsl -casein peak. The 

commercial us-casein did not contain B-casein but a substantial amount of K-casein. The poor 

purities of  the commercial us- and K-casein standards show that it is worth preparing and 

purifying case ins in the laboratory. 

3.4.2. 4.4  Binding of caseins and 2-nonanone 

As the yield of prepared K-casein was very low (Table 3 .4-6) and because o f  the low 

proportion of K-casein in total casein, only Usl - and B-casein were examined regarding their 

b inding affmity for 2-nonanone. Case ins obtained from S igma-Aldrich ("Sigma") and the 

prepared case ins were investigated. Results for the percent binding are shown in Table 3 .4-7. 
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Table 3.4-7: Percent binding o f  2-nonanone to as\ - and p-casein (0.5 %) 

Casein source Binding to (lsl-casein Binding to �-casein 

(%) (%) 

Sigma 6.5 ± 2.9 4.6 ± l . l  

Prepared 4.6 ± 2.3 2.3 ± 1 . 0  

Compared to the whey proteins at 0 . 5  % concentration, both Us[ - and p-casein showed only 

very l itt le binding affinity for 2-nonanone. The binding did not even show an upward trend 

towards the lower 2-nonanone concentrations (data not shown), therefore an average value for 

the %-binding was calculated from all 2-nonanone concentrations tested (0 . 1 ,  0.2, 0.4, 0 .6, 

and 0 . 8  mM). The Sigma caseins showed a higher extent of 2-nonanone binding than the 

prepared case ins. The values for the average %-binding suggest that 2-nonanone is bound to a 

higher extent by usl -casein than by p-casein. The binding to the two case ins is hard to 

distinguish as the standard deviat ions were up to almost 3 %. To be able to dist inguish the 

binding affinity, the same experiment was performed with the case ins at 2 .0 % instead of  

0 . 5  % to  confirm that us l -casein has a significantly higher affmity for 2-nonanone. 

Using 2 .0  % solutions of the prepared us1 -casein and p-casein it was possible to differentiate 

between the binding of 2-nonanone to Usl - and p-casein (Figure 3 .4- 1 9). The extent of 

2-nonanone binding in 2 .0 % usl -casein and p-casein so lutions ranged from 14 to 19 % and 

from 1 1  to 1 7  %, respectively, depending on the initial 2-nonanone concentration. For both 

the lowest and highest flavour concentrations used - 0. 1 and 0 . 8  mM - the results prove that 

usl -casein has a higher binding affinity for 2-nonanone than p-casein. 

20 + 
o as1·casein o !3-casein 

� 15 r-+- + 
Cl 
s::: :-+-'ii 1 0  
s::: iD 5 

0 
0.1 mM O.B mM 

2-Nonanone 

Figure 3.4-19 :  Binding of 2-nonanone to prepared as) -casein (2.0 %; 0.73 mM) and 
p-casein (2.0 %; 0.86 mM). 
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It was not expected that asl -casein binds the hydrophobic 2-nonanone stronger than �-casein 

s ince �-casein is more hydrophobic than as-casein (Swa isgo od, 1 992) . Possibly not only 

hydrophobic interactions are invo lved in the binding of 2-nonanone to caseins. Hydrogen 

bridge formation may also p lay a role, e .g . ,  asl -casein contains more acidic amino acid 

residues (Asp, Glu) than �-casein which could from hydrogen bridges to the keto group of 

2-nonanone. Another explanation could be a more pronounced self-association of �-casein as 

compared to as l -casein, reducing the extent of interactions of 2-nonanone and p-casein. 

However, the binding of 2-nonanone to asl -casein is only slightly higher than to p-casein. A 

similar observation was made by Poiffait and Adrian (1991) ,  who found that as-, �-, and 

K-casein bind about the same amount of the hydrophobic retinol .  The binding increased with 

pH, which is explained by the authors with a progressive unfo ld ing of the casein with pH, 

resulting in better accessibility of hydrophobic binding sites. 

B inding parameters for the prepared asl - and p-casein at 2 .0  % (0 .73 mM and 0 .86  mM , 
respectively, as determined by UV spectroscopy) were calculated using the Klotz plot (Figure 

3 .4-20). The Klotz plot of the prepared p-casein shows a higher slope, which means lower 

affmity. The linear regression lines of the Klotz p lots revealed 0 . 8  (± 0 .5) and 0 .32 (± 0.09) 

binding site and binding constants of 420 (± 280) and 8 1 0  (± 250) M-
I 

for as l-casein and 

p-casein, respectively. Because of the low binding constants, saturation of the binding sites on 

both case ins was not achieved. The global binding constants (nK) were 330  (± 1 0) and 

240 (± 1 0) M- I for usl -casein and �-casein, respectively, indicating a higher binding capacity 

of asl -casein compared with p-casein. 
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Figure 3.4-20: Klotz plot for the b inding of  2-nonanone (0. 1 -0.8 mM) to  the  prepared 
usl -casein (2.0 %, 0.73 mM) and p-casein (2.0 %, 0.86 mM) (each data point is the mean 
of duplicates). 
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The values determined for the individual caseins in this study are only estimations because 

there was not a sufficient amount of the case ins available to obtain a larger number of data 

points. However, the higher glo bal binding constant nK of as l -casein compared with �-casein 

is c learly shown. 

Both the binding constant K and the numbers of binding sites n for as-casein are in very good 

agreement with the values determined for sodium caseinate of n = 1 . 1  and K = 3 70 M-I . The 

value of 0 .3  binding sites on �-casein does not seem correct; however, this is because 

saturation of the binding site was not achieved. In addition, the intercept of a Klotz p lot is 

very variable, especially when only four data points are used. The intercept not only has an 

effect on n but also on K, since K = 1 I (n . slope). 

3.4.2.5 Milk Protein P roducts 

The binding of 2-nonanone to the milk protein products, WPI and sodium caseinate, is shown 

in Figure 3 .4-2 1 .  The headspace concentration of 2-nonanone was reduced in the presence of 

both 0 .5  % WPI and 1 .0 % sodium caseinate. 2-Nonanone was bound to a greater extent by 

WPI at only 0.5 % than by sodium caseinate at 1 . 0 %. 
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Figure 3.4-2 1 :  Influence of WPI (0.5 %) and sodium caseinate ( 1 .0 %) on the headspace 
concentration of 2-nonanone. 

The amount of 2-nonanone bound by the milk protein products ranged from 1 7  to 30 % and 

from 1 2  to 1 4  % for WPI (0.5 %) and sodium caseinate ( 1 .0 %), respectively, depending on 

the initial concentration of 2-nonanone. This fmd ing was expected as Hansen and Booker 

(1996) and Li et al. (2000) came to the same conclusion, that is, that whey proteins b ind 

flavour compounds to a greater extent than caseins. There is only one study reporting a higher 
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amount of binding ofdiacetyl by sodium caseinate than by WPI in sweetened drinks (McNeill 

and Schmidt, 1 993) . It has to be considered, that d iacetyl is a hydrophilic flavour compound 

which will b ind to proteins by different mechanisms than hydrophobic flavour compounds, 

such as 2-nonanone. 

3.4.2.5. 1 �J>I 

The Scatchard p lot  for the WPI / 2-nonanone system is presented in F igure 3 .4-22.  The p lot is 

non-linear, and thus, indicates the presence of two groups of b inding sites. The x-axis 

intercept equals the number of binding sites n and shows around 0 .24 binding sites at low 

added 2-nonanone concentrations « 0.2 mM). With increasing 2-nonanone concentration 

(> 0 .2 mM), there appears to be a very high number of binding sites for the flavour 

compound. 
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Figure 3.4-22 : Scatchard plot for the binding of 2-nonanone (0. 1 -0.8 mM) and WPI 
(0.5 %). 

The Klotz plot for the binding of 2-nonanone to WPI (0 . 5 %) is shown in F igure 3 .4-23 . Its 

non-l inear shape suggests the presence of at least two groups of binding sites that are non­

equivalent or that cooperativity between the binding sites of one or more proteins exists. At 

low added 2-nonanone concentrations (0. 1 -0 . 1 7  mM), there was 0 .2 (± 0.02) binding site with 

a binding constant of 24,000 (± 8 ,000) M-I . At high added 2-nonanone concentrations (0. 1 7-

0 .8  mM), 2-nonanone bound on 8 (± 8) binding sites with a very low average binding constant 

of  1 3 0 (± 1 40) M-I . The high standard errors are due to an intercept being c lose to zero and a 

high value of the slope. This change in binding parameters with 2-nonanone concentration 

may be due to the presence of the several binding sites with different binding constants for 

2-no nanone on the constituent proteins in WPI .  At low added 2-nonanone concentrations, 
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2-nonanone is probably predominantly bound on the binding sites with the highest affmity on 

one protein, possibly BSA. BSA was shown to contain two to three primary binding sites with 

a very high K of 1 6,000 (± 7,000) M-I (page 84). These sites are probably the preferred sites 

to be occupied in WPI at low 2-nonanone concentrations. With increasing 2-nonanone 

concentrations, the medium and lower affmity binding sites on other proteins, namely, B-Ig 

and a-la, are probably fi l led to a higher degree. 

It has to be considered that in mi lk protein products, such as WPI , a fraction of the proteins is 

l ikely to be denatured. F lavour binding is known to depend on denaturation, and is 

investigated in Chapter 4. 
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Figure 3.4-23: Klotz plot for the binding of 2-nonanone (0. 1-0.8 mM) to WPI (0.5 %) at 
25 QC (each data point is the mean of five replicates). 

The shapes of both the Klotz p lot and the Scatchard p lot are characteristic for negative 

cooperativity (Price and Dwek, 1979) . It has been reported in the l iterature that BSA shows 

cooperativity (Damodaran and Kinsella, 1 980a, b; Jasinski and Kilara, 1 985) .  However, it 

was shown earlier that none of the constituent proteins of WPI ,  not even BSA, appear to 

exhibit negative cooperativity in the range of flavour concentrations investigated. It is 

therefore concluded that the reason for the non-l inear Scatchard and Klotz p lots for WPI is 

that WPI contains non-equivalent binding sites: First, the binding sites on BSA, which have 

the highest affmity for 2-nonanone (see section 3 .4 .2 .3)  are occupied by 2-nonanone, then the 

B-Ig site (second highest affmity), and at higher 2-nonanone concentration weaker binding 

s ites of the proteins are occupied. 

The binding parameters for WPI were also calculated from the binding values of the 

individual whey proteins. The relation of the individual whey proteins in WPI was determined 

by HPLC (Table 3 .4-8). The total amount of protein with 86. 1 % is considerably lower than 
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stated in the specifications o f  the manufacturer (93 .9  %). This could be partly due to 

addit ional moisture adsorption during storage of the WPI.  The actual moisture content of the 

WPI as determined by the drying method was found to be 7 .9  (± 0 .3 )  %, which is an increase 

o f 3 . 3  %. 

Table 3.4-8: Protein composition of WPI as determined by HPLC. 

Whey protein g / l OO g WPI 

P-Lg 64.6 

a-La 1 5 .6 

BSA 2 . 5  

Minor proteins ( immunoglobul ins, proteose peptones etc. )  3 .4 

Total 86. 1 

Using the global binding capacities nK of the individual whey proteins (Table 3 .4-9), the 

fo llowing calculat ion can be made, assuming that minor whey proteins do not bind 

2-nonanone: 

nK(fJ-lg+BSA+a-la) = 0.646 . nKp_lg + 0.025 . nKBSA + 0. 1 56 . nKa-1a 

1 ,938  + 650 + 1 34 2 722 M-I , 

I f  a l inear regressIOn was performed on the non-linear Klotz p lot, the average binding 

parameters over the whole concentration range can be obtained, and compared with the 

calculated value of nKwPf. The slope of this regression l ine is 0.4683 ,  and the intercept is 

1 .3 1 1 6 (regression l ine not shown). This slope is significantly lower compared to the Klotz 

p lot for sodium caseinate, indicating a higher binding constant for 2-nonanone on WPI.  From 

the intercept and slope of the l inear regression line, the fo llowing average binding parameters 

were calculated : n = 0.8 (± 0 . 3 )  and K = 2,800 (± 1 ,200) M-I , which result in: 

nKwP1 2 200 M-I , 
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Both the calculated and the directly measured global binding constants are similar. The 

slightly higher value for the calculated global binding constant may be due to a considerable 

amount of fatty acids occupying binding sites on the B SA in WPI, whereas the pure BSA 

used in this study had been reduced in fatty acids, resulting in a higher binding constant for 

2-nonanone. 

Considering the high proportion of �-lg (> 60 %) compared with BSA (2-3 %) in WPI, the 

binding parameters determined indicate that �-lg is the whey protein that is mainly 

responsible for 2-nonanone binding in WPI.  Although BSA has only a very small proportion 

in WPI, it also contributes to the binding considerably due to its high affinity constants for 

2-nonanone on two to three high affmity binding sites, and several medium-affinity binding 

sites. This can be quantified by BSA' s contribution of 650 M-I to the overall value of nK of 

2 ,722 M-I (see page 96) . a-La hardly contributes to  binding of 2-nonanone in  WPI. 

3.4.2.5.2 Sodium caseinate 

The binding data for sodium caseinate were plotted as a Klotz plot (Figure 3 .4-24). From the 

l inear regression line of the plot, an average binding constant K of 370 (± 370) M-I and an 

average number of binding sites n of 1 . 1  (± 1 .0) for 2-nonanone on sodium caseinate were 

obtained. These parameters are in good agreement with the values determined for usl -casein 

and �-casein and 2-nonanone. The only other study reporting binding parameters for sodium 

caseinate and a flavour compound was by Li et al. (2000) , who found 0.66 binding site with  a 

binding constant of353  M-I for vanillin on sodium caseinate ( 1 2  QC) . To date, studies indicate 

low binding capacities of caseins and caseinates for different flavour compounds. 
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Figure 3.4-24: Klotz plot for the binding of 2-nonanone (0. 1-0.8 mM) to sodium 
caseinate ( 1 .0 %) at 25 °C (each data point is the mean of four replicates). 
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The n and K values for the binding of 2-nonanone to the ind ividual milk proteins determined 

in this study are summarised in Table 3 .4-9. Differences in the binding parameters between 

WPI and sodium caseinate are probably due to the different structures and amino acid 

composit ions of the individual proteins in WPI and sodium caseinate; that is, P- Ig, the main 

constituent protein in WPI, is known to have a structure that can accommodate different small 

hydrophobic molecules with high affmity (Spector and Fletcher, 1 9 70; O'Neill and Kinsella, 

1 987b) . None of  the case ins have been reported to have a high affmity for any flavour 

molecules. 

Table 3.4-9: Binding parameters of 2-nonanone with the individual milk proteins and 
the milk protein products WPI and sodium caseinate at 25 °C; n number of binding 
sites per monomer, K intrinsic binding constant, nK global binding constant. 

CZ.nonanone (mM) n K (M-l ) nK (M-1 ) 

Whey proteins 

P-Lg 0. 1 - 0 .8  1 . 1  ± 0.2 2,700 ± 500 3,000 ± 1 00 

a-La 0. 1 - 0 .8  1 .0 ± 0.5 900 ± 500 860 ± 60 

BSA 0. 1 - 0.2 2.4 ± 0.5 1 6,000 ± 7,000 38,000 ± 8,000 

0.2 - 0 .8  10  ± 4 1 ,700 ± 900 1 7,000 ± 2,000 

0 . 1 -0.8 4.6 ± 0.9 5 ,700 ± 1 ,600 26,000 ± 2,000 

WPI 0. 1 - 0. 1 7  0.2 ± 0.02 24,000 ± 8,000 5,000 ± 1 ,000 

0 . 1 7  - 0 .8  8 ± 8  1 30 ± 1 40 1 ,000 ± 30  

0. 1 -0.8 0 .8  ± 0.3 2 ,800 ± 1 ,200 2,200 ± 300 

Caseins 

asI -Casein 0. 1 - 0 .8 0 .8 ± 0.5 420 ± 280 330 ± 1 0  

p-Casein 0. 1 - 0 .8 0.32 ± 0.09 8 1 0 ± 250 240 ± 1 0  

Sodium caseinate 0. 1 - 0 .8 1 . 1  ± 1 .0 3 70 . 3 70 4 1 0  ± 20 

Comparison of the 2-nonanone binding of the main whey proteins shows that the binding o f  

BSA and 2-nonanone was highest followed by P-Ig. The lowest binding was observed for 

a- la. In contrast to P-Ig and a-la, both of which bind one molecule of 2-nonanone per 

molecule of protein, BSA is able to bind two to three 2-nonanone molecules per mole of  BSA 
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on high-affinity binding sites, and several 2-nonanone molecules on medium-affmity binding 

sites. The caseins showed considerably lower binding capacities, compared to the whey 

proteins, with only one low affmity binding site for 2-nonanone. 

3. 5 Conclusions 

The interactions of  the flavour compound 2-nonanone and the main proteins in milk (P- lg,  

a- la, BSA, asl -casein, and p-casein) and milk protein products (WPI and sodium caseinate) 

were successfully studied by a headspace SPME method using GC-FI O quantification. The 

SPME method was optimised in terms of thermal equilibration time, type of SPME fibre, 

SPME extraction t inle, sample agitation, and flavour so lvent . The chosen SPME fibre coat ing, 

POMS, has a very high affmity for 2-nonanone : The fibre-headspace part ition coefficient Kjh 

was found to be in the range of  34,000 to 74,000, depending on the approach used. 

The good agreement between the binding parameters determined in this study and the values 

obtained by other authors shows that headspace SPME is an excel lent technique for research 

on protein-flavour interactions. It is fast, sensitive, precise, inexpensive, and solvent free. In 

addition, not only liquid but also semi-so lid and solid samples can be analysed using 

headspace SPME. 

This study has demonstrated that the whey protein with the highest affinity for 2-nonanone is 

BSA (Kt = 1 6,000 M-I ; K2 = 1 , 700 M-I ) followed by P-lg (K = 2,700 M-I ) ,  and that a-la shows 

the weakest binding (K = 900 M-I ) .  Both a- la and P-Ig possess one binding site per protein 

molecule, whereas BSA can bind 2-nonanone on two classes o f  binding sites, resulting in a 

very high global binding constant for 2-nonanone. WPI was found to have a much higher 

affmity for 2-nonanone than sodium caseinate, and they both possess around one binding site 

per protein molecule on average. Considering the proportions of the whey proteins in WPI,  

P-lg contributes most to the binding of  2-nonanone on WPI, fo llowed by BSA, while a-la has 

almost no contribution to the binding. 

as l -Casein was found to have a sl ightly higher affinity for 2-nonanone than p-casein, although 

p-casein is  the more hydrophobic of the two proteins, indicating that other than hydrophobic 

forces may be involved, or that self-assoc iat ion of p-casein causes lower binding o f  

2-nonanone. The overall binding on both caseins i s  low compared with that on the whey 

proteins, with est imated global binding affmities nK of 330  (± 1 0) and 240 (± 1 0) M-I for 

as l -casein and p-casein, respectively. 
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The presence of milk proteins may therefore cause the aroma profile of foods, in part icular 

fat-free foods, to become unbalanced because of the binding of certain flavour compounds by 

the proteins. In particular, the whey proteins may prevent hydrophobic flavour compounds, 

such as 2-nonanone, from being released and perceived during mast icat ion. In this case, the 

amount of certain flavour compounds added will have to be increased to compensate for the 

protein-bound flavour molecules. 

Milk proteins added to food products are often denatured to a varying extent which may affect 

binding constants and binding sites because of conformational changes of the proteins. I n  

addition, during processing of foods, e.g. heat treatment, proteins are denatured. Therefore, 

the effect of heat denaturation on the binding of different flavour compounds and whey 

proteins was investigated in the next chapter. 
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CHAPTER FOU R :  FACTORS I N F LU ENCI NG PROTEI N ­

F LAVOU R  BI N D I N G  

4. 1 Abstract 

The effects of  flavour compound structure, heat and high pressure denaturation, and pH on 

protein-flavour interactions were investigated in this study. The binding of three flavour 

compounds (2-nonanone, I -nonanal, and trans-2-nonenal) and WPI was measured using an 

automated headspace SPME-GC-FID method, and the influence of pH (pH 4.0, 7 .2,  and 8 .0), 

heat treatment (80 QC, 0 .5-80 min), and high pressure treatment (250 and 600 MPa, 20 QC) on 

the WPI-flavour interactions was determined. To test if the flavour compounds show a 

stabilisL.'1g effect on the native protel.'1 structure, they were added either before or after heat 

and high pressure treatment of  WPI . 

The binding o f  native WPI and the flavour compounds decreased in the order trans-2-nonenal 

> I -nonanal > 2-nonanone. The differences in binding can be explained with hydrophobic 

interactions only in the case of 2-nonanone, whereas the aldehydes, in particular 

trans-2-nonenal, can also react covalently . Heat and high pressure treatment affected protein­

flavour interactions depending on the structure of the flavour compound. Upon both heat and 

high pressure denaturation, the binding of 2-nonanone to WPI decreased, while the binding of 

I -nonanal remained unchanged, and the affinity for trans-2-nonenal increased rapidly. The 

results suggest that hydrophobic interactions are weakened upon heat or high pressure 

denaturation, whereas covalent interactions are enhanced. None of the three flavour 

compounds showed a stabil ising effect on the native structure of the whey proteins against 

denaturation. The binding affinity of the flavour compounds and WPI increased with 

increasing pH, which is l ikely to result from pH dependent conformational changes o f  whey 

proteins and changes in the protonation of basic amino acid residues. 
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4. 2 Introduction 

Protein-flavour interactions are very dependent on the conformational state of a protein. 

Therefore, factors such as pH, temperature, and high pressure, that influence protein 

conformation can markedly change flavour binding characteristics of proteins. Changes in pH 

can influence the ionisation, net charge, and conformation o f  protein molecules. For most 

protein-flavour systems, increases in binding with increasing pH have been reported in the 

l iterature; however, there are some studies which do not support this trend (see section 2 . 3 .4) .  

S ince heat treatment is an important step during the processing and preparation of many 

protein containing foods, the investigation of  flavour binding to heat denatured proteins is o f  

great importance. However, most studies have examined native proteins and their flavour 

binding behaviour. In contrast to the case ins, whey proteins are susceptible to heat 

denaturation. In Chapter 3, it was found that B- Ig is the whey protein mainly responsible for 

2-nonanone binding in WPI .  Upon heat treatment, B-Ig partially unfo lds and aggregates via 

hydrophobic association and intra- and interprotein disulphide bonds (de la Fuente et al. , 

2002) .  Among the l imited number of studies on flavour binding to denatured whey proteins in  

the literature many contradictions exist (see section 2 . 3 .2), and thus the mechanisms of 

binding require further investigation. Protein unfo lding may increase flavour binding by 

revealing previously buried hydrophobic binding sites, or it may decrease the binding by 

modifying specific binding sites for flavour compounds. The aggregation of protein molecules 

may lead to a decrease in flavour binding due to hydrophobic protein-protein interactions 

instead of protein-flavour interactions. 

As an alternative to thermal processing of food products, high pressure treatment is becoming 

increasingly important as it retains several desirable food quality attributes. Whey proteins 

have been found to be susceptible to high pressure treatment, which unfo lds them and allows 

both non-covalent and disulphide intermolecular interactions to occur (Iametti et al. , 1 997) .  

Only two studies have been reported on the effect of high pressure treatment on protein­

flavour interactions (Yang et al. , 2003; Liu et al. , 2005b) ; both indicated that high pressure 

treatment of whey proteins can decrease the binding affmity or have no effect on the 

interactions, depending on the nature of the flavour compound. 

The aim of this chapter was to compare the binding of three structurally similar flavour 

compounds, 2-nonanone, l -nonanal, and trans-2-nonenal (Table 4 .3- 1 ), to WPI in aqueous 

solution, and to investigate the effect of heat and high pressure treatment, and pH on the 

extent of protein-flavour binding, using an automated headspace SPME method followed by 
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GC-FI O. In  addition, the competition of  the flavour compounds with sodium dodecyl sulphate 

(SOS) for binding sites on �-lg was examined. The preferential binding site for SOS on �-lg is 

believed to be the hydrophobic pocket (Creamer, 1995) . Therefore, a competition experiment 

gives insight into the extent of binding of flavour compounds into the hydrophobic pocket, as 

well as an indication on the extent of reversible and irreversible binding. 

4. 3 Materials and Methods 

Distilled, deionised water (001) was obtained from a NANOpure™ 1 1  water purification 

system (Barnstead, Oubuque, lA). Henceforth, the term "water" refers to 0 01 .  

4.3 .1  F lavo u r  Compou nds 

The flavour compounds were selected based on their structure to compare the effect of the 

position of the keto group and the presence of a double bond on protein-flavour interactions. 

2-Nonanone, I -nonanal, and trans-2-nonenal (Table 4 .3 - 1 )  were purchased from Sigma­

Aldrich (St .  Louis, MO, USA) and were o f  99 %, 95 %, and 97 % purity, respectively. It was 

not possible to dissolve the aldehydes at a concentration of 1 0  mM in propylene g lyco l, as 

done for 2-nonanone in Chapter 3 .  For this reason, 2-nonanone, I -nonanal and trans-2-

nonenal were disso lved without the use of  a so lvent at lower concentrations in water in this 

study. 

Table 4.3 - 1 : Characteristics of the C9 flavour compounds. 

Flavour compound Structure M Aqueous solubility Hydrophobicity 

(g·morl ) (g·rl) (25 °C) 
log P a) 

2-nonanone 0 1 42.24 OAb 2 .90 � 
I -nonanal �o 1 42 .24 0.096d 3 .27e 

trans-2-nonenal �o 1 40.23 n.d. 3 .06e 

a) Value of the logarilhm of Ihe parlition coefficient between water and n-octanol; b) Seuvre et al. (200/); c) Rogacheva et al. 

(/ 999); d) Dannenfelser and Yalkoll'sky (199/); e) Mey/an and HOlI'ard (/ 995) 

Flavour stock solutions (50 ppm) 

Each flavour compound (25 .0 ± 0.3 mg) was weighed into a 500 ml vo lumetric flask, and 

fil led up to the mark with water. After 2 hours of fast magnetic st irring, the flavour 
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compounds were completely dissolved. This was checked by making sure that no flavour was 

visible on the surface of the solution. 

2-Nonanone stock solution (l0 mM) 

2-nonanone (7 1 mg) was weighed into a 25 ml beaker, transferred into a 50 ml volumetric 

flask with propylene g lyco l and filled up to the mark with the latter. The stock solution was 

stored at 5 QC. 

2-Nonanone stock solution (5 mM) for SDS competition experiment 

In a 1 00 ml volumetric flask, 2-nonanone (7 1 mg) was dissolved in 50 ml propylene g lycol 

(Bronson and Jacobs Pty. Ltd. ,  Sydney, Australia), and filled up to 1 00 ml with water. 

Flavour standards 

Standards of each flavour compound were prepared by diluting the corresponding stock 

solution (50 ppm) in water or buffer to obtain [mal flavour concentrations of 0.2,  OA, 0.6, 0 .8 ,  

and 1 .0 ppm. 

4.3.2 Buffer Preparation 

Phosphate buffer (0. 1 M, pH 7.2 and pH 8. 0) 

• Di-sodium hydrogen phosphate dihydrate (Na2HP04 ' 2 H20) (dibasic, 0 . 1 M) : 

1 . 78  g Na2HP04 · 2 H20 (Merck, Darrnstadt, Germany) was dissolved in 1 00 ml  

water. 

• Sodium di-hydrogen phosphate monohydrate (NaH2P04 . H20) (monobasic, 0. 1 M) : 

1 .3 8  g NaH2P04 . H20 (BDH, Poole, UK) was dissolved in 1 00 ml water. 

To obtain pH 7.2, 28 ml sodium phosphate monobasic and 72 ml sodium phosphate dibasic 

were mixed. For the pH 8.0 buffer, 5.3 ml sodium phosphate monobasic and 94.7 ml sodium 

phosphate dibasic were combined. The pH was checked and adjusted if necessary. 

CUrate-phosphate buffer (0. 1 M, pH 4. 0) 

• Citric acid solution (0. 1 M): 

5 .25 g c itric acid monohydrate (BDH, Poole, UK) was diluted to 250 ml with water. 

• Sodium phosphate solution (0.2 M) : 
8 .9  g Na2HP04 . 2 H20 was diluted to 250 ml with water. 
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To obtain pH 4.0, 1 30 ml sodium phosphate so lution and 220 ml c itric ac id solution were 

combined, the pH was checked and adjusted to pH = 4.0 if necessary, and the buffer was 

made up to 500 ml with water. 

Phosphate buffer (26 mM, pH 7.2) for CD measurements 

• Di-sodium hydrogen phosphate dihydrate (Na2HP04 · 2 H20) (dibasic, 26 mM): 

Na2HP04 · 2 H20 (463 mg) was disso lved in 1 00 ml water. 

• Sodium di-hydrogen phosphate monohydrate (NaH2P04 . H20) (monobasic, 26 mM): 

NaH2P04 . H20 ( 359  mg) was disso lved in 1 00 ml water. 

28 ml sodium phosphate monobasic and 72 ml sodium phosphate dibasic were mixed and the 

pH was checked and adjusted if necessary. 

4.3.3 P rotein Preparation 

WPI solution (0.5 %) for heat and high pressure treatments 

WPI (Alacen 895, Fonterra Co-operative Group Ltd. ,  New Zealand) was dissolved in buffers 

(0 . 1 M) of pH 4.0, 7.2, and 8 .0 to obtain a 0 .5  % (w/v) solution. The so lutions were stored for 

6 h at 5 QC to allow complete hydration of the proteins before adding flavour stock solution. 

WPI solution (0.25 %) for CD measurements 

WPI was dissolved in phosphate buffer (26 mM, pH 7.2) to obtain a 0.25 % (w/v) solution. 

The protein solution was stored for 6 h at 5 QC to allow complete hydration of the proteins 

before adding the flavour compounds. 

WPI solution (0. 05 %)for amino acid analysis 

WPI was dissolved in water to obtain a 0 .05 % (w/v) so lution. The so lution was stored for 6 h 

at 5 QC to allow complete hydration of the proteins before adding trans-2-nonenal stock 

solution. 

P-Lg solution (0.2 mM) for 2-nonanonelSDS competition experiment 

�-Lg AB from bovine milk was purchased from S igma (St .  Louis, MO, USA) and is a 

lyophil ised powder of approximately 90 % purity. �-Lg ( 1 68 mg) was disso lved in 42 ml  

phosphate buffer (0 . 1 M, pH 7.2). 

P-Lg solution (0. 014 mM) for aldehydelSDS competition experiments 

�-Lg AB (70 mg) was dissolved in 250 ml phosphate buffer (0. 1 M, pH 7.2) .  
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4.3.4 Other Solutions 

Ascorbic acid solution 

A stock solution ( 1 .0 %, w/v) of ascorbic acid (S igma Chemical Co . ,  St. Louis, MO, USA) 

was freshly prepared in water. Aliquots of the stock solution were added to certain samples 

containing trans-2-nonenal to obtain fmal ascorbic acid concentrations of 0 .00 1 ,  0 .0 1 ,  and 

0. 1 % (v/v). 

Gallic acid solution 

A stock solution (0 .7 %, w/v) of gallic acid (3,4,5-trihydroxybenzoic acid) monohydrate 

(Sigma Chemical Co . ,  St. Louis, MO, USA) was freshly prepared in water. Aliquots of the 

stock solution were added to certain samples containing trans-2-nonenal to obtain fmal gallic 

acid concentrations of 0 .007 and 0.07 % (v/v). 

SDS stock solution for 2-nonanone experiment (10 mM) 

SDS (BDH, Poole, UK) (288 mg) was disso lved in 1 00 ml water. 

SDS stock solution for aldehyde experiments (0. 7 mM) 

SDS (50.4 mg) was dissolved in 250 ml water. 

4.3 .5 Amino Acid Analysis 

To determine the amino acids that react with trans-2-nonenal, equal vo lumes of WPI so lution 

(0.05 %) and trans-2-nonenal stock solution (50 ppm) were combined and equilibrated for 

40 h at 5 qc. A control sample was prepared by combining equal volumes of  WPI solution 

(0.05 %) and water. The molar ratio of WPI : trans-2-nonenal was approximately 1 : 1 0 . Amino 

acids in both samples were determined by hydrochloric acid hydrolysis (methionine and 

cysteine by performic acid oxidation) fo llowed by HPLC separation using the AOAC official 

method 994. 1 2  (A OA C, 1 995) . 

4.3.6  Heat Treatment 

The sample preparation procedure is shown schematically in Figure 4 .3- 1 .  

Samples were prepared by transferring 6. 860 (± 0.00 1 )  g WPI solution (0 .5  %) in 20 ml 

headspace vials (20-CV, Chromacol, Herts, UK). For samples with flavour addition before 

heat treatment, 1 40 �l of the flavour stock solution (50 ppm) was added to obtain a fmal 

flavour concentration of 1 .0 ppm. The vials were immediately sealed with silicone/PTFE 

septa (20-ST3) and magnetic t in crimp caps (20-MCB, Chromacol, Herts, UK),  and 
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equilibrated for 40 h at 5 qc . Subsequently the mixtures were heated for 0, 0 .5 ,  1 , 2, 5, 1 0, 20, 

40, 60, and 80 min in a temperature-controlled water bath at 80 (± 0 .5)  QC, and immediately 

cooled in ice water for 5 min. The sample vials were kept at room temperature for about 2 h 

before being analysed by automated headspace S PME and GC-FID (sect ions 4 .3 . 1 1  and 

4.3 . 1 2) .  

"FLAVOUR ADDED BEFORE HEAT TREATMENT" "FLAVOUR ADDED AFTER H EAT TREATMENT" 

WPI (0.5 %) hydrated 

40 h,  5 'C � <�=:J 

WPI-Flavour mixture 

Heat Treatment, 1 
then 5 min ice water 

WPI-Flavour mixture 

\ 

WPI (0.5 %) 

� h' 5 0C 

WPI (0.5 %) hyd rated 

I Heat Treatment, 

then 5 min ice water 

�IC::===�> 
WPI-Flavour mixture 

40 h,  5 °C 

SPME Analysis (20 °C) 

Figure 4.3- 1 : Flowchart showing the sample preparation to investigate binding of 
flavour compounds to WPI for both flavour addition before and after heat treatment. 

For samples with flavour added after heat treatment, the WPI solutions were flrst heated, and 

immediately after the samples were cooled down in ice water, 1 40 III o f  flavour stock solution 

was added. After equil ibration (40 h, 5 °C) they were analysed by headspace SPME and 

GC-FI O  (sections 4 .3 . 1 1 and 4 .3 . 1 2) .  

The effect of  heating temperature on WPII2-nonanone binding was also investigated by 

heating samples containing 6.860 (± 0.00 1 )  g WPI solution (0 .5 %) and 1 40 III 2-nonanone 

stock solution ( 1 0  mM) for 1 2  min at 40, 50, 55 , 60, 65, 70, 75, 80, 85,  and 90 °C. 
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Controls were prepared in the same way as the samples with flavour added before heat 

treatment by weighing 6 .860 (± 0 .00 1 )  g of phosphate buffer (0. 1 M, pH 7.2) in 20 rnl 

headspace vials and adding 1 40 III o f  flavour stock solution. Controls were not heat treated. I t  

was verified that there was no loss of flavour during heat treatment up to 80 min. 

All samples were manually agitated every 5 min during heat treatment. 

4.3.7 H ig h  P ress u re Treatment 

The sample preparation procedure is shown schematically in Figure 4 .3-2 .  

"FLAVOU R  ADDED BEFORE P RESSUR E  TREATMENT" "FLAVOUR ADDED AFTER PRESSURE TREATMENT" 

WPI (0.5 %) 

� h ' 5 0C 

WPI (0.5 %) hyd rated WPI (0.5 %) hydrated 

<�::::J 
250 or 600 M Pa, 30 min , 20 °C 40 h 5 'C � I Hig h Pressure Treatment 

�CI=====> WPI-Flavour mixture 

High Pressure Treatment I 250 or 600 MPa, 30 min,  20 °C 

WPI-Flavour mixture 

\ [--------., . SPME Analysis (20 °C) 

WPI-Flavour mixture 

40 h ,  5 °C 

Figure 4.3-2 : Flowchart showing the sample preparation to investigate binding of 
flavour compounds to WPI for both flavour addition before and after high pressure 
treatment. 

In the case of samples with flavour added before high pressure treatment, aliquots (5 . 1 94 ml) 

of the WPI solution (0 .5 %)lbuffer (controls) were transferred into polyallomer Quick-Seal 

centrifuge tubes ( 1 3  mm internal diameter, 5 1  mm high, Beckman I nstruments, Inc . ,  Palo 

Alto, CA, USA). Using a micro litre syringe ( Hamilton, Reno, NV, USA), 1 06 III of flavour 
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stock solution ( 50  ppm) was added, and the tubes were immediately heat sealed. These 

samples were equil ibrated for 40 h at 5 °C for complete equilibration of the free and protein­

bound flavour, and then transferred to the pressure chamber of the high pressure unit . For 

samples with flavour added after high pressure treatment, 5 . 3  rnl of WPI so lution were 

transferred into the centrifuge tubes, without the addition of flavour stock solution, and the 

tubes were heat sealed. 

High pressure unit 

The samples were treated in a high-pressure unit ( ' Food-Lab' food processor, model S-FL-

065-200-9-W, Stansted Fluid Power Ltd. ,  Stansted, Essex, UK) at pressures of 250 or 

600 MPa, for 30 rnin at 20 °C. An emulsion of 10 % vegetable oil in water with surfactant and 

preservative was used as a pressure-transmitting fluid in the 65 mm x 220 mm cylindrical 

high pressure chamber. 

The high pressure unit was equilibrated to the desired temperature by recirculating water 

through the water jacket assoc iated with the unit using temperature controlled water and 

pumping equipment. The pressure unit and all samples were equilibrated to the desired 

temperature for at least 1 h before pressurisation commenced. 

The temperature and pressure profiles are shown in Figure 4 .3 -3 . The temperature change 

during pressurisation/depressurisation cycles was monitored using the thermocouple 

associated with the unit and standard data logging equipment . The pressurisation and 

depressurisat ion rates were 3 . 5  MPa·sec-1 and 6 MPa·sec-
l
, respectively. The average adiabatic 

heating during pressurisation was �2 .0 °CI l 00 MPa, and the cooling rate during 

depressurisat ion was � 1 .0 °CI l OO MPa. 

a 300 30 b 700 35 
250 25 _ 

600 J'" 30 
IV , L llT-.rc1, U � 500 

I I 
� Q. 200 Jf' "l 20 e- '-L 25 

� u I!! ::lE Il Q) � 400 20 ..... 
::J ::J 

I!! 1 50 1 5  � -." ::J r--- iil 300 !--- 1 5  ..... 
(1) Q) Q) 2! 1 00 1 0  e- ll) Co Q) 200 10 E ..... 

Q. Q) Q. Q) 50 5 � � 1 00 5 
0 0 0 0 

-5 0 5 10 15 20 25 30 35 -5 0 5 1 0  15  20 25 30 35 
Time (minI Time (minI  

Figure 4.3-3 : Temporal profiles of temperature and pressure during high p ressure 
treatment at (a) 250 MPa, and (b) 600 MPa. 
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Preparation of samples for Iteadspace SPME 

After the high pressure treatment, samples with added flavour were quantitatively transferred 

from the centrifuge tubes into 20 ml headspace vials. The vials were immediately sealed with 

silicone/PTFE septa and magnetic tin crimp caps. For the samples with flavour added after 

high pressure treatment, 5 . 1 94 ml of the pressurised WPI solutions were transferred into 

20 ml headspace vials, 1 06 III of flavour stock solution was added, the sample vials were 

sealed, and the samples were equil ibrated for 40 h at 5 °C. Samples and controls were then 

analysed by headspace SPME-GC-FID (sections 4.3 . 1 1 and 4 .3 . 1 2) .  

4.3.8 Competition with Sod i u m  Dodecyl S u l phate (505) 

For the competit ion experiment, a molar ratio of 2 :  1 :2 for �-lg : flavour :SDS was used. Due to 

the low solubility of I -nonanal and trans-2-nonenal, these flavour compounds were used at a 

lower concentration than 2-nonanone, and quantities of �-lg and SDS were adjusted 

accordingly to obtain the 2 :  1 :2 ratio . 

Table 4.3-2 illustrates the preparation of samples and controls in 20 ml  headspace vials. 

Fo llowing the addition of SDS or flavour stock solution, samples were equilibrated for 40 h at 

5 DC before the second addit ion of  a ligand solution, and before the headspace SPME-GC-FID 

analysis (sections 4.3 . 1 1  and 4 .3 . 1 2). 

Table 4.3-2 : Sample preparation scheme for the SDS competition experiment. 

P-Lg solution Buffer Water SDS stock Flavour stock 

(ml) (ml) (JlI) (JlI) (JlI) 

Controls 

without SOS 6 .720 1 40 1 40 

with SOS 6 .720 1 40 1 40 

Samples 

without SOS 6 .720 1 40 1 40 

flavour added first 6 .720 1 40 a) 1 40 

SOS added first 6 .720 1 40 1 40 a) 

a) added after 40 h equi l ibration 
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4.3.9 Effect of pH 

Samples and contro ls were prepared in the fo llowing buffers (0. 1 M): Citrate-phosphate 

buffer (pH 4.0), and phosphate buffer (pH 7 .0  and 8 .0). They were heat treated as described in 

section 4.3 .6 ;  however, heat treatment was for 5 min only. 

4.3. 1 0  Identification of U n known Compound using SPME a n d  GC-Mass 

Spectro metry (GC-MS) 

The headspace above the sample solution ( 1 0  ml) was extracted for 30 min at 35  QC using a 

65 �m PDMS/DVB fibre (Supelco, Bellefonte, PA, USA). A GC 1 7  A gas chromatograph 

coupled with a QP 5000 mass spectrometer (Shimadzu, Kyoto, Japan) was used to identify the 

unknown peak. Desorption of the SPME fibre was for 2 min at 250 QC. The column used was 

an EC 1 000 column (30 m, ID 0.25 mm, 0.25 !lm film thickness) (Alltech, Deerfield, I L ,  

USA) . The carrier gas used was helium ( linear velocity 28 .8  cm-see-I ) .  The inject ion port 

(direct mode) temperature was 250 °C, and the detector temperature was 260 QC. The 

temperature program started at 3 5  QC, and the temperature was increased to 230 QC at 

5 QC/min, and held for 2 1  min. 

4.3 . 1 1 Automated Headspace SPME Method 

Headspace SPME sampling was performed using a CombiP AL autosampler unit (CTC 

Analytics AG, Zwingen, Switzerland). The SPME parameters are summarised in Table 4 .3 -3 .  

The parameters were optimised in  Chapter 3 using 2-nonanone, and because the three C9 

flavour compounds possess similar structures and hydrophobic ities, these parameters were 

also used for I -nonanal and trans-2-nonenal. 

Table 4.3-3 : Parameters of the automated headspace SPME method. 

Fibre 30 Ilm PDMS 

Equil ibration time le" 25 m in 

Temperature 30 QC 

Extraction time lex 5 min 

Agitation speed 250 rpm 

Agitation on time 5 sec 

Agitation off time 2 sec 
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4.3 . 1 2  Gas C hromatography 

A GC 20 1 0  gas chromatograph coupled with an FID detector (Shimadzu, Kyoto, Japan) was 

used to quantify the free flavour. The column used was a Supelcowax™ 1 0  fused silica 

capillary column (30 m, ID 0.32mm, 0 .50 /lm film thickness) (Supelco, Bellefonte, PA, 

USA). The carrier gas used was helium ( l inear velocity 40 cm-sec-I ) .  The injection port (direct 

mode) temperature was 250 DC, and the detector temperature was 260 DC. The oven 

temperature was isothermally held at 1 20 DC. Data acquisition was achieved using GC 

Solutions Software (Shirnadzu, Kyoto, Japan) . 

4.3.1 3  C i rcular Dichroism (CD) 

CD measurements were performed to follow the heat-induced denaturation of  WPI, and to 

reveal possible effects of flavour compounds on the native protein structure. 

Flavour stock solutions were added to the WPI solution as described in Table 4 .3 -4. 

Table 4.3-4: Sample preparation scheme for the CD experiment. 

WPI (0.25 %) 2-nonanone ( 1 0  mM)  propylene glycol t-2-nonenal (50 ppm) 

WPI (0.25 %) (m I) (�I) (�I) (�I) 

alone 1 5 .00 

+ propylene glycol 14 .85  1 50 

+ 2-nonanone 
14 .85  1 50 

( 1 4  ppm) 

+ 1-2-nonenal 
1 3 .72 280 

(1 ppm) 

To obtain near-ultraviolet (near-UV) CD spectra, the samples were scanned from 250 to 

400 nm in 1 0  mm quartz cells with a Jasco Model J-720 spectropolarimeter (Jasco, Hachioj i 

City, Tokyo, Japan). Sample buffer was used as the blank. The samples were scanned at 

50 nm'min-I , using a 2 sec time constant, a 0 .2 nm step resolution, a 1 nm band width, and a 

sensitivity o f  1 0  mdeg. Five scans were accumulated and averaged. 

To obtain far-UV spectra, the samples were diluted l O-fo ld with water, and scanned from 1 85 

to 250 nm using a 0 .5  mm cell. Ten scans were averaged. Water was used as the blank. 
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4.3. 1 4  Statistical Analys is 

All samples were prepared in triplicate, except for the samples with added ascorbic ac id and 

gaUic ac id, which were prepared in duplicate. The values of %-binding of the flavour 

compounds and WPI were subjected to a {-test or analysis of variance. Statistical significance 

was at P < 0.05 and if a significant effect was found a Tukey' s  post-hoc test was performed. 

SPSS 1 4.0  for Windows software (Chicago, IL) was used for stat ist ical evaluations. 

4.4 Results and Discussion 

4.4.1 Comparison of the Binding of 2-Nonanone, 1 -Nonanal ,  or trans-
2-Nonenal  to WPI 

The binding affmity of 2-nonanone, 1 -nonanal, and trans-2-nonenal to WPI (0. 5 %) was 

compared. A GC chromatogram of a mixture of the three flavour compounds is shown in 

Figure 4.4- 1 .  The two saturated compounds, 2-nonanone and 1 -nonanal, eluted at very similar 

retention t imes, 4 .76 and 4.84 min, respectively. The unsaturated aldehyde, trans-2-nonenal, 

eluted later at 8 . 1 7  min. 

30000 

25000 
Q) 
� 20000 
o 
Co :!l 1 5000 
a:: 
C 1 0000 
u: 

5000 

2-nonanone ____ 

......--
1 -nonanal 

tfans -2-nonenal 

\ 

2 3 4 5 6 7 8 9 1 0  

Time (min) 

Figure 4.4- 1 : GC chromatogram of 2-nonanone, I-nonanal, and trans-2-nonenal. 

Standard curves for each flavour compound exhibited excellent linearity over the 

concentration range of interest (F igure 4.4-2). The highest FID response was observed for 

1 -nonanal, fo llowed by 2-nonanone, and trans-2-nonenal showed the lowest FID response. 

These differences result from a combination of the vo lat i l ity or Khw values and the Kjh values 

of the flavour compounds. The higher the volati l ity (Khw), and thus headspace concentration, 

of a flavour compound, the higher the FID response. A higher affinity of a flavour compound 

for the fibre coating (Kjh) results in a higher FID signal. Kjh values for these compounds have 
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not yet been reported in the literature. An estimation of Kjh for 2-nonanone and PDMS was 

made in section 3 .4 . 1 .2 .  These observations indicate that 1 -nonanal has the highest affinity for 

PDMS, followed by 2-nonanone, with the lowest Kjh value for trans-2-nonenal. 

700000 • 1 ·nonanal • 2·nonanone • trans·2·nonenal 

600000 
cv 500000 Cl) 
.. 
« 400000 .lI: cv Cl) 300000 CL 
0 200000 u::: 

1 00000 

0 
0.0 0.2 0.4 0.6 0.8 1 .0 1 .2 

Flavour Concentration (ppm) 

Figure 4.4-2 : Standard curves of trans-2-nonenal, 1 -nonanal, and 2-nonanone 
(0.2-1 .0 ppm). 

The interactions of native WPI and the three flavour compounds were investigated to 

understand the effect of flavour compound structure on protein-flavour binding (Figure 

4.4-3). At the initial flavour concentration of  1 .0 ppm, the binding was highest for the 

unsaturated aldehyde, trans-2-nonenal, with 72 .3 (± 0.2) %, followed by the saturated 

aldehyde, 1 -nonanal, with 68 .3 (± 0 . 1 )  %, and the saturated methyl ketone, 2-nonanone, with 

39 .2  (± 0 .5)  %. 

80 a 
70 b 

60 

� 50 
Cl c 
c:: 
'6 40 
c:: 30 in 

20 

10 

0 
trans -2-nonenal 1 -nonanal 2-nonanone 

Figure 4.4-3 : B inding of C9 flavou r  compounds ( 1 .0 ppm) to WPI (0.5 %). Different 
letters indicate significant (P < 0.05) differences between samples (n = 3). 
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The presence of the keto group at the end of the C9 chain ( l -nonanal) resulted in a 

significantly higher extent of binding as compared to the keto group in the 2-position 

(2-nonanone) . This can be attributed to the higher hydrophobic ity of I -nonanal as compared 

to 2-nonanone (Table 4.3- 1 ) . In addit ion, the aldehyde may also react covalently, e .g . ,  with 

the £-amino group of  lys ine residues, and therefore show a higher amount of binding than the 

methyl ketone. For example, hexanal was found to interact with the lysine residues in milk 

proteins (Meynier et aI. , 2004) .  

The presence of a double bond further increased the binding affmity of flavour compounds for 

whey proteins, as seen in the higher binding of trans-2-nonenal compared to I -nonanal 

(Figure 4.4-3 ) .  Trans-2-nonenal is less hydrophobic than I -nonanal (Table 4 .3- 1 ), but is 

bound to a higher extent. This suggests possible interactions that are not only hydrophobic in 

nature, but also could invo lve the double bond ("Michael addition"). In agreement with this 

observation, the extent of irreversible binding on soy protein has been shown to be higher for 

alkenals than for alkanals using a high vacuum transfer method (Gremli, 1974) . Trans-2-

hexenal has been shown to exhibit covalent binding with milk proteins (Meynier et aI. , 2004) , 

and 2-octenal was bound irreversibly on BSA (Alaiz and Giron, 1994) . The authors 

suggested: a) a reaction of the alkenal double bond with lysine and histidine residues 

("Michael addition"), and b) a reaction of the alkenal aldehyde function with lysine residues 

(Schiff base format ion) (see Figure 2. 1 - 1 ,  page 4). Amino acid analysis indicated a reaction of 

alkenals predominantly with histidine residues, but also with lysine and cysteine residues 

(Bruenner et aI. , 1 995; Meynier et aI. , 2004) . Using MS, 4-hydroxy-2-nonenal was found to 

react with proteins via "Michael addit ion", whereas only trace amounts of Schiff base were 

formed (Bruenner et aI. , 1 995) . Trans-2-nonenal is therefore very likely to react with WPI to 

a high extent via "Michael addition". 

This hypothesis was conflfmed by performing an amino acid analysis of samples containing 

WPI (0.025 %), in the absence and presence of trans-2-nonenal (25 ppm) (Figure 4.4-4). 

H istidine, lysine, cysteine, methionine, and possibly serine reacted with trans-2-nonenal, 

whereas arginine was not mod ified by the unsaturated flavour compound. Because a number 

of amino acid residues other than lysine reacted with the flavour compound, the predominant 

reaction of  trans-2-nonenal and proteins appears to be an addit ion reaction, rather than a 

Schiff base formation which takes place with primary amines such as lysine. 
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[J WPI 0 WPI + trans-2-nonenal 

Asp Thr Ser Glu Pro Gly Ala Val lie Leu Tyr Phe His Lys Arg Cys Met 

Figure 4.4-4: Comparison of amino acids in WPI (0.025 %) in the absence and presence 
of trans-2-nonenal (25 ppm). 

In agreement with the findings in F igure 4.4-3, Sostmann and Guichard (1 998) ,  using affmity 

chromatography by means of immobilised �-lg, determined a higher binding constant for 

trans-2-nonenal (K = 4,433 M-I ) than for 2-nonanone (K = 3 ,629 M-I ) on �-lg. As the �-lg 

amino groups have reacted with the support material of  the HPLC co lumn, these binding 

constants arise from reversible interactions only and reflect the greater hydrophobicity of  

trans-2-nonenal. 

4.4.2 Effect of Heat Treatment on F lavou r  B i n d i n g  to WPI 

4.4.2.1  Effect of Heating Temperature on the Bind ing of 2-Nonanone to WPI 

The effect of heating temperature on interactions of WPI (0.5 %) and 2-nonanone (0 . 1 mM) is 

shown in Figure 4.4-5 .  The extent of 2-nonanone binding was not influenced by the addition 

of flavour before or after heat treatment. The binding of 2-nonanone decreased significantly 

(P < 0.05) when the samples were heated at 70 DC for 1 2  min. Considine et al. (2005a) ,  who 

determined the extent of �-lg denaturation after heat treatment ( 1 2  min) at different 

temperatures by PAGE, found the amount of native mono mer to decrease at temperatures 

above 60 QC with a simultaneous increase in the amount of dimers. The formation of non­

native dimers appears to reduce the binding affmity for 2-nonanone. Protein aggregation was 

visible (as higher turbidity) in the samples heated at 75 DC and higher. There was a further 

drop in binding at temperatures above 75 QC, which can be explained with the formation of  

larger �-lg aggregates, which are formed at temperatures above 72  QC (Considine e t  aI. , 

2005a) . I t  has to be noted that slightly different experimental condit ions (e.g. ,  protein 

concentration, ionic strength) were used by Considine et al. (2005a) as compared to this 

study. 
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Figure 4.4-5 : Binding of 2-nonanone (0. 1 mM) to WPI (0.5 %) upon heat treatment for 
12  min at temperatures between 30 and 90 °C (n = 3). 

It is also likely that denaturation of BSA, which has an initial denaturation temperature of 

64 QC (Kinsella and TYhitehead, 1989) ,  contributes to the decrease in 2-nonanone binding. 

Due to its low binding affmity for 2-nonanone, a-la would not notably contribute to 

2-nonanone binding in WPI .  

4.4.2.2 Effect of Heating Time on the Binding of F lavour Compounds to WPI 

4.4.2.2. 1  2-Nonanone 

Figure 4.4-6 shows the binding of 2-nonanone to WPI with increasing heating time at 80 °C. 

In the unheated sample, around 42 % of the 2-nonanone init ially present was bound to the 

whey proteins. The binding of  2-nonanone decreased significantly (P < 0.05) after 2 min of 

heat treatment. Longer heating t imes showed a continuous decrease in binding of 2-nonanone, 

and after 80 min the binding was only 26 %. As observed earlier in section 4.4.2 . 1 ,  t he extent 

of binding was not influenced by the addition of2-nonanone before or after heat treatment. 

50 o flavour added before heating 0 flavour added after heating 
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Figure 4.4-6:  B inding of 2-nonanone ( 1 .0 ppm) to WPI (0.5 %) with increasing heating 
time (80 °C) (n = 3). 
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Earlier (section 3 .4 .2 .5)  it was demonstrated that �-lg is the protein mainly responsible for 

flavour binding in WPI, and that it possesses one specific binding site for 2-nonanone at 

flavour compound concentrat ions up to 0 .8  mM (� 1 1 4 ppm) . The overall decrease in binding 

with heat treatment may be explained by the increase in the extent of aggregation of unfo lded 

�-lg molecules, making the flavour binding site inaccessible, and modifying the binding sites 

on other whey proteins, such as BSA, which was also found to contribute to 2-nonanone 

binding in solutions of WPI (section 3 .4 .2 .5) .  Another explanation for the decrease in 

2-nonanone binding with heat treatment may be that the exposure of previously buried 

hydrophobic residues leads to protein-flavour interactions being replaced by protein-protein 

interact ions, resulting in a release of 2-nonanone. 

A similar study by 0 'NeW and Kinsella (1 988),  using equilibrium dialysis, also reported a 

decrease in 2-nonanone binding on �-lg upon heat treatment. In  addition, these authors 

observed a high number of low-affinity binding sites on the denatured protein. The unfolding 

of �-lg obviously reveals previously buried hydrophobic binding sites which possess a lower 

affmity for 2-nonanone than the hydrophobic pocket . 

Other authors (Hansen and Booker, 1 996) suggested that the unfolding o f  �-lg upon heat 

denaturation resulted in an increase in the binding of hydrophobic flavour compounds. 

However, they used benzaldehyde, which may not only interact hydrophobically with proteins 

but also covalently via its aldehyde function. 

Using size-exclusion chromatography, Schokker et at. (1 999) followed the decrease in native 

�-lg monomers upon heat treatment at 78 . 5  QC for up to 60 min. Their results can be used to 

estimate the extent of denaturation during heat treatment in this study because the conditions 

used by Schokker et al. (1999) were similar ( 1 . 7 % protein concentration, pH 7 .0, 78 . 5  QC, 

low salt) .  After 5 min of heat treatment, approximately 55 % of �-lg was still nat ive. Heat 

treatment for 1 5  min resulted in less than 20 % native �-lg, and after 60 min, less than 1 0  % of 

the protein remained in  the native state. Heat treatment at 80 QC for 80 min  is therefore 

expected to result in no native whey protein left.  The amount of binding of 2-nonanone to the 

denatured WPI is still considerable with around 26 % (Figure 4.4-6), and indicates that large 

aggregates of unfo lded whey proteins are able to bind 2-nonanone. 

4.4.2.2.2 I-Nonanal 

The effect of heat denaturation on the binding of the corresponding aldehyde, I -nonanal, is 

presented in Figure 4.4-7. In the native protein solution, 67 % of the I -nonanal init ially 

present was bound by the proteins, which is considerably higher than the binding of  
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2-nonanone of 42 %. When I -nonanal was added after heat treatment of WPI at 80 °C, the 

extent of binding between the aldehyde and WPI did not change significantly over the whole 

range of heating times. However, when the flavour compound was added before the heat 

treatment, the extent of binding increased significantly (P < 0.05) after 20 min of  heat 

treatment, as compared to no heating, but remained constant at longer heating t imes. 
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o � 20 
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Figure 4.4-7: Binding of I -nonanal ( 1 .0 ppm) to WPI (0.5 %) with increasing heating 
time (80 °C) (n = 3). 

These observations suggest a different binding mechanism as compared to 2-nonanone. 

Possibly, different binding sites exist for 2-nonanone, which showed a decrease in binding 

with increased denaturation of whey proteins, and I -nonanal, which showed consistent 

binding. At neutral pH, aliphatic aldehydes, such as I -nonanal, can interact both 

hydrophobically and covalently with proteins (Mills and So/ms, 1 984) . Since the binding 

invo lving hydrophobic interactions appears to decrease upon heat denaturation, as shown for 

2-nonanone in Figure 4.4-6 and by 0 'Neill and Kinsella (1988) ,  it appears that covalent 

interactions via the aldehyde function may be increased due to denaturation, resulting in an 

overall unchanged binding of I -nonanal with increasing heating t ime. I -Nonanal can be 

bound on proteins both hydrophobically and via covalent react ions, and since hydrophobic 

interactions are decreased upon heat denaturation (as observed for 2-nonanone), covalent 

interactions must be increased. This is in agreement with the observations of Mills and Solms 

(1 984) who suggested that an increase in temperature seems to enhance the binding of 

"reactive" flavour compounds, such as  aliphatic aldehydes. The observed increase in binding 

after 20 min in the samples with I -nonanal added before the heat treatment may be explained 

with the covalent reaction between the aldehyde function and amino acid residues, such as 

£-amino groups, being favoured at the elevated temperature. 
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4.4.2. 2.3 Trans-2-nonenal 

The assumption that covalent interactions are facil itated on denatured proteins is supported by 

the results of the corresponding unsaturated aldehyde, trans-2-nonenal, for which a marked 

increase in binding upon heat treatment was observed (Figure 4.4-8). After only 1 min of  heat 

treatment, the binding of trans-2-nonenal to the whey proteins increased significantly 

(P < 0.05) .  After 5 min of heat treatment, the binding was c lo se to 1 00 %. This increase in 

trans-2-nonenal binding with denaturation of WPI may be due to covalent reactions of both 

the aldehyde function and the double bond with certain amino acid residues, such as  lysine, 

histidine, arginine, and cysteine, which may be more readily accessible in the unfolded, 

aggregated proteins. Bruenner et al. (1 995) found that 4-hydroxy-2-nonenal reacts with 

proteins predominantly via its double bond, whereas only trace amounts of Schiff base are 

formed. It is suggested that trans-2-nonenal also reacts with proteins primarily via its double 

bond. This is in agreement with results of the amino acid analysis, which revealed that amino 

acids other than lysine were modified by trans-2-nonenal (see Figure 4.4-4, page 1 1 6) .  
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Figure 4.4-8 : Binding of trans-2-nonenal ( 1 .0 ppm) to WPI (0.5 %) with increasing 
heating time (80 °C) (n = 3). 

The increase in binding after 1 and 2 min of heat treatment was significantly (P < 0 .05)  more 

pronounced when trans-2-nonenal was added befo re heat treatment as compared to after heat 

treatment. This may be explained by the covalent reaction of both the aldehyde function and 

double bond with amino acid residues being favoured at the e levated temperature. 

Interestingly, a volat ile by-product was formed in the samples with trans-2-nonenal added 

before heat treatment, eluting at tr = 2.82 min (F igure 4.4-9 a) . The additional peak was 

observed after l a  min o f  heat treatment at 80 QC. Using MS, this by-product was identified as 
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being heptanal (Figure 4.4-9 b) , with the typical peaks at mlz 1 1 4 (M\ 9 6  (M+-H20), 86 

(CSHI OO), 8 1  (M+-H20-CH3) ,  70 (CSH I O), 55 ,  and 44 (Liedtke and Djerassi, 1 969) .  After 

80 min of heat treatment, approximately 4 % of the bound trans-2-nonenal was converted into 

heptanal. 
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Figure 4.4-9 : (a) Chromatogram of volatiles after heating WPI (0.5 %) and trans-
2-nonenal ( 1 .0 ppm) at 80 cC for 1 0  and 80 min, respectively; (b) mass spectrum of the 
heptanal peak (mlz 20-1 20). 

Heptanal was not formed in samples with trans-2-nonenal added after heat treatment, 

indicating that heat is required for the formation of heptanal. The significantly more 

pronounced increase in binding when trans-2-nonenal was added before heat treatment as 

compared to after heat treatment (Figure 4.4-8) may therefore result from the conversion of 

trans-2-nonenal into heptanal. Heptanal was not present in samples heated in the presence of 

I -nonanal, showing that the double bond is necessary to form heptanal. Heptanal did also not 

exist in standards containing trans-2-nonenal only in buffer (Figure 4.4- 1 0), indicating that 

WPI needs to be present to produce heptanal. 
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Figure 4.4-1 0 :  Chromatogram of volatiles after heating trans-2-nonenal ( 1 .0 ppm) in 
phosphate buffer (0. 1 M, pH 7.2) at 80 cC for 80 min. 
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If the formation of heptanal involved an oxidation reaction, the addition of antioxidants 

should reduce or prevent the heptanal formation. For this reason, the effect of ascorbic acid, 

which possesses antioxidant properties (Yen et al. , 2002),  on heptanal formation was 

investigated. D ifferent levels of ascorbic acid were added to solutions of WPI (0 .5  %) 

containing trans-2-nonenal ( 1 .0 ppm) before they were heat-treated at 80 QC for 60 min 

(Figure 4.4- 1 1 a) . The formation of heptanal was reduced with increasing ascorbic acid 

concentrat ion, indicating an oxidative formation of heptanal. However, even with 0 . 1 % 

ascorbic acid added, the reduction in heptanal was around 60 % and not complete. 

Furthermore, slight browning in the samples with 0 . 1 % ascorbic acid was observed and may 

be caused by ascorbic acid degradation products such as furfural which may undergo 

polymerisation or react with amino acids in the proteins to form brown melanoid pigments 

(Yuan and Chen, 1998) . 

The levels of trans-2-nonenal did not change significantly with increasing ascorbic acid 

concentrat ion, indicating that the antioxidant does not prevent the degradation of trans-2-

nonenal. I f  the heptanal formation was reduced, the trans-2-nonenal peaks should increase 

accordingly. No other peaks of intermediate products were present in the chromatogram. 

However, there may be intermediates which are not volatile or have no affmity for the PDMS 

fibre. 

a 10000 a �b 0 0% 0 0.001 % 0 0.01% 0.1 % b 10000 a 0 0% [l 0.007% 0 0.07 % 

--r-J ,--
8000 8000 b 

"' "' � � Q) � c « 6000 « 6000 H-'" '" "' c "' Q) + Q) El. 4000 a a El. 4000 0 � l 1 0 u: 1 u:: a 
2000 2000 r-ro 0 0 

heptanal trans-2-nonenal heptanal tra ns-2-nonenal 

Figure 4.4-1 1 :  Effect of different levels of (a) ascorbic acid (0-0 . 1  %) and (b) gallic acid 
(0-0.07 %) on the FID peak areas of heptan al and trans-2-nonenal after the latter 
( 1 .0 ppm) was heated (60 min, 80 °C) in the presence of WPI (0.5 %) in phosphate buffer 
(26 mM, pH 7.2). For each individual flavour compound, different letters indicate 
significant (P < 0.05) differences between samples (n = 2). 

Ascorbic acid did not completely prevent the formation of heptanal, and browning occurred in 

some of the samples; for this reason, the effect of gaUic acid on heptanal formation was 

investigated (Figure 4.4- 1 1 b) . As for ascorbic acid, gall ic acid decreased the formation of 
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heptanal; however, only by about 40 %. Ascorbic acid showed a better effect on heptanal 

reduction than gal lic acid . The samples containing 0.07 and 0.007 % gallic ac id had a green 

colour, which turned into yellow-brown after heat treatment, indicat ing that like for ascorbic 

acid, s ide reactions may occur during heat treatment . 

A third approach was the use of nitrogen gas which was introduced into the headspace of the 

sample vials before the heat treatment to reduce the amount of oxygen in the system (Figure 

4.4- 1 2) .  However, the formation of heptanal was not prevented or reduced, suggesting that a 

reaction other than oxidation is taking place. 
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Figure 4.4- 12 :  Effect of nitrogen in the headspace of heated (80 °C, 60 min) samples, 
containing WPI (0.5 %) and trans-2-nonenal ( 1 .0 ppm), on the FID peak areas of 
heptanal and trans-2-nonenal (n = 3). 

S ince nitrogen, gallic ac id, and ascorbic acid did not prevent the formation of heptanal, a 

covalent, chemical reaction may take place. As the addition of I -nonanal to WPI solution did 

not form heptanal during heat treatment, a reaction of the double bond may be responsible for 

the formation of heptanal. However, reactions, such as the "Michael addition", form adducts 

with the proteins, and are not known to generate new compounds. 

Heptanal was formed in the presence of WPI ;  thus, it was necessary to determine if the 

heptanal formation was assoc iated with one of the individual milk proteins. For this reason, 

�-lg, BSA, and sodium caseinate were heated in the presence of trans-2-nonenal. 

When a so lution of �-lg (0.5 %) was heated for 60 min at 80 °C in the presence of trans-2-

nonenal ( 1 .0 ppm), heptanal was also formed (Figure 4.4- 1 3  a) . The binding of trans-2-

nonenal to native �-lg was found to be 76 % of the trans-2-nonenal init ially added, and the 

binding to heat-treated �-lg was 99 % which is similar to the binding found on WPI (74 and 
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99 %, respectively; Figure 4.4-8). The heptanal peak area is about as large as observed with 

WPI, but the integration in the case of P- Ig samples is difficult since many small peaks e lute 

c lose to the heptanal peak (Figure 4.4- 1 3  a) . 
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Figure 4.4-13 :  Chromatograms of vola tiles after trans-2-nonenal ( 1 .0 ppm) was heated at 
80 °C for 1 0  and 80 min, respectively, in the presence of (a) fl-lg (0.5 %), and (b) BSA 
(0.5 %). 

The same experiment was performed using BSA (Figure 4.4- 1 3  b), and as observed for P-Ig, a 

substantial amount of  heptanal was formed upon heat treatment .  At t,. = 5 . 1 min, another 

volatile compound eluted which appears to be formed during heat treatment. However, this 

peak was also observed when BSA was heated alone (chromatogram not shown), and must 

therefore be generated by BSA or impurit ies in the BSA powder. BSA heated alone did not 

result in a heptanal peak. 

Heptanal was formed in the presence of different whey proteins, and the question arises if 

heptanal is also formed in the presence of case ins. F igure 4.4- 1 4  shows the GC chromatogram 

of samples containing sodium caseinate (2.0 %) and trans-2-nonenal ( 1 .0 ppm) which were 

heated at 80 DC for 1 0  and 80 min, respectively. 
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Figure 4.4-14 :  Chromatogram of vola tiles after trans-2-nonenal ( 1 .0 ppm) was heated at 
80 °C for 10 and 80 min, respectively, in the presence of sodium caseinate (2.0 %). 
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As observed earlier for the whey proteins, heptanal was also formed in  the presence of sodium 

caseinate. However, the formation of heptanal was not as pronounced as in the presence of the 

whey proteins which may be due to the generally lower flavour binding capacity of caseins. 

These results confIrm the formation of heptanal upon heating trans-2-nonenal in the presence 

of both casein and whey protein. This aspect was not investigated further in this study. Future 

work should include finding the mechanism of heptanal formation. For example, N-terminally 

blocked amino acids may be used instead of complex proteins to fmd out which amino acid 

residues in the proteins are invo lved in the formation of he pt anal. 

4.4.2.3 Near-UV CD 

The CD technique was used to fo llow the heat denaturation of WPI ,  and to reveal possible 

effects of flavour compounds on the native protein structure. 

The near-UV CD spectra of native WPI in the absence and presence of propylene glycol (PG) 

( 1  %), 2-nonanone ( 1 4 ppm), and trans-2-nonenal C l  ppm) are presented in F igure 4.4- 1 5 . The 

spectrum showed two sharp troughs at 285 and 293 nm, which have been attributed to Trp 1 9  

in P-Ig (Manderson et al. , 1999) .  These two bands have been observed before in studies on 

P-Ig (Considine et al. , 2005a) ,  and the wavelengths and intensities of these troughs indicate 

that Trp 1 9  is in a chiral environment . Neither the presence of PG, nor the presence of 

2-nonanone had an influence on the protein tertiary structure as  the near-UV spectrum of WPI 

and 2-nonanone was similar to the spectrum of WPI without added 2-nonanone. In  the case of 

trans-2-nonenal, there were slight differences in the spectrum as compared to WPI alone, 

indicating a change in structure in the presence of trans-2-nonenal. 
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Figure 4.4-15 :  Near-UV CD spectra of WPI solutions between 250 and 350 nm in the 
absence and presence of p ropylene glycol (1 %), 2-nonanone ( 14  ppm), and 
trans-2-nonenal (1  ppm) at room temperature. 
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Figure 4.4- 1 6  shows the near-UV CD spectra of native and heat-treated (80 °C, 20 min) WPI 

solutions in the absence and presence of 2-nonanone ( 1 4 ppm). The typical loss of the 

characteristic troughs of �-lg at 285 and 293 nm upon heat denaturation was observed, 

showing that Trp 1 9  had moved to a less chiral environment, i .e . ,  that the tertiary structure of 

the protein c losely surrounding Trp 19 had been modified. Differences between the spectra 

with and without 2-nonanone present during heat treatment are only minimal (between 265 

and 285 nm) which means that 2-nonanone at 14 ppm does not influence the structure of the 

whey proteins during heat denaturation. This is in agreement with the fmding that the extent 

of 2-nonanone binding was not influenced by flavour addition before or after heat treatment 

(section 4.4.2.2 . 1 ) .  
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Figure 4.4-16:  Near-DV CD spectra of native and heat-treated (80 °C, 20 min) WPI 
solutions between 250 and 350 nm in the absence and presence of 2-nonanone ( 14  ppm). 

4.4.2.4 Far-UV CD 

Far-UV CD spectra are indicative of the secondary structure of a protein and arise from the 

peptide bond absorption bands and the inherent chirality of the po lypeptide chain (Manderson 

et al. , 1 999) .  The far-UV CD spectra of native WPI in the absence and presence of  

2-nonanone ( 1 4  ppm) and trans-2-nonenal ( 1  ppm) are presented in F igure 4.4- 1 7. Neither the 

presence of 2-nonanone, nor the presence of trans-2-nonenal had an influence on the protein 

secondary structure as shown by far-UV spectra similar to the spectrum of WPI without added 

flavour compounds. 
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Figure 4.4-1 7: Far-UV CD spectra of WPI solutions between 1 90 and 250 nm in the 
absence and presence of 2-nonanone ( 14  ppm) and trans-2-nonenal (1  ppm) at room 
temperature. 

The effect of heat treatment ofWPI so lutions in the presence or absence of2-nonanone on the 

far-UV CD spectra is presented in Figure 4.4- 1 8 . The characteristic trough around 2 1 5  run for 

the native WPI broadened and deepened with heat treatment, and the trough minimum shifted 

to lower wavelengths (207 run) . The spectra with and without added 2-nonanone are very 

similar, which means that 2-nonanone at 14 ppm does not alter heat- induced changes in the 

protein secondary structure. 
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Figure 4.4-1 8 :  Far-UV CD spectra of native and heat-treated (80 °C, 20 min) WPI 
solutions between 190 and 250 nm in the absence and presence of 2-nonanone ( 14  ppm). 

4.4.3 Effect of pH on Flavou r Binding to WPI 

Another factor which influences protein conformation, and thus potentially flavour binding to 

proteins, is  the pH of the medium. The binding of 2-nonanone, I -nonanal, and 

trans-2-nonenal to WPI at pH values of 4 .0, 7.2, and 8 .0 was determined. It was observed that 
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WPI partly precipitated in c itrate-phosphate buffer  (pH 4.0), which is common due to some 

denaturation of the whey proteins during the manufacturing process of WPI (Etzel, 2004) .  

I n  the unheated WP I  so lutions, the binding o f  2-nonanone increased significantly with 

increasing pH (F igure 4.4- 1 9  a). This trend has been observed earlier for �-lg and methyl 

ketones (Jouenne and Crouzet, 2000a) . The lower binding at pH 4.0 in comparison to pH 7.2 

can be explained with the hydrophobic pocket being c losed at pH 6. 1 ,  with the EF loop 

(residues 85-90) covering the entrance of the pocket, while it is opened at pH values of 7. 1 

and 8 . 1 (Qin et al. , 1998). However, at pH 4.0, 30 % of the 2-nonanone init ially present 

remained bound, suggesting that 2-nonanone is bound on one or more binding sites other than 

the hydrophobic pocket, such as the surface binding site described by Monaco et a!. (1987) 

and Liibke et a!. (2002) . In contrast, Mills and Solms (1 984) ,  using static headspace analysis, 

observed the binding of 2-nonanone and low-fat whey protein to be about twice as high at pH 

4.66 compared to pH 6.89, with no explanation given by the authors. They used sodium azide 

as a preservative which has been shown to influence flavour binding to proteins (O'Keefe et 

al. , 1 991 b,· Fares et al. , 1 998,· Reiners et al. , 2000) . 
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Figure 4.4-19 :  Effect of pH on the binding of (a) 2-nonanone, (b) I -nonanal, (c) trans-2-
nonenal at 1 .0  ppm to unheated or heat-treated (80 °C, 5 min) WPI (0.5 %). Different 
letters indicate significant (P < 0.05) differences between samples (n = 3). 
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A further increase in binding of 2-nonanone and WPI was observed when the pH was raised 

from 7.2 to 8 .0,  which could be due to the dissociation of B-lg dimers accompanied by 

conformational changes at pH 7 .5 ("Tanford transit ion"), characterised by the release of  a 

buried carboxyl group, better accessibility of the free sulphydryl group, and a change in 

environment of a tyrosine residue (Tanford et aI. , 1 959; Hambling et aI., 1992) . These 

conformational changes may reveal addit ional, previously inaccessible binding sites for 

2-nonanone. 

Upon heat treatment, there was no release of 2-nonanone from the whey proteins at pH 4.0, 

indicating that the surface binding sites may not be affected by heat denaturation. At pH 7.2 

and 8 .0, 2-nonanone is released upon denaturation, possibly due to protein aggregation, as 

observed earlier (section 4.4.2 .2 . 1 ) . The amount of binding after 5 min of heat treatment at 

80 QC appears to be very similar at the three pH values investigated. However, this is just a 

coincidence, e .g . ,  the binding at pH 7.2 was shown to decrease further with longer heating 

t imes (section 4.4.2.2 . 1 ) .  

The binding of I -nonanal and native WPI also increased with increasing pH and was 5 1  %, 

7 1  %, and 86 % at pH 4.0, 7 .2,  and 8 .0, respectively (Figure 4 .4- 1 9  b) .  Because aldehydes can 

react with, for example, lysine residues in proteins, higher pH values favour this covalent 

reaction due to less protonation of the amino groups and other basic amino acid residues. An 

increase in aldehyde binding with increasing pH was also observed by van Ruth and 

Villeneuve (2002) for the binding of B-Ig and hexanal, heptanal, and octanal, and by Mills and 

Solms (1 984) who observed less binding of heptanal to whey protein powder at pH 4.66 than 

at pH 6. 89. Weel et al. (2003) found a general increase in the retent ion of aldehydes by whey 

proteins with higher pH values. However, with increasing length of the aldehyde carbon 

chain, the increase in binding with pH was less pronounced. 

Upon heat treatment there was a slight increase in I -nonanal binding at both pH 7.2 and 8 .0, 

possibly resulting from the covalent reaction between the aldehyde function and basic amino 

acid residues, such as lysine or arginine, which may be better accessible in the unfo lded 

protein molecules, as discussed earlier. 

The b inding of trans-2-nonenal and native WPI was 52 %, 77 %, and 93 % at pH 4.0, 7.2, and 

8 .0, respectively (Figure 4.4- 1 9  c). As for I -nonanal, the increase in b inding of trans-

2-nonenal to WPI is very l ikely to result from less protonation of basic amino acids at high 

pH values, and therefore a higher extent of covalent reactions, and from increased 

hydrophobic interactions due to structural changes of B-Ig as discussed for 2-nonanone. Upon 
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heat treatment, the binding increased at both pH 7.2 and 8 .0, as observed for 1 -nonanal, and 

again there was no change in binding at pH 4.0. 

4.4.4 Effect of H ig h  Pres s u re Treatment on Flavo u r  Binding to WPI 

The effect of  high pressure treatment (2S0 or 600 MPa, 30  min) on the binding of  WPI and 

the three C9 flavour compounds, which were added e ither before or after high pressure 

treatment, was investigated. Pressures of 2S0 and 600 MPa were chosen for this study 

according to the three stage model proposed by Considine et al. (2005b) . In Stage I 

(0. 1 - l S0 MPa), the native structure of �-lg is stable; in Stage I I  (200-4S0 MPa), the native 

monomer is reversibly interchanging with non-native monomers and disulphide bonded 

dimers; and in Stage I I I  (> SOO MPa), higher molecular weight aggregates of B-Ig are formed. 

The samples treated at 600 MPa contained sediment of aggregated proteins, whereas the 

samples treated at 2S0 MPa remained c lear. H igh pressure treatment at 2S0 MPa considerably 

increased the binding of trans-2-nonenal to WPI (Figure 4.4-20), while the binding o f  

1 -nonanal and 2-nonanone was not affected at this pressure. Pressure treatment at 600 MPa 

significantly reduced the binding of 2-nonanone to WPI ,  further increased the binding o f  

trans-2-nonenal, but had no effect o n  the binding o f  I -nonanal. 
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Figure 4.4-20:  Effect of h igh p ressure treatment (250 and 600 MPa, 30 min) on the 
binding of 2-nonanone, I -nonanal, and trans-2-nonenal to WPI (0.5 %) at pH 7.2; (a) 
flavour added before high p ressure treatment, (b) flavour added after h igh pressu re 
treatment. For each individual flavour compound, different letters indicate significant 
(P < 0.05) differences between samples (n = 3). 

In general, high pressure treatment appears to have the same effect on the protein-flavour 

interact ions as heat treatment (sect ion 4.4.2.2); i .e. a decrease in 2-nonanone binding, 

unchanged binding of I -nonanal, and an increase in trans-2-nonenal binding. This was 

expected as both heat and high pressure treatment are known to denature whey proteins. In the 
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case of 2-nonanone, the reduction in binding is more pronounced upon heat treatment than 

upon high pressure treatment. This results from the heating conditions causing a higher extent 

of denaturation than the high pressure treatment, i.e., the reduction in P-lg monomer is 

approximately 60 % after P-lg has been heat-treated at 80 QC for only 1 2  min (Considine et 

al. , 2005a), while high pressure treatment at 250 or 600 MPa (30 min, pH 7.2, 20 QC) resulted 

in only 22 and 50 % reduction in P-Ig monomers (Considine et al. , 2005b) . Therefore, 

samples heat -treated at 80 QC for 1 0  min are fairly well comparable with samples pressure­

treated at 600 MPa. 

Under comparable experimental conditions, Yang et a!. (2003) found that high pressure 

treatment (600 MPa, 32  min, 50  QC) of P-Ig (27 J..lM in 0.0 1 M phosphate buffer, pH 7 .0) 

decreased the affmity of the flavour compound capsaicin, while the binding affinity of 

a- lOnone, p- ionone, cirmamaldehyde, and vani l l in remained unaffected by high pressure 

denaturation. S imilar results were obtained by Liu et a!. (2005b) , who observed either no 

effect or decreased binding of benzaldehyde and methyl ketones (2-heptanone, 2-octanone, 

2-nonanone) on high pressure treatment (600 MPa, 1 0  and 3 0  min, 50 QC) of whey protein 

concentrate (WPC), depending on the type and concentration of flavour compound, and on 

the duration of pressurisation. Both studies confirm that the structure of the flavour compound 

determines its binding affmity on proteins under high pressure. 

In more complex systems, such as foods, high pressure induced denaturation largely depends 

on the medium. For example, the denaturation of P-Ig upon high pressure treatment at 

600 MPa for 30 min (20 QC) was more pronounced in milk (95 ± 4 . 1 %) than in whey 

(60 .8  ± 2.8 %) (Hupperlz et al. , 2004b) .  The authors explained this finding due to the absence 

of casein micel les in whey, resulting in a lower number of molecules available for protein­

protein interaction. Therefore, the extent of flavour binding is also expected to depend on the 

medium. 

As observed for heat treatment, there was no significant difference in binding between the 

samples with flavour added before and after high pressure treatment. In contrast to the heat 

treated samples, there was no heptanal formation in the samples with trans-2-nonenal added 

before pressure treatment. To avoid the formation of new flavour compounds, high pressure 

treatment is therefore the preferred technique of food treatment and preservation as opposed 

to heat treatment. 
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4.4.5 Competition with SOS 

The preferential binding site of SOS on �-lg is bel ieved to be the hydrophobic pocket 

(Creamer, 1 995) . A competition study between flavour compounds and SOS may therefore 

give an indication to what extent the flavour compounds are bound in the hydrophobic cavity 

of �-lg. In addition, the competition study may also indicate the extent of reversible and 

irreversible binding. 

4.4.5 .1  2-Nonanone 

The competition of 2-nonanone and SOS for �-lg binding sites was invest igated using a molar 

ratio of 2 :  1 :2 (�- lg :2-nonanone:SOS). Figure 4 .4-2 1 shows the binding of 2-nonanone and 

�-lg in the absence and presence of SOS at both pH 4.0 and 7 .2 .  In samples at pH 4.0, the 

addition of SOS resulted in precipitation. B inding of 2-nonanone (0. 1 mM) to �-lg (0.2 mM) 

was 24 % and 36  % at pH 4.0 and 7.2, respectively. The lower binding at pH 4.0 has been 

discussed in section 3 .9 .3 .  Upon addition of SOS, the binding of 2-nonanone decreased 

markedly at both pH values. In the presence of SOS, the binding of 2-nonanone to �-lg was 

higher at pH 4.0 as compared to pH 7.2, whereas in the absence of SOS, the binding was 

significantly higher at pH 7.2.  At pH 4.0, the binding of both 2-nonanone and SOS must be on 

the surface of �-lg because the hydrophobic pocket is  c losed by the EF  loop at low pH (Qin et 

aI. , 1 998) . Also more surface binding sites for the flavour compound may be present at pH 4.0 

as compared to pH 7.2.  This is in agreement with the fmdings by Shimizu et al. (1985) who 

reported an increase in surface hydrophobicity of �- lg with decreasing pH. 
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Figure 4.4-21 :  B inding of 2-nonanone (0. 1 mM) to p-Ig (0.2 mM) in the absence of SDS, 
and with SDS (0.2 mM) added before and after 2-nonanone, at both pH 4.0 and pH 7.2 
(n = 3). 
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At pH 7.2,  2-nonanone was almost completely released from P-Ig after SDS was added. The 

residual b inding of 2-nonanone in the presence of SDS results from the reasonably high 

binding affinity of 2-nonanone with P-Ig (K = 2,700 M-I ) ,  as determined in section 3 .4 .2 . 1 .  

Ray and Chatterjee (1967) reported three high-affinity binding sites for SDS per P-Ig dimer 

(pH 7 .5)  with binding constants of Kt = 3 .6  x 1 05 M-I , and a large number of secondary 

binding sites (;:::; 28) with K2 = 7 x 1 03 M-I _ The binding of  2-nonanone in the presence of SDS 
was approximately 1 2  t imes lower than in the absence of SDS (F igure 4.4-2 1 )  which can be 

related to the primary binding constant of SDS being approximately 1 3  t imes higher than that 

of 2-nonanone. 

The displacement of 2-nonanone by SDS suggests that 2-nonanone may be bound in the 

hydrophobic pocket at pH 7.2 because the preferential binding site for SDS on P-Ig is bel ieved 

to be the hydrophobic pocket (Creamer, 1995) . The residual binding of 2-nonanone in the 

presence of SDS is believed to take place on the surface of P-Ig. However, it is very likely that 

SDS displaced 2-nonanone to some extent from the surface binding sites, which is in 

agreement with the data obtained at pH 4.0 (Figure 4.4-2 1 ) .  

The order o f  SDS addition, e .g . ,  SDS added after or before 2-nonanone, had no significant 

effect on the 2-nonanone binding. This was expected because the binding is completely 

reversible and equilibrium should be reached. 

4.4.5.2 1 -Nonanal and trans-2-Nonenal 

An SDS displacement experiment using I -nonanal and trans-2-nonenal can indicate the 

extent of irreversible binding of these flavour compounds on proteins. Figure 4.4-22 shows 

the binding of the aldehyde flavours to P-Ig in the absence and presence of SDS. There was no 

significant decrease in I -nonanal binding after SDS addition, indicating that I -nonanal may 

be bound largely irreversibly to P-Ig, or that SDS binds at different sites than I -nonanal. 

Because SDS is believed to be preferentially bound in the hydrophobic pocket of P-Ig 

(Creamer, 1 995) ,  the preferential b inding site for I -nonanal appears not to be the hydrophobic 

pocket. As 2-nonanone was displaced by SDS, I -nonanal must be bound via a different 

binding mechanism or on different binding sites than 2-nonanone. 
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Figure 4.4-22 : Displacement of aldehyde flavours (0.007 mM) on P-lg (0.014 mM) by 
SDS (0.014 mM) at pH 7.2. For each individual flavour compound, different letters 
indicate significant differences (P < 0.05) between samples (n = 3). 

Interestingly, almost 50 % of the trans-2-nonenal init ially bound to �-lg was replaced by SDS, 
indicating a higher extent of reversible binding compared to I -nonanal, although I -nonanal is 

more hydrophobic than trans-2-nonenal.  The unsaturated flavour compound may be bound on 

two different binding sites of which one is hydrophobic interaction and thus replaced by SDS, 
and the other is irreversible binding and may even be identical to the sites that bind I -nonanal 

because the residual binding after SDS addition was fairly similar for the two aldehydes. 

These results indicate that in addit ion to covalent binding there is some contribution from 

non-covalent binding of trans-2-nonenal on �-lactoglobulin. 

4. 5 Conclusions 

This study further elucidated the effects of flavour compound structure, pH, and heat and high 

pressure treatment on the interactions of whey proteins and flavour compounds. The binding 

between native WPI and the three flavour compounds investigated was strong and decreased 

in the order trans-2-nonenal > I -nonanal > 2-nonanone. The differences in binding can be 

explained with hydrophobic interactions only in the case o f  2-nonanone, whereas the 

aldehydes, in particular trans-2-nonenal, can also interact covalently. 

Heat and high pressure treatment affected protein-flavour interactions depending on the 

structure of the flavour compound. Upon both heat- and pressure-induced denaturation, the 

binding of 2-nonanone and WPI decreased, while the binding of I -nonanal remained 

unchanged, and the affmity for trans-2-nonenal increased rap idly. From these observations it 

can be concluded that the three flavour compounds investigated are bound on proteins on 

different binding sites and/or by different binding mechanisms. This was also confirmed by 
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the SDS disp lacement study: 2-nonanone was almost completely replaced by SDS, I -nonanal 

was not replaced, and trans-2-nonenal was partly replaced by SDS. 

The results also suggest that heat- or pressure-induced denaturation reduce hydrophobic 

interactions of whey proteins with flavour compounds due to conformational changes in the 

flavour binding sites, whereas covalent interactions are enhanced. The decrease in binding of 

2-nonanone to WPI upon denaturation can be explained with the destruction of the 

hydrophobic pocket of B-Ig, and with protein-flavour interactions being replaced by protein­

protein interactions. The increase in binding of trans-2-nonenal may result from mainly 

covalent binding to amino acid residues, such as lysine, hist idine, arginine, or cysteine, which 

may be better accessible in the unfo lded, aggregated protein molecules. The unchanged 

binding of  I -nonanal to WPI with heat or high pressure treatment is l ikely to result from a 

combination of both a decrease in binding due to the destruction of the hydrophobic pocket, 

and an increase in binding caused by better accessibil ity of amino ac id residues for covalent 

interactions, resulting in an overall unchanged binding. 

The observed effects of heat and high pressure treatment on protein-flavour interactions 

depend on the medium, e .g . ,  the type and molarity of the buffer system are known to 

influence high pressure induced aggregation of B-lg (Funtenberger et aI. , 1995) . However, the 

trends in protein-flavour binding, e.g. ,  an increase in binding of trans-2-nonenal, and a 

decrease in binding of 2-nonanone, are very l ikely to not only occur in simple model systems 

as used in this study, but also in protein containing foods despite their complexity. 

None of the three flavour compounds investigated showed a stabilising effect on the native 

structure of the whey proteins against denaturation; however, they may stabilize the native 

conformation at higher flavour compound concentrations. 

The formation of heptanal upon heating trans-2-nonenal in the presence of milk proteins 

demonstrated that new flavour compounds may be formed during heat treatment under certain 

conditions, e.g., in the presence of an unsaturated flavour compound. However, the 

mechanism of heptanal formation is st ill unclear and requires further investigation. Heptanal 

was not formed upon high pressure treatment. 

Heat and high pressure treatment may therefore notably influence the overall flavour profile 

of protein containing foods. Since the protein concentration used in this study was fairly low, 

the observed effects are expected to be even more pronounced in real food systems. The 

impact of denaturation on  protein-flavour interactions is of practical significance in food 
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formulations, especially in foods that require pasteurisation or UHT treatment, e .g . ,  flavoured 

yoghurt or dairy beverages. 

The pH of the medium was found to have a significant effect on the extent of protein-flavour 

interactions. For all three flavour compounds investigated, the binding affmity to WPI 

increased with increasing pH from 4 .0 ,  to 7 .2 and 8 .0 .  This observation results from different 

pH dependent conformational changes of whey proteins, e.g. ,  the c losure of the hydrophobic 

pocket of �-lg at low pH. In addit ion, the protonation of basic amino acid residues, which are 

very l ikely to react covalently with aldehyde flavours, changes with pH. Therefore, covalent 

interactions between proteins and flavour compounds are favoured at higher pH values. 

The significant influences of heat, high pressure, and pH on protein-flavour interactions 

observed in this study emphasize a careful cho ice of food processing conditions to obtain a 

desirable flavour profile. Any changes made in the processing of a food product are very 

likely to change the flavour profile, and possibly the flavour perception and consumer 

acceptance of a food product. 
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CHAPTER FIVE : I N -MOUTH FLAVOUR RELEAS E 

FROM PROTE I N  CONTAI N I N G  SYSTEMS 

s. 1 Abstract 

A method using proton-transfer-reaction mass spectrometry (PTR-MS) was developed to 

measure the retronasal flavour (2-nonanone) release from aqueous solutions of whey protein 

iso late (WPI) and sodium caseinate in vivo. The influence of the thickener, sodium 

carboxymethy lcel lulose (CMC), on the 2-nonanone release was also investigated. 

The type of protein influenced both static in vitro and dynamic in vivo 2-nonanone 

concentrations significant ly. WPI showed a higher retention than sodium caseinate under both 

slalic amI dynamic condit ions. 

During the consumption of protein-flavour solutions, a significant release of 2-nonanone from 

WPI was observed, whereas there was no significant release of the flavour from sodium 

caseinate. Even after swallowing of the samples, a substantial amount of flavour was detected 

in the breath, suggesting that the milk proteins interact with the mucosa in the mouth and 

throat, resulting in a further release of flavour from mucosa-bound proteins. 

In the presence of CMC, a significant release of 2-nonanone from not only WPI but also 

sodium caseinate was observed. The increase in viscosity did not appear to slow down flavour 

release; in fact, it enhanced the release of 2-nonanone from the milk proteins. This may be 

due to a thicker coating of the mucosa with the sample so lution after swallowing of the 

sample due to the higher viscos ity, resulting in a higher amount of sample remaining in the 

mouth and throat for further release of protein-bound flavour. 

S. 2 Introduction 

In Chapters 3 and 4, the binding of flavour compounds to proteins was investigated. The 

question arises what impact these interactions have on flavour release and flavour perception. 

If reversibly bound flavours, such as 2-nonanone, are not or only to a small extent, released 

from proteins during consumption, the perceived flavour would be significantly reduced. For 

this reason the in-mouth release of 2-nonanone from milk proteins in  aqueous solutions was 

investigated in this final chapter. 

There is little information on flavour release from protein containing systems in the literature. 

It has been shown that milk proteins reduce the in-mouth release of flavour compounds 
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(Denker et  aI. , 2006) .  However, only two studies (Le Guen and Vreeker, 2003; Weel et aI. , 

2003) investigated if, and to what extent, different flavour compounds are released from the 

proteins during consumption. Aliphatic aldehydes were found to be part ial ly released from 

WPI in-mouth (Weel et al. , 2003) . Le Guen and Vreeker (2003) reported that methyl ketones 

were completely released from milk protein concentrate (MPC) during consumption, whereas 

alkenals, which are bound irreversibly by proteins, were not released. Unfortunately, the 

above studies used different sample consumption protocols, making a comparison of results 

difficult. 

A number of studies investigated the effect of viscosity or gel hardness on flavour release and 

perception. Generally, an increase in viscosity or gel hardness decreased the flavour 

perception (Jaime et al. , 1993; Guinard and Marty, 1 995; Carr et al. , 1 996; Wilson and 

Brown, 1997; Hollowood et al. , 2002) ; however, the actual flavour concentrations in the 

breath, as determined by in vivo nose-space measurements, were not reduced with increasing 

viscosity of the sample matrix (Baek et al. , 1 999; Hollowood et al. , 2002; Wee I et al. , 2002) .  

Thus, the aim of this study was to investigate the release of the reversibly bound flavour 

compound, 2-nonanone, from WPI and sodium caseinate in vivo using PTR-MS, a technique 

that can be used to quantify volatile flavour compounds in the breath of people in real-time 

during the consumption of food. 2 -Nonanone is bound completely reversibly to proteins 

(Mills and Solms, 1984), and thus may be released from proteins in-mouth. In additon, CMC 

was added to understand the effect of viscosity on the flavour release in vivo. To date, systems 

containing both protein and thickener have not been investigated in terms of flavour release. 

5. 3 Materials and Methods 

5.3.1 Materials 

WPI (Alacen 895) and sodium caseinate (Alanate 1 80) were obtained from Fonterra Co­

operative Group (New Zealand). WPI consisted of 93 .3  % protein (w/w), 0 .59 % fat, 5 . 3  % 

moisture, and l .9 % ash, and sodium caseinate was composed o f 9 l . 5 % (w/w) protein, 0.6 % 

fat, 4.7 % moisture, and 3 .6  % ash. a-Lactalbumin (a- la), �- lactoglobulin AB (�- lg), and 

bovine serum albumin (BSA) were purchased from Sigma (St. Louis, MO, USA). 

2-Nonanone was obtained from Aldrich Chemical Co. (Milwaukee, WT, USA), and was of 

> 99 % purity. The thickener CMC (Walocel C RT 30000 PA) was obtained from Wolff 

Walsrode AG ( Walsrode, Germany). Its degree of substitution was 0.82-0 .95 ,  and the 

viscosity ( 1  % solution) was 3 000-4000 rnPas. 
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5.3.2 In Vitro Flavo u r  Release 

Samples of 2-nonanone and �-lg, a-la, BSA, WPI,  and sodium caseinate were prepared 

according to Table 5 . 3- 1 to obtain approximately 40 % of binding. Of a 1 0  mM 2-nonanone 

stock solution (see section 3 . 3 . 1 )  1 00 III was added to each protein solution to obtain a [mal 

2-nonanone concentration of 0 . 1 mM. Samples (without lids) were left in a 30 QC room for 

different times (t = 0, 20, 60, 1 20, and 1 80 min) . Sub-samples ( 1 .0 mJ) were taken and 

analysed by SPME-GC-FID (see sections 4.3 . 1 1 and 4.3 . 1 2) .  

Table 5.3- 1 :  Preparation of protein solutions for the in vitro flavour release experiment. 

Protein g / 1 0 rnl water 

a-La 0.0950 

P-Lg 0.0555 

BSA 0.0340 

WPI 0.0666 

Sodium caseinate 0 .2860 

5.3.3 Determination of Flavo u r  B i n d i n g  by S P ME-GC-FID 

Headspace SPME was used to determine the extent of binding of 2-nonanone ( 1  ppm) and 

WPI and sodium caseinate (2 %), with and without the addition of CMC (0.5 %), under static 

condit ions. Samples were prepared by weighing 6.860 (± 0 .00 1 )  g sample so lution in a 20 ml  

headspace vial (20 CV, Chromacol, Herts, UK), and adding 1 40 III of  flavour stock solution. 

Standards for quantification of the free flavour were prepared in water. The vials were 

immediately sealed with blue si licone/PTFE septa (20-SI3) and magnetic t in crimp caps (20-

MCB, Chromacol, Herts, UK), and equil ibrated for 40 h at 5 QC. Ihe samples were brought to 

room temperature before analysis by automated headspace SPME. 

5.3.3.1  SPME 

The details of the automated headspace SPME method are described in  sect ion 4 .3 . 1 l . 

5.3.3.2 Gas Chromatography 

The details of the GC method are described in section 4.3 . 1 2 . 
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5.3.4 In Vivo F lavo u r  Release by PTR-MS 

5.3.4.1 Preparation of Solutions 

A flavour stock solution (50 ppm) was prepared in water by dissolving 60.9 III 2-nonanone in 

1 ,000 rnl water. WPI and sodium caseinate were disso lved in water by gent le stirring for 2 h 

at ambient temperature to obtain concentrations of 2 .0  % (w/v). To prepare viscous samples, 

CMC was dissolved in the protein so lutions at a concentration of 0 .5  % (w/v). Viscous and 

non-viscous protein so lutions were stored at 5 QC overnight for complete hydration before the 

addition of flavour stock solution. I n  1 2  ml g lass vials with screw caps and teflon lids 

(Kimble, V ineland, NJ, USA), 9.8 g sample solution (WPI or sodium caseinate, with and 

without CMC) and 200 III 2-nonanone stock solution were combined to obtain a [mal flavour 

concentration of 1 ppm. Higher 2-nonanone concentrations were not required because of the 

high sensitivity of the PTR-MS system. After the flavour was added, the samples were 

equil ibrated for 40 h at 5 QC, and returned to room temperature before the PTR-MS 

assessment . 

Control samples were prepared in the same way, containing the flavour compound at the 

concentrations given in Table 5 .3 -2;  however, no WPI or sodium caseinate was added. Two 

controls were prepared. "Control 1 "  represented no release and had 2-nonanone in water at a 

concentrat ion equal to the free flavour concentration in the protein containing sample, as 

determined by SPME-GC-FID in section 5 . 3 . 3 .  The second control corresponded to 1 00 % 

release ("control 2"), and thus contained 1 ppm of 2-nonanone in water. An example of the 

composition of the controls is il lustrated in Figure 5 . 3- 1 .  

Table 5.3-2 : Added volumes of 2-nonanone stock solution (50 ppm), and total and free 
2-nonanone concentrations in the protein containing samples and in the controls. 

Sample I c l tatal (ppm) I c l free (ppm) 

WPI 

WPI containing sample 200 1 .00 0 .34 

Control 1 68 0 .34  0 .34 

Control 2 200 1 .00 1 .00 

Sodium caseinate 

Na-caseinate containing sample 200 1 .00 0 .72 

Control 1 1 44 0 .72 0 .72 

Control 2 200 1 .00 1 .00 
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Figure 5.3-1 : Example for concentrations of 2-nonanone in controls 1 and 2 .  

5.3.4.2 Sample Consumption Protocol 

1 4 1  

Three panell ists (two females and one male) assessed all samples in five replicates. Each 

panellist tested 1 0  samples per day over five days. 

The panellists breathed into a U-shaped glass nose p iece inserted into their nostrils (see F igure 

2 .5 - 1 ,  page 3 7), from which continuously air was sampled directly into the PTR-MS source. 

They were asked to inhale through their mouth, and exhale through their nose. The sampling 

protocol started with breathing naturally for 1 5  sec, fo llowed by taking 1 0  ml of sample in the 

mouth through a drinking straw. Five c ircles of inhalation-exhalation followed, while during 

each exhalation the sample was swirled around in the mouth. Then the entire sample was 

swallowed, fo llowed by an exhalation. The panel lists continued to breathe in and out until a 

total recording t ime of 1 20 sec was reached. After each measurement the mouth was rinsed 

with water twice. 

5.3.4.3 Measurement of Flavour Release by PTR-MS 

Flavour concentrations in the breath of the panellists were monitored by on-line sampling part 

of the exhaled air by the PTR-MS ( Ionicon Analytik GmbH, I nnsbruck, Austria). During 

breathing, the air was drawn into the PTR-MS at a flow rate of 300 ml' min- 1 through a 

transfer line that was heated (80 QC) to prevent condensation. The drift voltage was 600 V. 

Other settings are summarized in Table 5 . 3 -3 .  

2-Nonanone was analysed in selected ion mode at an mlz value o f  143 .  I n  addition, the ion 

mlz 2 1  was observed to monitor the performance of the instrument, and to calculate the 

2-nonanone concentrations in the breath (section 5 .3 .4.4). Acetone (mlz 59) was also 
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measured as a breath indicator as it is present naturally in the breath. The dwell time for each 

volatile compound was 0. 1 sec. The software used was "PTR-MS Control" ( Ionicon Analytik 

GmbH, I nnsbruck, Austria). 

Table 5.3-3: PTR-MS operating conditions. 

Parameter Setting 

Reaction chamber pressure 2.2 mbar 

Detection chamber pressure 2 .5  . l O's mbar 

Reaction chamber temperature 

Water vapour flow 6.0 sccm 

Ion source current 7 .5  mA 

Detector voltage 2700 V 

5.3.4.4 Calculation of the F lavour Concentration in the Breath 

PTR-MS systems do not have to be calibrated with gas standards prior to each measurement 

sequence as well known parameters in the reaction chamber allow the quantification of  

analytes. 

To calculate the flavour concentration ( in ppbV) from the count rate (in counts per second, 

cps), the following equation was used (Lindinger et al. , 1 998) :  

[R] = � .  [R + ] . K . Tdnfi 
ppb V 

k [H 0+ ] 8 
(5- 1 )  

where: 

k 

trea 

. t rea 3 P drift 

factor used to convert to ppbV 

reaction rate constant, which differs slightly between compounds but values 

for compounds of interest to food aroma are very c lose to 2 ' 1 09 cm3sec· 1 

reaction t ime in the drift tube, which is typically around 1 05 . 1 0.6 sec 

cps measured for the compound of interest; has to be corrected for 

transmission 
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K8 

Pdrijt 

cps measured for mlz 2 1 ,  mult iplied by 500 to obtain cps for mlz 1 9  

Boltzmann constant ( 1 .3 8  . 1 0-
23 m

2
·kg· sec·

2
X-' ) 

temperature in the drift tube (K), e.g. , 80 QC = 353 . 1 5  K 

pressure in the drift tube (2.28 mbar) 

1 43 

The concentration of flavour in ppbV is proportional to the ratio between cps of the flavour 

compound of interest [R+] and cps of the primary ion [H30+], and inversely proportional to 

the reaction rate constant k and the reaction time {rea. 

I t  is better to measure mlz 2 1  and then convert into mlz 1 9  for the life of the secondary 

electron mult iplier (SEM), and to avoid underestimation of [H30+] due to saturation of  the 

SEM. The ratio between [H/60+] (mlz 1 9) and [H/80+] (mlz 2 1 )  is c lose to 500, therefore, 

the value in cps of mlz 2 l  must be mult ipl ied by 500. Instrumental transmission coefficients 

also need to be taken into account. The transmission corrections for the masses 2 1  and 143 are 

0 .48627 and 0 .39625, respectively. 

5.3.4.5 Data Analysis of the PTR-MS Release Profiles 

From the PTR-MS release profiles, the maximum 2-nonanone concentration reached (Imax) , 

the time taken to reach the maximum concentration (tmax), and the area under the release curve 

(A UC) were determined (Figure 5 . 3 -2) .  The values for A UC were calculated using the 

baseline function in the graphic programme Origin 7.5 (OriginLab Corp . ,  Northampton, MA, 

USA), and they were used as a measure of the amount of 2-nonanone released. 

Imax ....!.!. 
1 4  

> 1 2  
.c 1 0  CL 
CL 
Cl) 8 
c 6 0 
c ca 4 c 
0 
c 2 
N 

0 
0 / tmax 20 40 60 

Time (sec) 
80 1 00 1 20 

Figure 5.3-2 : Parameters (Imax, tmax, A UC) for the analysis of the PTR-MS release 
p rofiles. 
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5.3 .5 Statistica l Analysis 

The parameters of the flavour release profiles were subjected to univariate analysis of 

variance (ANOV A). Statistical significance was at P < 0.05 and if a significant effect was 

found a Tukey's post-hoc test was performed. SPSS 1 4.0 for Windows software (Chicago, IL) 

was used for statistical evaluations. 

5.4 Results and Discussion 

5.4.1 In Vitro Release of 2-Nonanone from M i l k  P roteins by SPME-GC­

FID 

The in vitro release experiments were performed to get an indication if a protein-flavour 

system with a low binding constant K (i.e. sodium caseinate and 2-nonanone), as determined 

in Chapter 3, shows a higher release of flavour from the protein under dynamic conditions as 

compared to a protein-flavour system with a higher K (i.e. WPI and 2-nonanone). When the 

release of 2-nonanone from the individual whey proteins was compared (Figure 5 .4- l a), it 

appeared that the release rate was inversely related to K, e.g., the release was slowest for BSA 

(K = 5,649 M-I ),  and fastest for a-la (K = 860 M-I ), with �-lg lying in between (K = 2,74 1 

M- I ) .  However, the differences in release between the three proteins were relatively small .  

The initial release (0-60 min) was fastest for B SA, which may be because of its lower 

concentration in the solution, resulting in a faster mass transfer to the sample surface. WPI 

and sodium caseinate showed a similar release (Figure 5 .4- 1 b) although the binding of 

2-nonanone to WPI (K = 2,800 M-I ) was found to be stronger than to sodium caseinate (K = 

3 70 M-I ) .  

� 
1 .0 

a·la - P-Ig - BSA a � 1 .0 WPI - Sodium caseinate b 
CII CII � 0.8 .!!! 

0.8 la iii E E 0 0.6 0 0.6 .:. .:. 
la la 
I!! 0.4 I!! 0.4 01( 01( ----... ... 
la la CII 0.2 CII 0.2 0.. 0.. 
0 0 
u: 0.0 u: 0.0 

0 20 40 60 80 1 00 1 20 1 40 160 1 80 0 20 40 60 80 1 00 1 20 140 1 60 1 80 
Time (min) Time (min) 

Figure 5.4-1 : Release of 2-nonanone from (a) individual whey p roteins, and (b) WPI and 
sodium caseinate at 30 °C, FID peak areas normalised. 
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5.4.2 In Vivo Release of 2-Nonanone from Milk Proteins by PTR-MS 

The release of 2-nonanone ( 1  ppm) from aqueous solutions of WPI and sodium caseinate, in 

the presence and absence of 0.5 % CMC, was investigated using the PTR-MS technique. 

However, before the actual release experiments, the binding of 2-nonanone to the proteins and 

CMC, and their combinations was determined using SPME-GC-FID. 

5.4.2.1  Bind ing of 2-Nonanone in Solutions of WPI, Sodium Caseinate, and C MC 

Generally, the more flavour is bound to a protein initially, the easier a release of flavour could 

be detected. Therefore, the binding of 2-nonanone ( 1  ppm) to WPI and sodium caseinate at 

higher concentrations than in Chapters 3 and 4 was determined (Figure 5 .4-2). As expected, 

the higher the protein concentration, the higher the extent of binding of 2-nonanone. F lavour 

concentrations of 5 ppm and 1 0  ppm were also investigated since they were thought to be 

required for the in vivo study because of the low concentrations of flavour in the breath and 

possible sensitivity issues. The higher the flavour concentration, the lower was the extent of 

flavour binding, which is due to the greater saturation of binding sites at high flavour 

concentrations. The final optimum protein and 2-nonanone concentrations for the in vivo 

study were determined during the in vivo study (section 5 .4 .2 .4) .  

70 
0 1 ppm 0 5 ppm 0 1 0  ppm a 70 

0 1 ppm 05 ppm 0 10 ppm b 
60 r-f--f-- 60 

� 50 "'-r-- � 50 
� � �f-+--r-+--+- 0 -; 40 

'--+-f-+-f-+-
-; 40 

c: c: 
,--+-'6 30 '6 30 c: c: f-+-r+-iD iD 20 �rn 20 

1 0  1 0  

0 0 

0 .5% WPI 1 .0% WPI 2.0% WPI 1 .0% Na-Cas 2 .0% Na-Cas 4.0% Na-Cas 

Figure 5.4-2 : B inding of 2-nonanone to (a) WPI at 0.5, 1.0, and 2.0 %, and (b) sodium 
caseinate at 1 .0, 2.0, and 4.0 %. 

The second aim was to investigate the effect of viscosity (CMC) on flavour release, and thus, 

the binding of 2-nonanone to CMC (0.5 %), and to mixtures of CMC/WPI and CMC/sodium 

caseinate was determined (Table 5 .4- 1 ) . CMC showed a high extent of binding for 

2-nonanone - about 40 % of the added 2-nonanone was bound. As expected, when C MC was 

added to the protein solutions, the binding increased further. 
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Table 5.4-1 : B inding of 2-nonanone (1.0 pp m) to WPI and sodium caseinate (2 %) in 
thickened (0. 5 % CMC) and non-thickened systems (mean ± standard deviation; n = 3). 

Sample Binding (%) 

WPI 64.9 ± 0 .2 

Sodium caseinate 3 1 .8 ± 0.9 

CMC 40 ± 2  

WPI + CMC 74 ± 1 

Sodium caseinate + CMC 5 1  ± 1 

5.4.2.2 Selection of Molecular Ions for MS Detection 

The flavour compound of interest, 2-nonanone, possesses a molecular mass of 1 42 Da. The 

main molecular ion expected is the mono-protonated molecule with mlz = 1 43 .  In Figure 

5 .4-3, the headspace above a so lution of 2-nonanone was compared with the headspace above 

water, and the main ion resulting from 2-nonanone is mlz = 1 43 .  

1 20000 2-nonanone in water a 
100000 

1/1 
Q. 80000 u 

'i 60000 c: 
Cl .;;; 40000 c: .2 20000 

0 � I I 11. I 
20 40 60 80 1 00 1 20 140 160 1 80 

m/z 

200000 water b 
i 150000 
.£. 
� 1 00000 
Cl .;;; 
c: 50000 .2 I 0 II 

20 40 60 80 100 1 20 140 1 60 1 80 
m/z 

Figure 5.4-3 : Scan of mlz 20- 1 80 of the headspace above (a) a solution of 50 ppm 
2-nonanone and (b) water. 
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The large peaks below mlz = 40 did not originate from 2-nonanone as they were also present 

in the headspace above water. There were smaller peaks resulting from 2-nonanone, namely 

at mlz 42, 56, and 69, probably resulting from fragmentation of the flavour mo lecule in the 

reaction chamber; however the largest peak at mlz = 1 43 was found to be most suitable for 

quantification of the 2-nonanone release. 

5.4.2.3 C hoice of Consumption Technique 

The aim was to fmd out if 2-nonanone is released from WPI or sodium caseinate when 

solutions of  the proteins are swallowed straight after sample intake, without any in-mouth 

movements. This experiment was performed by subject 3 only because this was a prel iminary 

experiment. F igure 5.4-4 shows typical release profiles of a WPI containing sample and the 

corresponding "control 1 " . Each peak in the profile corresponded with an exhalation, 

monitored using the acetone signal (data not shown) . The value of lmax lies around 1 9  scc and 

coincides with the first exhalation after swallowing of the sample. The Imax values of the 

protein containing samples and the controls 1 were consistently very similar which was 

expected since at the time of sample intake both sample and control have the same 

concentration of free flavour. More interestingly, the release profile showed that the 

concentration of 2-nonanone in the breath of the subject decreased slower after consumption 

of the WPI containing sample as compared to the control, which indicates that there may be a 

release of 2-nonanone from the proteins even when the samples were just swallowed without 

any in-mouth movement (swirling) before swallowing. 

5 
WPI (2%) - "control 1" 

:;- 4 .Q 
Co 
E: 

3 Q) 
c: 
0 
c: 2 nI c: 
0 
c;: N 

0 
0 20 40 60 80 1 00 1 20 

Time (sec) 

Figure 5.4-4 : Temporal 2-nonanone release from a WPI solution (2 %) and the 
corresponding "control I ", when samples were swallowed straight after sample intake 
without any in-mouth movements. 
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Therefore, statistical analysis of the values of  A VC, which was used as a measure of the 

extent of flavour release, was performed. For both proteins, WPI and sodium caseinate, there 

were no s ignificant differences between A VC of  the "controls 1 "  and A VC of  the protein 

containing samples (P < 0.05) (Figure 5 .4-5).  For this reason, a consumption technique 

including swirling the sample so lution around in the mouth five t imes before swallowing was 

chosen for this study. In addition, to determine the effect of viscosity on flavour release, 

movement of the solutions in mouth (swirling) is probably necessary. Hansson et at. (2003) 

observed a higher flavour release from thickened systems when mastication was applied to 

the samples. 

90 90 
b b 

80 80 

70 ,-----r--- 70 
ab -f--

60 60 + a 
U 50 a U 50 + => --+-- => « 40 a 

« 40 

30 ---+- 30 

20 20 

10 1 0  

0 0 

"control 1 "  WPI "control 2" "control 1 "  Na-caseinate "control 2"  

Figure 5.4-5: Release of 2-nonanone from WPI, sodium caseinate, and the corresponding 
controls after the samples were swallowed straight after samp le intake without any in­
mouth movements. 

5.4.2.4 Choice of P rotein Concentration 

In Chapters 3 and 4, concentrations of 0.5 % and 1 .0 % for WPI and sodium caseinate, 

respectively, were used. However, to investigate if flavour is released from the proteins, 

higher protein concentrations may be necessary to initially have a higher amount of bound 

flavour. For this reason, the release of 2-nonanone from 0.5 % and 2.0 % WPI was compared 

by subject 3 .  Figure 5 .4-6 shows typical release profiles of 2-nonanone when the samples are 

swirled five t imes in-mouth before swallowing. 
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Figure 5.4-6 : Release p rofiles of 2-nonanone from (a) 0.5 % and (b) 2 % WPI solutions 
in comparison to the controls 1. Samples were consumed by subj ect 3 with swi rling in­
mouth. 

The profiles (Figure 5 .4-6) showed differences compared to the profiles obtained when the 

samples were swallowed straight after sample intake (Figure 5 .4-4). First, the value of tmax is 

generally delayed in the samples containing protein, and tmax coincides with swallowing the 

samples at around 25-35 sec, depending on the subject, whereas for the controls tmax remains 

at approximately 1 9  sec,  coinciding with the first exhalation after sample intake. The t ime 

points of the first exhalation after sample intake ( 1 ) , the five swirling actions (2), and the first 

exhalation after swallowing of the sample (3) can be c learly seen in the release profiles 

(Figure 5 .4-6). 

S imilar release profiles of 2-butanone from viscous solutions by PTR-MS were shown by 

Hansson et al. (2003) , with a high flavour release at the t ime po ints of sample intake and 

swallowing. When a liquid food is consumed, the mouth can be regarded as a c losed system 

as long as no mouth movements are made or no swallowing occurs (Buettner and Schieberle, 

2000) .  No air flow can pass from the mouth to the nose, and thus, flavour compounds can not 

be released into the nasal cavity. The event of swallowing opens the connection between the 

soft palate and the tongue, and flavour compounds c an travel into the nasal cavity. This 

causes the high release signal after swallowing. The release peak at the t ime of sample intake 

was probably also caused by an open tongue-soft palate border. 

A comparison of the release from 0.5 % and 2 % WPI solutions suggested that a release from 

the protein may only be observed for a 2 % WPI solution, since only for the 2 % WPI solution 

the 2-nonanone release was consistently higher than the release from the corresponding 

control sample. However, for the 0 .5  % WPI solution there was hardly any difference 

between the protein containing sample and the "control I ". For this reason, the higher protein 

concentration of 2 % was used throughout the study. S imilar reasoning can be applied to 
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sodium caseinate as a 2 % concentration of sodium caseinate was used instead of 1 % as used 

in the earlier chapters. Increases in protein concentration result in higher extents of flavour 

binding (Figure 5 .4-2); neverthe less, Le Guen and Vreeker (2003), who investigated the 

release of methyl ketones from milk protein concentrate ( 1 0 %, w/w) using APCI-MS, 

observed a complete release of the flavour compounds from the proteins in vivo despite the 

high protein concentration. However, these authors used a different consumption technique 

invo lving mastication of the aqueous sample on a regular rhythm for 2 min without 

swallowing the sample, whereas in this study the flavour release after swallowing was also 

considered. 

After swallowing of the samples containing 2 % WPI ,  a high release of 2-nonanone was 

observed, while the release from the control 1 was lower. This may indicate that the protein 

solutions interact with the mucosa in the mouth and in the throat after the sample has been 

swallowed, resulting in a release o f  bound flavour from these mucosa-bound proteins caused 

by the airflow. This observation is in good agreement with the results obtained by Weel et al. 

(2003), who investigated the in vivo release of aldehydes fro m  WPI by APCI-MS. These 

authors suggested that after swallowing, a thin film of flavour solution remains in the pharynx 

and both free flavour compounds present in this film and those reversibly bound to proteins 

are released upon exhalation. Also, in agreement with the results of Weel et al. (2003) and of 

this study, Linforth et al. (2003) , using APCI-MS, suggested that swallowing not only results 

in the del ivery of volatiles into the throat and thus into the exhaled breath, but also results in 

the coating of the throat with the sample creating a reservoir for further flavour release. These 

results emphasize that flavour release after swallowing the sample may significantly 

contribute to flavour perception, and that sample consumption protocols should also include 

monitoring the flavour release after swallowing. The exhalations after swallowing of the 

samples showed similar or higher concentrations of 2-nonanone than those before 

swallowing, indicating the importance of flavour release from mucosa-bound proteins. 

5.4.2.5 2-Nonanone Release from Milk Proteins with In -Mouth Movements 

It was shown that the binding affinity of WPI for 2-nonanone was c learly higher than the 

affmity of sodium caseinate for 2-nonanone (Chapter 3 and Table 5 .4- 1 ) . Can this difference 

under static in vitro conditions also be observed under dynamic in vivo ( in-mouth) conditions, 

with a higher release of 2-nonanone from sodium caseinate solutions than from WPI 

solutions? Figure 5 .4-7 shows the A UCs of the 2-nonanone release profiles obtained from the 

three subjects for the release of 2-nonanone from 2 % sodium caseinate and 2 % WPI 
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solut ions. Under in-mouth conditions, there was a significant difference in 2-nonanone 

release, which is represented by the A UC, between sodium caseinate and WPI containing 

samples (P < 0.05) .  The release from samples containing 2 % sodium caseinate was 

significantly higher than the re lease from samples containing 2 % WPI . This difference is 

probably due to the higher binding affinity of WPI for 2-nonanone, resulting in a lower init ial 

concentration of free 2-nonanone in the samples, and possibly in a stronger retention of the 

flavour by WPI despite the airflow. 
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Figure 5.4-7: Comparison of the release of 2-nonanone from sodium caseinate and WPI 
(2 %) (0 = 5). 

Between subjects there were significant differences m A UC, with subject 2 showing a 

significantly higher release than subjects 1 and 3 .  However, there were no significant 

differences for tmax and Imax between subjects. The values for tmax were also not significantly 

different between the samples, whereas a significantly higher value of Imax for the sodium 

caseinate containing samples was found, supporting the greater release of flavour from 

sodium caseinate containing samples. 

5.4.2. 5. 1 2-Nonanone Release/rom WPI 

When the A UCs of the 2-nonanone release profiles from a 2 % WPI so lution were compared 

to the A UCs of "control 1 "  and "control 2", representing no release and complete release, 

respectively, a significant (P < 0.05) release of flavour was observed (Figure 5 .4-8) .  The 

2-nonanone release from the WPI containing sample was significantly higher than the release 

from "control 1 ", but significantly lower than the release from "control 2". This fmding 

suggests that flavour compounds which are reversibly bound to proteins can be partly released 

from the proteins during consumption if the sample is swirled in the mouth before 
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swallowing. However, the release is not complete which means that the perception of 

2-nonanone may be reduced to some extent in the presence of2 % WPI.  
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Figure 5.4-8: Release of 2-nonanone from a WPI solution (2 %) as compared to the 
controls. 

This observation is in agreement with the results by Weel et al. (2003) and Le Guen and 

Vreeker (2003) , who also reported a release of flavour compounds from milk proteins in­

mouth. However, Le Guen and Vreeker (2003) found that the proteins showed a complete 

release of methyl ketones in-mouth, whereas in this study only part of the protein-bound 

2-nonanone was released. This difference may partly be due to the different consumption 

techniques used. The consumption protocol of Le Guen and Vreeker (2003) did not involve 

swallowing of the samples, whereas in this study the samples were swallowed, and the flavour 

release after swallowing was also considered. Weel et al. (2004a, 2004b) observed that a thin 

layer of liquid remaining in the throat after swallowing largely determines the in vivo flavour 

release from liquids. Therefore, the consumption protocol of this study is c loser to the "real" 

consumption of foods than the protocol used by Le Guen and Vreeker (2003) . 

Differences between samples were observed, as well as between subjects. As observed before, 

subject 2 showed a significantly higher flavour release than subjects 1 and 3 .  The value of Imax 

was not significantly different between the "control 1 "  and the WPI containing sample, 

however, this is  due to the high variation of Imax even within subjects (up to 96 % relative 

standard deviation) . 

The value of tmax was not s ignificantly different between the samples, however, it was 

significantly higher (at the t ime of swallowing) for subject 3 as compared to subjects 1 and 2 ,  

who showed tmax during the swirling action. 
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5.4.2. 5.2  2-Nonanone Release from Sodium Caseinate 

The release of 2-nonanone, as expressed by the A UC, from a 2 % sodium caseinate so lution 

was compared with the controls (Figure 5 .4-9). There was no significant difference between 

"control 1 "  and the sodium caseinate containing sample, indicating that there was no 

measurable release of the flavour in mouth under the conditions used. A low binding constant 

may not necessarily mean a faster or higher release of flavour from the proteins. However, the 

differences in the A VC between the two controls are also small because of the low binding 

affinity of sodium caseinate for 2-nonanone. If more flavour was bound, as in the case of 

WPI,  more flavour can be released in mouth, and differences may be more easily detected. 

Therefore, future work should inc lude the investigation of flavour release from sodium 

caseinate using higher sodium caseinate concentrations (4 % or higher) . For Imax there were 

also no significant d ifferences between samples. As observed before for WPI,  {max was similar 

for all samples, but for subject 3, {max appeared later (at the event of swallowing). Subject 2 

again showed a significantly higher release than the other two subjects. 
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Figure 5.4-9: Release of 2-nonanone from a sodium caseinate solution (2 %) as 
compared to the controls. 

5.4.2.6 The Effect of Viscosity on 2-Nonanone Release 

The release of 2-nonanone from "control 2" ( 1  ppm 2-nonanone) in the presence and absence 

of CMC (0 .5 %) was compared (Figure 5 .4- 1 0) .  A significant reduction (P < 0.05) in flavour 

release was observed in the presence of CMC. The lower release of flavour in the presence of 

the thickener may be due to both binding of 2-nonanone to the thickener which was found to 

be 40 % (see section 5 .4 .2 . 1 ) , and to the slower mass transfer caused by the higher viscosity 

of the sample (de Roos, 2003) .  The binding of 2-nonanone ( 1  ppm) to CMC (0 .5  %) under 
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static condit ions was found to be 40 %, but the reduction in the A UC is � 30 % (estimated 

from Table 5 .4-2) .  Thus, 2-nonanone appears to be partially released from CMC in mouth. 

The values of tmm: and Imax were not significantly different between the two samples. 
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Figure 5.4-10 :  Effect of CMC (0.5 %) on the release of 2-nonanone from control  2 
(1  ppm 2-nonanone). 

Hollowood et al. (2002) observed that, despite a decrease in perceived strawberry flavour 

intensity, the actual flavour concentration in the breath, using ethyl butyrate as a marker for 

the strawberry flavour, was not reduced by an increase in hydroxypropyl methylcellulose 

concentration, indicating that the viscosity does not influence in-mouth flavour release. Other 

Table 5.4-2 : Areas under the cu rve (A UCs), tmox, and Imax of all samples (mean ± 
standard deviation; n = 5). 

Sample AVC (ppbV·sec) tmax (sec) Ima. (ppbV) 

Control 2 145  ± 28 29 ± 7 1 3  ± 8 

WPI 92 ± 26 30  ± 9 6 ± 3  

WPI control 1 5 7  ± 1 1  24 ± 8 7 ± 4  

Na-Caseinate I I I  ± 27 26 ± 8 9 ± 5  

Na-Caseinate control 1 1 07 ± 24 26 ± 7 1 0  ± 8 

CMC control 2 1 02 ± 1 9  26 ± 9 1 0  ± 6 

WPI + CMC 76 ± 21  29 ± 1 0  8 ± 7  

WPI + CMC control 1 40 ± 1 0  2 7  ± 8 4 ± 4  

Na-Caseinate + CMC 99 ± 26 25  ± 7 1 5  ± 1 3  

Na-Caseinate + C MC control 1 73 ± 1 4  25  ± 6 7 ± 5  
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authors also found that an increased viscosity did not suppress the in vivo flavour release 

(Baek et al. , 1 999; Hollowood et al. , 2002; Weel et al. , 2002) . Therefore, the reduction in 

2-nonanone release found in this study may be predominantly because of binding between the 

hydrocollo id and 2-nonanone. Under simulated mouth conditions, Roberts et al. (1996) found 

decreases in the release of vo latile flavour compounds in the presence of CMC, and suggested 

that both viscosity and binding of flavour compounds with the food matrix influence flavour 

release . 

Table 5 .4-2 summarises the values for A UC, tmax, and Imax of all samples. The variation 

(relative standard deviation) in A UC ranged from 1 9  to 28 % (average 23 %), whereas when 

subjects are treated separately, it ranged from 9 to 3 1  % (average 1 4  %). There was a very 

high variation in Imax, meaning that Imax, in contrast to A UC, is not a suitable measure of 

flavour release. 

When CMC was added to a WPII2-nonanone so lution, there was also a significant reduction 

in 2-nonanone release (Figure 5 .4- 1 1 ) . This may be due to the binding of 2-nonanone to CMC 

as wel l  as to the increased viscosity. Both tmax and Imax were not significantly influenced by the 

addition of CMC. However, there were differences again between the three subjects in the 

values for A UC, tmax, and Imax. 

150 a D Subject 1 IJ Subject 2 IJSubject 3 200 El Subject 1 El Subject 2 III Subject 3 

� a 
b � a 

�r 1 50 

,+-� f+-
� 100 

+ H- !f-++ u u 
� r+ f+ 

� 1 00 
et et 

50 
50 

0 0 
WPI WPI + CMC Na-Caseinate Na-Casei nate + CMC 

Figure 5.4-1 1 :  Effect of CMC (0.5 %) on the release of 2-nonanone from WPI and 
sodium caseinate solutions (2 %). 

In contrast, the addit ion of C MC to a sodium caseinate/2-nonanone so lution did not 

significantly affect the flavour release. This finding is surprising as in the absence of sodium 

caseinate (Figure 5 .4- 1 0) there was a significant reduction in flavour release. There were no 

significant differences for tmax and Imax between the samples, but between the subjects there 

were differences for A UC and Imax. 
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The release of 2-nonanone from WPI and sodium caseinate in thickened systems compared to 

the thickened controls I and 2 was investigated. A significant release of 2-nonanone from 

WPI in the CMC containing systems was observed (Figure 5 .4- 1 2) .  This is in agreement with 

the results from the non-thickened systems (Figure 5 .4-8) .  However, the release was not 

complete. These results also suggest that an increase in viscosity does not slow down the 

release of 2-nonanone from WPI .  In fact, the release of 2-nonanone from WPI seems to be 

more pronounced in the thickened systems as compared to the non-thickened systems (Figure 

5 .4-8). An explanation may be that the viscous solutions build a thicker film on the mucosa in 

the mouth and throat, leaving a higher amount of protein-bound flavour exposed to the flow 

of exhalation for further flavour release after swallowing. In agreement with this, Buettner et 

al. (2001) ,  using videofluoroscopy, found that one can often observe the formation of a 

coating on the back of the tongue after swallowing solid or semi-so lid foods, such as cottage 

cheese or yoghurt. This fi lm may cause a prolonged perception of aroma by acting as an 

odorant depot . 

An increase in carrageenan concentration resulted in an increase in the release of  ethyl 

butanoate, butane-2,3-dione, and hexanal from aqueous solutions in an artificial throat system 

(Weel et aI. , 2004a) .  This observation was also explained with a thicker layer on the inner 

surface of the artificial throat, which contains more flavour compounds than a thin layer of 

water. However, in  vivo measurements showed no influence of viscosity on the amount of  

flavour compounds released. Cook et al. (2003) also demonstrated that viscosity does not 

influence flavour release in vivo. In these studies, the model systems did not contain proteins 

in addit ion to the thickener. In the present study, the increase in flavour release in the 

thickened systems as compared to the non-thickened systems may therefore be due to the 

higher amount of proteins in the viscous film, which have flavour compounds reversibly 

bound and act as a flavour reservo ir. 

Samples were not different in tmax, and the protein containing sample did not differ from the 

controls in Imax, again showing that Imax is not a suitable measure of the extent of flavour 

release. There were significant differences between subjects for A VC with subject I showing 

a lower release than the other two subjects, for tmax with a significantly later tmax for subject 3 ,  

and for Imax which was higher for subject 2 as compared to the other two subjects. 
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Figure 5.4-12 :  Release of 2-nonanone from WPI and sodium caseinate (2 %) in 
thickened systems (0.5 % CMC) as compared to the corresponding thickened controls. 

An unexpected observation was made for the release of 2-nonanone from sodium caseinate in 

thickened systems. There was a significant difference between control 1 with CMC and the 

sodium case inate containing sample with CMC, indicating that there was a release of 

2-nonanone from sodium caseinate in the presence of CMC. For the systems without CMC, 

no release of 2-nonanone from sodium caseinate was observed (Figure 5 .4-9). An explanation 

for the similar release from the sodium caseinate containing samples and control 2 may be an 

interaction between sodium caseinate and CMC which may reduce the binding between 

2-nonanone and sodium caseinate, or 2-nonanone and CMC. However, this speculation could 

not be confirmed as the addit ion of CMC to a sodium caseinate solution increased the binding 

of 2-nonanone (Table 5 .4- 1 ) .  In agreement with this, Delben and Stefancich (1997) did not 

detect interactions between p-casein and CMC at neutral pH using rheometric, optical, and 

chiro-optical techniques. As previously discussed for the samples containing WPI, the release 

of 2-nonanone from sodium caseinate in the viscous samples could be explained with a higher 

amount of sample covering the mucosa in mouth and throat, resulting in a higher release of 

protein-bound flavour after swallowing. The release from sodium caseinate was found to be 

significant; however, the differences in A UC, even between the two controls, are small .  A 

solution would be to use higher sodium caseinate concentrations to obtain larger differences 

in A UC between samples. 

Samples not only showed significant differences for A UC but also for Imax, which was 

significantly higher for the sodium caseinate containing sample than for the control 1 .  There 

were differences between subjects for A UC with a higher release for subject 2 compared to 

subject 1 and 3, and for Imax which was found to be significantly higher for subject 2 as 

compared to subject 3, but subject 1 was not different from the other two subjects. No 

differences between subjects were found for tmax. 
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5. 5 Conclusions 

The PTR-MS technique was successfully used to determine the in vivo flavour release from 

milk proteins. The excellent sensitivity of the instrument allowed detection of flavour 

concentrat ions below 1 .0 pp m, whereas in previous studies concentrations used were 

considerably higher. 

WPI was found to bind about double the amount of 2-nonanone as compared to sodium 

caseinate using headspace SPME. This difference was also found under dynamic in vivo 

condit ions with a higher retention of the flavour compound by WPI .  

This study confirmed that during consumption not only free 2-nonanone is released but also 

2-nonanone bound to WPI .  P-Lg, the main protein in WPI, was found to have a high binding 

affmity for 2-nonanone, and nonetheless the flavour compound was partly released from WPI . 

However, the release of flavour was not complete, suggesting that the flavour perception may 

be reduced in the presence of WPI . A sensory study is necessary to investigate if WPI 

decreases the perception of reversibly bound flavour. 

A release of 2-nonanone from sodium caseinate was not observed. However, due to the low 

binding constant of sodium caseinate for 2-nonanone, differences between the A UCs of  

sodium caseinate containing samples and their controls were small. Therefore, future work 

should include the use of higher sodium caseinate concentrations, which may show a 

significant release of 2-nonanone from sodium case inate. 

When the sample was swallowed without any in-mouth movement, there was no significant 

release of 2-nonanone from the milk proteins, although only one subject was used to compare 

different consumption techniques. This observation suggests that protein-flavour interact ions 

may play a significant role in the flavour perception of drinks rather than of semi-so lid or 

solid foods which are chewed, causing flavour release. 

The flavour release profiles revealed that even after swallowing of the samples, a substantial 

amount of flavour was detected in the breath, suggesting that the milk proteins interact with 

the mucosa in the mouth and throat, resulting in a further release of flavour from mucosa­

bound proteins. 

Thickeners such as CMC have been reported to not influence flavour release in vivo (Baek et 

al. , 1 999; Hollowood et al. , 2002; Weel et al., 2002) .  However, in this study CMC was found 

to enhance the release from milk proteins, probably due to a higher amount of the viscous 
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samples interacting with the surfaces in the mouth and in the throat, resulting in additional 

flavour release from the milk proteins after swallowing of the samples. 

The data obtained in this study showed a fairly high variation. In future studies this problem 

could be overcome by increasing the number of subjects. 
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CHAPTER SIX: OVERALL CONCLUSIONS 

RECOMMEN DATIO NS FOR F UTURE WORK 

AN D 

The objectives of this thesis were to determine binding parameters of the hydrophobic flavour 

compound, 2-nonanone, to individual milk proteins (namely, �- lg, a- la, BSA, as l -casein, and 

�-casein), WPI ,  and sodium caseinate, using a headspace SPME method fo llowed by GC-FID. 

Secondly, it was the aim to compare the binding of structurally similar flavour compounds -

2-nonanone, I -nonanal, and trans-2-nonenal - to WPI in aqueous solution, and to investigate 

the effect of heat and high pressure treatment , and pH on the extent of protein-flavour 

binding. The fmal objective was to investigate the in vivo release of the reversibly bound 

flavour compound, 2-nonanone, from WPI and sodium caseinate using PTR-MS, and to 

understand the effect of viscosity on flavour release in vivo . 

The interactions of several flavour compounds (2-nonanone, I -nonanal, and trans-2-nonenal) 

with milk proteins were successfully studied using a headspace SPME method fo llowed by 

GC-FIO quantification. The SPME method was developed and optimised in terms of thermal 

equilibration t ime, type and thickness of SPME fibre coating, SPME extraction time, sample 

agitation, and flavour solvent. The good agreement between the binding parameters 

determined in this study and the values obtained by other authors shows that the S PME 

technique is an excellent tool for studying interactions between volatile flavour compounds 

and macromolecules. 

This study has demonstrated that, within the whey protein group, BSA has the highest affinity 

for 2-nonanone, followed by �-lg and a-la. Both a-la and �-lg possess one binding site for 

2-nonanone, whereas BSA can bind 2-nonanone on two c lasses of binding sites, resulting in a 

very high binding affmity. WPI was found to have a much higher affmity for 2-nonanone than 

sodium caseinate. Considering the proportions of the whey proteins in WPI ,  �-lg is the protein 

mainly responsible for 2-nonanone binding in WPI ,  followed by BSA, while a-la has almost 

no contribution to the binding. 

asl -Casein was found to have a slightly higher affinity for 2-nonanone than �-casein, although 

�-casein is the more hydrophobic of the two proteins, indicating that the interaction mat be 

other than hydrophobic, or that self-association of �-casein resulted in lower overall binding 

of 2-nonanone. The overall binding to both case ins was low compared with that of the whey 

proteins. 
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Milk proteins added to food products are often denatured to a varying extent . In  addition, 

during processing of foods, e.g. heat treatment, proteins are denatured. This study further 

eluc idated the effects of heat treatment, high pressure treatment and pH on the interactions of 

WPI with flavour compounds. The binding between WPI and the three flavour compounds 

investigated was strong and decreased in the order trans-2-nonenal > l -nonanal > 

2-nonanone. The differences in binding can be explained with hydrophobic interactions only 

in the case of 2-nonanone, whereas the aldehydes, in particular trans-2-nonenal, can also 

interact covalently . Upon both heat- and pressure-induced denaturation, the binding of 

2-nonanone and WPI decreased, while the binding of l -nonanal remained unchanged, and the 

affinity for trans-2-nonenal increased. From these observations, it can be concluded that the 

three flavour compounds investigated are bound to proteins on different binding sites and/or 

by different binding mechanisms. 

The results also suggest that heat- or pressure-induced denaturation reduces hydrophobic 

interactions of whey proteins with flavour compounds due to conformational changes in the 

flavour binding sites, whereas covalent interactions are enhanced .  The decrease in bind ing of 

2-nonanone to WPI upon denaturation can be explained with the destruction of the 

hydrophobic pocket of �-lg, and with protein-flavour interactions being replaced by protein­

protein interactions. The increase in binding of trans-2-nonenal may result from mainly 

covalent binding to amino acid residues, such as lysine, histidine, arginine, or cysteine, which 

may be better accessible in the unfo lded, aggregated protein molecules. The unchanged 

binding of l -nonanal to WPI with heat or high pressure treatment is l ikely to result from a 

combination of both, a decrease in binding due to the destruction of the hydrophobic pocket, 

and an increase in binding caused by better accessibility of amino acid residues for covalent 

interactions, resulting in an overall unchanged binding. 

For the three flavour compounds investigated there was generally no difference in binding 

between the samples with flavour added before and after heat or high pressure treatment. 

However, at higher flavour concentrations, differences may be observed due to possible 

stabilis ing effects ofthe flavour compounds on the native conformation of the proteins. 

The formation of heptanal upon heating trans-2-nonenal in the presence of milk proteins 

demonstrated that new flavour compounds may be formed during heat treatment under certain 

condit ions, e .g . ,  in the presence of an unsaturated flavour compound. However, the 

mechanism of heptanal formation is still unclear and requires further investigation. Heptanal 

was not formed upon high pressure treatment. 
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The pH of the medium was found to have a significant effect on the extent of protein-flavour 

interactions. For all three flavour compounds investigated, the binding affmity to WPI 

increased with increasing pH.  This observation results from different pH dependent 

conformational changes of whey proteins, e .g . ,  the c losure of the hydrophobic pocket of �-lg 

at low pH. In  addition, the protonation of basic amino acid residues, which are very l ikely to 

react covalently with aldehyde flavours, changes with pH. Therefore, covalent interactions 

between proteins and flavour compounds are favoured at higher pH values. 

The results suggest that the presence of milk proteins may cause the aroma profile of foods, in 

particular fat-free foods, to become unbalanced because of the binding of certain flavour 

compounds by the proteins. The proteins may prevent flavour compounds from being released 

and perceived during mastication due to their strong and, in some cases, irreversible binding 

to proteins. Heat and high pressure treatment may also notably influence the overall flavour 

profile of protein containing foods. Since the protein concentration used in this study was 

fairly low, the observed effects are expected to be even more pronounced in real food 

systems. 

The significant influences of heat, high pressure, and pH on protein-flavour interactions 

observed in this study also emphasize a careful choice of food processing conditions to obtain 

a desirable flavour profile. Any changes made in the processing of a food product are very 

likely to change the flavour profile, and possibly the flavour perception and consumer 

acceptance of a food product. 

The PTR-MS technique was successfully used to determine the in vivo 2-nonanone release 

from WPI and sodium caseinate. This study confirmed that during consumption not only free 

2-nonanone is released, but also 2-nonanone bound to WPI . However, the release of 

2-nonanone was not complete, suggesting that the flavour perception may be reduced in the 

presence of  WPI .  A sensory study is necessary to investigate if, and at what concentration 

WPI decreases the perception of reversibly bound flavour. A release of 2-nonanone from 

sodium caseinate was not observed. However, due to the low binding constant of sodium 

caseinate for 2-nonanone, d ifferences in the release from sodium caseinate containing samples 

and their controls were small. Therefore, future work should include the use of higher sodium 

caseinate concentrations, which may show a significant release of 2-nonanone from sodium 

caseinate. In addition, a larger number of subjects should be used to reduce the large variation 

of the data. 
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When the sample was swallowed without any in-mouth movement, there was no significant 

release of 2-nonanone from the milk proteins. This observation suggests that protein-flavour 

interactions may play a significant role in the flavour perception of beverages rather than of  

semi-solid or solid foods which are chewed, causing flavour release. The flavour release 

profiles also revealed that particularly after swallowing of the samples, a substantial amount 

of 2-nonanone was detected in the breath, suggesting that the samples interact with the 

mucosa in the mouth and throat, resulting in a further release of flavour from mucosa-bound 

proteins. 

The thickener (CMC) was found to enhance the 2-nonanone release from milk proteins, 

probably due to a higher amount of the viscous samples interact ing with the surfaces in the 

mouth and in the throat, resulting in additional flavour release from the milk proteins after 

swallowing of the samples. 

Future Work 

A good knowledge of the physicochemical interactions that occur between proteins and 

flavour compounds is neccessary to improve the perceived flavour of protein based foods, in 

particular "light" products, and make these products sensorily more acceptable to the 

consumer. 

B inding parameters for 2-nonanone and native proteins have been successfully determined 

using headspace SPME and using the Klotz plot.  The determination of binding constants and 

numbers of binding sites of individual proteins at different pH values, and upon heat and high 

pressure treatments would provide valuable information about the topology of flavour binding 

under different condit ions. For example, lowering the pH of a P-lg solution from 7 .2  to 4.0 

may result in a large number of low-affinity binding sites for 2-nonanone, whereas at pH 7.2 

there was only one high-affmity binding site. 

Interactions of unsaturated flavour compounds and proteins, in particular upon heat treatment, 

require further investigation since they potentially generate new flavour compounds. In this 

study, heptanal was formed from trans-2-nonenal .  2-0ctenal and 2-heptenal may form 

hexanal and pentanal, respectively, when heated in the presence of protein. The mechanism of 

heptanal formation needs to be discovered. For example, N-terminally blocked amino acids 

may be used instead of complex proteins to find out which amino acid residues in the proteins 

are involved in the formation of he pt anal. 
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Case ins have been found to have low binding affinities for 2-nonanone under the conditions 

used. However, casein molecules have the tendency to undergo self-associat ion or associat ion 

with each other, depending on environmental condit ions, such as protein concentration, pH, 

and ionic strength. I t  should be investigated if this association behaviour has an influence on 

the flavour binding. 

S ince foods are more complex than the model systems investigated in this study, it would be 

interesting to study protein-flavour interactions in mult i-component systems. For example, 

competition experiments with two or more proteins and flavour compounds could be 

investigated. The latter would give better insight into the binding sites for different flavour 

compounds on a specific protein. 

There is an increasing knowledge on the interactions between proteins and flavour 

compounds; however the binding sites for different flavour compounds on proteins are st i l l  

not well-known. NMR techniques should be used since they g ive insight into binding 

mechanisms and binding topology. Recently, the surface plasmon resonance ( SPR) technique 

has been receiving increasing attention as a rapid, high sensitivity, real-time technique to 

study interactions between proteins and different ligands (Karlsson, 2004) .  SPR could 

potentially be used to investigate the binding between proteins and flavour compounds; 

however, the flavour compounds, instead of the protein, would need to be immobilised onto 

the surface of the sensorchip because the changes in the refractive index resulting from the 

binding process of low molecular weight compounds to immobilised proteins are often small 

(Wang et al. , 2007) .  Similar approaches have been used previously by immobilising low 

molecular weight compounds, such as biotin (Wenz and Liepold, 200 7) and riboflavin (Morris 

and Sadana, 2005) ,  or chloramphenico l (Gaudin and Maris, 2001) and sulphonamide 

(McGrath et al. , 2005) , onto the biosensor chip. 

The impact of the physicochemical interactions between flavour compounds and proteins on 

flavour release have been studied; however, the effect on flavour perception should also be 

investigated using sensory analysis since flavour perception may affect the acceptablity of 

food products. The in  vivo study has indicated that reversibly bound flavour compound 

2-nonanone can be released from WPI during consumption, which means that the perception 

of 2-nonanone may not be notably reduced in the presence of WPI .  I n  addition, a range of  

flavour compounds should be used. 

A release of 2-nonanone from sodium caseinate in vivo was not observed in this study, 

possibly due to the low binding affmity of 2-nonanone and caseins. The release from sodium 
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caseinate needs to be investigated further by using higher sodium caseinate concentrations, 

which may result in a significant flavour release. 

This research has focused on flavour binding and release in simple, liquid model systems, 

consiting of a small number of components. Food systems are much more complex, 

consisting of several food matrix components and flavour mixtures. Future work should 

therefore be extended to more complex systems, such as emulsions or gels, and fmally real 

food products. However, primari ly consistent results using simple systems should be obtained 

prior to investigating more complex systems. 
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Introduction 

C.em protems are used in several food producta due 

to thelf tpeclflC functK>nal properties 

Sodium C8semate has been shown to bind ftavour 

_compoundS . of different chemICal claaes 0.2). As a_ 
resutt, aroma perception can be decreaged and 

reduce consumer acceptability of food products, 
especially in the case of \ow,fat PfodUcls 
The hydrophobic 2·oonanone was used as a model 

f\;ivour ,compound linea most llavour.prmem inter ... 
actIOns are hydrophobiC 11'1 nature 

... The objectIVe of our atudy ...... to Investigate the 

binding of 2-nonanone to pure a.,-casetn and fl--casem 

and 10 sodium caseinate USln;jl headspace solidph86e 
mlcroectractton (SPME) 

Methods __ _ __ _ _ _ _  

• Ion-exchange chromatography to separate and PUrify the 

caselns (3) 

• Flavour-protein mixtures 2-nonanone (0 1-0_8 mM) and 

casetns ( 2  0 %) In water/propylene glycol 

• Headspace SPME uSing the parameters In Table 1 
Figure 1 and Figure 2 Illustrate the technique 

Table 1: Headspace SPME parameters 

Fibre 30 J,lm polydlmelhylsfloxane (POMS) 

Temperature 25 GC 
Equilibration time tell 20 min 

Extraction lime t,. 

Sample agitation 

5 min 

magnetic stirnng al 250 min-1 

• Gas chromatography wrth name Ionization detect ton 

(GC-FI O) lor quantification of the free flavour. 

• Calculation of binding constants (K) and total number of 

binding sites on the proteins (n) uSing the Klotz plot (4) 

� =_1_ + .!. 
v nKILI n 

v number of moles of flavour bound per mole of protein 

ILl concentration of free flavour !moVlj 

Results and Discussion 

Figure 3: Extraction time profiles of different SPME fibres 
- CARIPDMS ( 85jJm),- PDMS (100jJm),-PDMS (30J,lm) 

Different SPME fibres were tested regarding their 

elCtraction of 2-nonanone (Figure 3). The 30J,lm PDMS 

fibre was chosen since It absorbs the least navour and 

would hardly affect the eqUIlibrium in the system dUring 

the extraction ( Figure 2) 

Gas chromatograms of 2-nonanone In the presence of 

caseinate show a reduced navour peak compared to the 

control (Figure 4) 
o"l-Caseln binds slignlly more 2-nonanone Ihan �aseln 

(Figure 5) ThIS observallon was confirmed uSing 

commerCially available caselns (5I9ma, 5l LOUIS, MO) 

(data not shown. 

From the KIOC:z plClts ( Figure 6), the number of bmdlng 

SlIes (n) on tne caselns, tne binding constants (K), and tne 
global affinities (nK) were calculated (Table 2) 

Figure 5: Percent binding of 2-nonanone In 2 0 % solullons 
of . o,,-caseln and _ �aseln 

Protein molecule 

Flavour molecule 

� Fibre-headspace partition coefficient 

Kr.,.. Headspace-water partition coeffident 

K Binding constant 

. .  
• K ' • 

. � .
, 

Figure 1: Headspace SPME techntque fOf measuring Flgure 2: Illustration of the partitIon process in heads pace 
navour-proteln Interactions SPME for measuring navOUf-protein Interactions 

. - -- !� ::':--:':':::�: ... 

Figure 4: TYPical gas chromatograms of 2-nonanone In the 
- absence and - presence of sodium caseinate, 
5upelcowaxTloj1O Fused Silica Capillary Column (30 rn, 10 
0 32 mm, 0 50 jJm) (Supelco, Bellefonte, PAl. earner gas He 

( 2 5  mllmln), Isoc:hermal 120 GC 

There are little binding sites on the caselns, probably only 

one binding slle per protei n molecule The global affinity 

(nK) of o,l-caseln is about 1 4 times higher than that of 

I>casetn 

The binding parameters are In good agreement Wlth those 

found for Na-caselnate 

Although �,-casetn IS less hydrophobIC than j!-caseln (5), 

11 binds 2-nonanone stronger than the laner 

Table 2: Binding parameters of 2-nonanone and o,,-caseln, 
�aseln. and sodium caseinate 

a., -c::asein 

jJ-c::asein 

Na-caselnate 

0.8 

0 3  

1.1 

11(1.1 · ,0
'

,11111 

K [Mo'] nK [M-'] 
418 

813 

370 

334 

244 

407 

Figure 6: Klotz plots of the binding between 2-nonanone and 
. o,,-caseln and _ �caseln 

Conclusions _ � _ _ ._ . _ _ _ _  

• Headspace SPME IS a suitable method to mvestlgate 

l'Iavour�proteln interactIOns 

• a.,-Casean possesses a higher affinity for 2-nonanone 

than �a8em 

• Hydrophobiclty of a protein IS not the only factor 

de termlntng liS affinity for a hydrophobic flavour 

compound 
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Interactions of Milk Proteins and Volati le 
Flavor Compounds: Implications in 
the Development of Protein Foods 
lA INA KUH , THERESE Co SIDINE, AND HARn DER SrNGH 

ABSTRACT: This review encompasses the bindingofvolatile tlavorcompounds by milk proteins in aqueous solutions. 
The presence of proteins in a food matrix can result in a decrease in aroma perception and in an unpleasant aroma 
profile, because of binding of the desirable tlavor compounds to proteins. Hence, various analytical methods used to 
measure the extent and the type of binding, and the determination of the binding parameters, are evaluated in this 
review. The binding of various tlavor compounds by individual milk proteins is discussed and compared in terms of 
their binding affinity for tlavor compounds. Furthermore, the influence of temperature and ultra-high pressures on 
the interactions between proteins and tlavors is  considered in detail. The implications of protein-tlavor binding in 
the development of protein foods are discussed. 

Keywords: binding constant, f1avor binding, f1avor retention, heat denaturation, milk proteins 

Introduction 

O nc of the most important criteria for con. l l lner acceptance 

o f  roods is !Iavor. Food malrL\ componenls, such as proteins 

(Gremli 1 974; Damodaran ami Kinsella 1 9BOa, 1 9BOb, 1 9!1 l a. 19!1 lb;  

Fares and others 1 998; LLibke and others 2002; Gia nelli and others 

2005 1 .  ca rbohydrates (Yven and o thers 1998; Heincmann and o th­

ers �00 1 ;  Philippe and others 200]; Jouquand and others 2004 ) ,  ,wd 
lipids (Ebeler and others 1 988; van Ruth and others 2002; Meynier 

and others 2003), are known to in teract with Ilavor compounds. Pro­

tei ns are added to foods primarily hecause or their functional prop­

erties, such as el11ul sifying and stabilizing capacitics. a nd because 

or their nutri t ional value. However. in teract ions between proteins 

and !Iavors are known to in!luenct' the perceived !Iavor or a food 

product (Overbosch and others 1 99 1 ;  Land 1 996) .  Protein i ngred i­

ellls not  o nly reduce the perceived impact of desirable Ilavors but 

also may transmit  undesirable olT-!Iavors to roods. especially whey 

protein and soy protein products ( M ills and Solm s 1 984; Semenova 

and others 2002a). In add it ion , proteins may change the texture of a 

food that is gelling. and thus dec rease the tlavor perception due to 
inhibi t ion of mass transfer (Jaillle and others 1 993; Carr a l ld others 

1996; Wilson and Brown 1997). 

Two dirterent types ofimeraction can occur bctween p roteins and 

flavorcompounds: ( I )  reversible (physicochemical) binding, includ­

ing hydrogen bonds, hydrophobic interactions, and ionic bonds. 

and (2)  irreversible (chemical) binding via covalell l li nkages, that is, 
am ide and ester formation, and the condensation of aldehydes with 

amino (N H , )  and sulthyd ryl ( S H )  groups (Solms and others 1 973; 

Overbosch and others 1 99 1 ;  Mottram and others 1996; Meynier and 

others 2003, 2004). The type of binding between a protein and a 

Ilavor compound depends on the characteristics of bot h  the pro­

tein and t he Ilavor. and thus there is no universal mechanism for 
flavor binding in foods (S011ll5 al ld o thers 1 973).  1 1  owever, most 

flavors show hyd rophobic, reversible binding to proteins (Gremli 

MS 20060186 SII/JIIlirred 2127120()(i. Accepted 4ISll006. ,IIII/lOrs (Ire lVirh 
Ridde/ Cell/re. Mass"y Ullil' . .  Pril'ale Hag / /  222. Pa/lllel'SlOlI Non/,. Nell'  
Z.ealnllrl. Direct inqlliries to author Sing" (F:-IIInil: H.siJl!!"0) lIIaSSe)�nc. llz). 
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1 97-1; Damudaran and KinseLla 1 980b, 1 98 1 a ,  19B 1 b, 1 983; O'Neill 

and Ki nsclla 19117; Pelletier and nthers (998). Adsorption and ab­
sorption also exist  b u t  are spec ific for 10w- lIloisture foud systellls 

(Ma ier 1 972, 1 973. 1 975; l.e Thanh and others 1 992; l .alldy alld oth­

ers 1 997; M i rO I l Uv and o l hers 2003). and are nu t d isClI ssed i n  this 

revlcw. 

In the area of protein-Ilavor interactions, studics havc been con­

ducted Ina i n ly with milk proteins (And riot and uthers 2000; l.i.ibke 
and others 2002) and soy proteins ( Dallludaran and K i nsella 1 98 1 a; 

Li and others 2000). but also with a range of other food proteins, 

such as rababean protein (Ng and o t hers 1 989a, 1 989b; SClllenova 

and others 2002a), pca protein ( Dulllont and Land 19B6), oval bul 1 I in 

(M aier 1 970; Ebeler and uthers 1 988), lIsh actumyosin (Da nlOtiaran 
and K i nsella 1 983 1 .  and myoglobin (Gianelli and other� 2005 ) .  The 

stud ies o n  111 ilk proteins are of great importance because milk pro­

teins are utilized i n numerous food products, including dairy prod­

ucts, bakery and co n fectionary products, and meat pruducts ( Mul­

vihill 1 992).  

The demand lill' healthier low-fat foods is increasing. However. i n  
the abscnce o f  fat ,  altered Ilavor-matrix interactions result i n  a dra­

matic change in flavor prolll�s ( Sllamil and K i lcast 1 992; Pl u g  and 

l I aring 1 993; l Iatchwell 1 996). In fa t-r�duced or " l ight" foods the 

dominant components are ca rbohyd rates or proteins, which inter­

act di rferen tly with amma compounds compared with fat .  and thus 
change t he perceived flavoL I n  add itio n .  most of the fat replacers 

used in t hese fuuds a re com posed or proteins or carbuhydrates o r  

both. A beller understa nding of the science behind pro tein-Ilavo r 

i n teractions is required ti)r the development ofimprovcd rood tJavor, 

particularly that  of low-fat foods, and for minim i:ling the presence 

of ulT-flavors i n  protei n-con ta in ing foods_ 
The a i m  of th is  review i s  to discuss the navor-binding a b i l i t y  o f  

ind ividual milk proteins and m ilk protein products, and the i nnu­

ence of processing, particularly temperature and high p ressure. o n  

protein-flavor b inding . Methodologies used t o  investigate protein­

Ilavur in teractions i n  d i ffere n t  systems are evaluated. In lplica tions 

or p ro tt'in-flavor interactions in th� developm�nt uf protein food s,  

and ru ture researc h ,  are also considered. 

Q' 2006 Institute of Food Technologists 
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Analysis of Flavor Binding by Proteins 

Two approaches may be uscd to study the i nteractions betwecn 
navor Illolecule� and macromolecules. such as protein�: in�tru· 

mental techniques and sensory analysis. Thc systcmsconsidered are 
uflen very si ll lple, cunsis l i ng uf I navur cUl l lpound and I prolein,  
usually i n  an aqueous solu t ion.  

clavur binding has been exalnined predu m i nantly underequi l ib­
rium cond i l ions. A comlllon technique is equ i librium dialysis. which 
is s l i l l  commonly used ( [ )amodaran and K i nsel l a  1 98 la, 1 98 1  b, 1 9B3; 
Druaux and others 1 995; Fares and ulhers 1 99H; Muresan and oth­
ers 200 1 ;  l3urova and others 2003; lung a n d  Ebeler 2003a; Guth and 
Frilzler 2004). Huwever. lh is  lechnique is  l i me cunsullt ing, and navor 
losscs during the cxperimcnl may occur. AnOlher frequently used 
equi l ibriul l l mel hutl is S ia l ic headspace a nalysis (O' Keefe and ulhers 
1 9�J l a; Charles and O l hers 1 996; Andriot and others 2000; van RUl h  
and Vil leneuve 2002; I leng a nd olhers 2004; Liu and ulhers 2005a). A 
drawbackof l he s l a t ic headspace method is puor sen,i l ivi ty for com­
pounds wi th l it tle  volat i l i ty. For some samples this problem can be 
overcome by spl i l less or on-column techniques. or by increasing the 
lempcrature. However. thermal react ions may occur. Aroma com­
pounds thal are not deteclable by flame ionization delect ion ( F lD) or 
mass spectrometry (MS) can often bc detected using the heads pace 
gas chrolnalugraphv-ul rac lumelry ( GC-O) lechnique ( Widder and 
Fischer 1 9%) . 

Hecenlly, s ia l ic  headspace solid-phase m inuexl raclion (SPM E) 

has been found to be very useful for the examinal ion of prole in­
Ilavur binding ( Hobens and Pollien 2000; Adams and others 200 I ;  
Fabre and others 2002; Zhu 20(U; lung a nd Ebeler 200]a; Cianel l i  and 
others 2005). The SPME technique has been developed Lw PaIVl iszvn 
and co-workers (Anhur and Pawliszyn 1 990; Zhang and PalVl iszyn 
1 99]; Zhang and o thers 1 994) .  In headspace SPME, a fused sil ica 
fiber coaled wilh a l l l i n layer ofa selecl ive coa l i l lg extracls Ihe llavol 
compounds from I he headspace above the sample ( Figure 1 ) . The 
anal),le, < Ire conce n l raled in l i te cua l i ng and are Ihen I ransferred 
lO the analytical instrument for desorp t io n  and analysis (Zltang 
and Pawliszyn 1 993) .  I I  is a sensilive, rapid,  inexpensive, seleclive. 
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Figure 1 - Illustration of the 
partition process in headspace 
SPME for investigating 
interactions of proteins (P) and 
flavor compounds (e ) (not to 
scale) 
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and solvent- free sample prep a rat ion technique,  and is compatible 
lVilh a lVide range or separat iun melhuds such as Gc. GC-M S, and 
h igh-performance l iquid chromatography ( H PLC) (Zltang and oth­

ers 1 994) .  I leadspace SPM E has been found ( I )  be superior to both 
static and dynamic headspace analysis ror the measurement of  mi lk  
protei n-flavor i n teraClion� ( Fabre and others 2002) . The tec h n ique 
can also be used to quant i fy the navor concentrations after equil ib­
r iul l l  d ialysis (lhou and others 2002) .  

However, I here are some l i m i l a l ions of  headspace SPM 1-:. such 
as Il le d ifficu l ty in usi ng exterltal standards  fo r 1 1 10 re cumplex sam ­
p l e  l l Ial rice� ( Y a n g  a n d  Peppa rd 1 994). Inslead, standard add i l ion  
and isotopic d i l u l ion can be used for quant i tat ive analysis o f  such 
�altlJlles by SPM E (1 lawlhonre and olhers 1 992) .  In add i l iu n, corn ­
peti l io n  of llavor compounds in the fiber coat ing can cause biases i n  
the quant i l a tive analysis (Coleman 1 996; Grote and PalVl is7.yn 1 997; 
Robens and others 2(00). Hence. the method is more suitable for 
� irnJlle sys tems rather than complex systems. In add i l ion . it has to 
be ensured that the amuunt of Ilavor extracted from the I teadspace 
is smal l lo  avoid re-equil  ibra tion of the system. The pr inciple behind 
heads pace SPM E is Ihe equil i brium part i l ion process ufanalytes be­
tween the sam ple, the heaclspace above the sample, and the liber 
coa l i n g  I Figure 1 ) . The overall equ i l ibriu ltl of I I lE:' system can be de­
scribed by the following equation: 

1 1 )  

where IF I f  i s  t he concentrat ion o r  the llavor compound i n  the fiber 
coa t i ng, [/-' 1 /, in the headspace. I F  I '" in the aqueous phase, <lncl l l-' l l, 
bound b�' the p rotein.  The part i l ioning of the t1avor compound in Ihe 
system depends on the fiber-headspace partil ion coeftlcient ( 1\/), ) ,  
Ihe headsp<tl'e--\\'aler part i l ion coefficienl ( 1\/",. ) .  a n d  I h e  bind i ng 
constan t  between the protein and the flavor ( 1\) ( Figure 1 1 . Too long 
eXlrac l ion l i me� and 100 h igh values of  K/I, would resul l  in Ilavor 
being released from Ihe sample so lut ion,  and, as a consequence. 
pro lei n -bound Ilavur could be relea,ed i n to Ihe aqueuus phase and 
headspace, and the measured b i n d i ng constant 1\ 1V0uld be un­
derest i m a ted. Hence, sam pl ing paraltlNers have to be chosen with 
care. 

Other equi l ibrium tech niques include l iquid-liquid part it ioning 
(SpecLUr and o lhers 1 969; SpeclOJ 1 975: Datltodaran and K i nsel la 
1 9!.lOb) a l ld radioactivity counl ing ( K i n g  and Sol ms 1 979). For a felV 
hardly volal i le  and waler-soluble ll avorcOlnpounds, such as vani l l in  
or benzaldehydc. HPLC mcthods have becn developed to determ i ne 
Ihe free navur afler equ i l ibralion wi l h  Ihe prolei t t  (Ng and u l hers 
1 9B9a; McNei l l  and Sch m i d t  1 993; Andriot and others EJ99: Li and 
olhers 2000; Chobpal lana and olhers 2002) .  However, several ( l i�­
advantages are associaled wi lh equil ibrium methods, such as long 
equi l ibrat ion t i mes and thus the possible degradation of the volatiles 
during this period. 

The conformational stabil ity of prote in-Ilavor co mplexes upon 
heal denalural ion can be exa m i ned using di fferenl ia l  sca n n ing 
calorimetry ( DSC) melhods ( l3urova and others 1999; Semenova and 
olhers 2002b, 2002c) .  DSC also al lolVs I he calcula l iun of bin cl ing  con­
Slants using bovine serum a lbumin ( l3SA) as an i n ternal molecular 
deleclur since i l , dena lura l ion tempera l u re and I hus confo rtlta­
tional stabi l i ty depends o n  the amount o f  flavor bound ( l3urnva and 
others 2003).  However. the amount of  hound !lavo r determ ined this 
way is not  precise. 

Some dynam ic methods, that is, dynamic headspace analysis (ex ­
ponenlial  d i l ut ion) .  are used curre ntly ( /ouenne and Crouzet 1 996; 
Fares a n d  others 1 998; jouenne and Crouzet 2000b). The Ilavorcom­
pounds i n  I he headspace are or greater itltpurtance I han Ihose i n l he 
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food as they can travel to the nose during eat i ng and stimulate the 

olfactory receptors in the nasal cavity ( L i n forth and Taylor ( 993).  In 

dyn am ic headspace analysis. the expollen tial decrease of the navor 

concen t ratio n i l l  t he headspace above the sa mple is measurt'd . while 

the sample i s  exhausted of aroma volat i les by pass i ng an i n e rt gas 

through it or swceping it over i ts  s urfacc. Thc gas Icav i ng thc system 

is  sampled at regular i n tervals and analyzed using ( ;c. Purge-and ­

trap analysis is a com lllonly used method of dyna m i c  heads pace 

analysis and enables fas t  determ i nat io n of the activity coefficient 

of t he tlavor compound i n  a model food syste m ( Sorrelllino and 

othcrs 1 'J8fi; )oue n ne and Crouzet 1 9%. 2000h ) .  Disadvantages are 

the purging of water along with the an alytes, decreasing the ad so rp­

t ion capacity of the t rap, and di ffusion or " b reakthrough" losses of 

analytes not re tail1t�d by the t rap ( Stevenson and o t hers I �J%). 

Other dynamic methods i ll volve l iquid chromatography, such as 

size excl usioll chromatography ( I- I u m mel and Dreyer 1 %2; Dumont 

1 9t17 ;  Pe l let ier anci o t hers 1 99tl) , dynamic coupled column l iq ­

uid chromatography ( DCCLC) ILangourielLX and Crouzet 1 995; 

jouen l le and < :rouzet 2000a ) .  or affi n i tychromatographyolI pro tein ­

honded stat iol lary phases (Pelletier alld others 1 9'JB; Sostmann and 

Guichard 1 �J9!l; Reiners and others 20(0). The methods based on 

liquid chromatography need small amou n ts of product and are 

rapid, t hereby reducing the degradation of analytes. In spite of this ,  

a m n i ty chroma tography only provides global afti n i t ies. The nUill­

ber o f  b i n d i l l g  si tes has tu be determilled through exclusion size 

chro m a tography or other met hods. Another drawback of affi n i ty 

chromatography is that possible conformational changes in pro­

teins due to their i m mobil ization have to be considered, and some 

protc i n -binding si tcs may be hindered, as observed for isoalllvl ac­

etate (Pelletier and others i99!l ) .  

T h e  above- mentioned methods c a n  b e  used to demonstrate 

the existence and extent of molecular interact ions between aroma 

volat iles and proteins or other food constituents. I lowever, they do 

not prov ide i n formation about the l Iature o f  i n te rac tions. Spectro­

scopic techniques have been used s uccessfully to gain insight i nto 

the na ture of i n teractions. l3 i nd i ng o f  a Ilavor compound to a pro­

te i n  molecule can generate conformat ional modifications of the 

protein ( Darnodaran and Ki nsella 1 980b; LLlbke and u t hers 2(00). 

These confomlat ionaJ changes, and thus the b i n d i ng of l igands can 

be measured lll' following the change in protei n  tryptophan lluo­

rescc nce, which can be i ncreased or quenched depend ing on the 

ligand p resen t  (Muresan and others 2001 ) .  The technique also i n ­

dicates i f  a l igal ld binds in the vicini ty  of a tryptophall re�idue. As­

suming that the change in tluoresccnce depends o n  the amOLUll of 

protein-ligand complex, tluorescence spectroscopy can be used to 

delerm i lie bind i n g  cunsta n t s  ( Dufuur and Haerlle 1 990; I'rapin and 

ot hers 1 993; Liu and uthers 2005a ) .  l Iowever, the protein investi­

garcd needs to con ta in a t  least 1 tryptophan residue. I n  addit ion,  

for l igands that q uench the tryptophan tluorescence, the hinding is  

overesti ma ted and should always be verified u. ing a second method 

(Muresan and others 200 1 ) . 

Another technique monitoring conformational cha nges of pro­

teins upon tlavor binding is in frared ( l H )  spectroscopy ( l .Lihke and 

ot hers ZOOO). The tech n ique is a velY L lseful 1001 to study protein 

secondalY structures. General ly, the am ide I bands region between 

1 600 a n d  1 700 per cm reveals the most of the i n formation as it is 

highly conform at ion-sensitive. When usi ng e ither tluorescence or 

I II specrroscnpy it has to he considered that tlavor hinding without 

co n formational cha nges in the protein cannot be investigated using 

these techn iques. 

Nuclear magnetic resonance (NMR) spectroscopy techniques are 

a veryvaluahl e tool to eXl1 lore mechanismsofprnte i n-tlavor in terac­

tions. -I\vo-d imensional (2 1)) NMH specrroscopy reveals conforma-
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t ional changes of the protein upon llavor binding, and those a m in o  

a c i d  residues involved i n  t h e  b i nding s o  t h a t  i n formation about t he 

location and number of b i n d i n g  sites on a p rotei n can be obtained 

( U i b ke alld others 20(2). D i ITusion- based NMR tecilniques a re fast 

and easy but do not o ffer inforrnatiun abuu t the nature of i n terac­

t ions. The pulsed fie ld gradient N [VI R (P H ;-N MH) method could pro­

vide bind i ng co nstants K and n umber o f b i n d i n g  sites 1/  o n  the pro­

teins. I lu\\,!:'ver, using this techniqu!:' it is  assumed that t here are no 

i n teractions between the p roteins or the Ilavor ligands themselves 

but this assull lp t ion is not t ruc. A powerfu l tool fur rapid scree n i ng 

nf tlavors that ilave an am n ity for a p rotei n is the diffusion-based n u -

lear ( )verhnuser effect ( N O El  p u m p i n g  techn ique ( J u n g  a n d  others 

200�; lu ng and Eb!:'l!:'r 200�tb) .  This technique should o n ly b e  used 

as a screening method as it lacks sensitivi ty. 

Sensory analvsis has also heen appl ied to exallline the effect o f  

p roteins on tlavor pe rcep t io n ( N g  a m i  others 1 9f19h; I-lanscn n n d  

I-lein is  1 99 1 ,  1 992; McNeill a n d  Sch m id t  1 99:1; Re i ners a n d  ot hers 

20(0). Rating o f  Ilavor i ntensi t ies in the presence and absence of 

pro tein gives i n Sight i n to the effect of p rotein-tlavor binding o n  fla­

vor percept ion and complements i nqn l ll lcn tal  techniques. H olV­

ever, an i n tensive t ra i n i n g  of the taste panel is necessary to obta i n  

precise results,  and thus i s  t i me consuming a n d  costly. 

Determination of B inding Parameters 

T o characterize thc h i n d i ng of a spec i fic flavor to a specific pro­

tei n ,  h i nd i n g  parameters, such a s a ll i ntr i nsic h i n d i ng constant 

1\, the number of b i nd i ng sites 1/ .  the I li l l  coefficient h, the G ibbs' 

free energy ofbinding i:; (;, t h e e n t halpy change i:;H, and the e n tropy 

change tJ. S, can be determi ned experimen tally. Diffe relll  plots have 

heen Llsed rn determ ine these parameters, i llcluding the Scatchard 

plo 1 (Scatchard I 949) . the Klotz plot (Klotz and ot hers 1 946; Klo t z a nd 

Urquhart 1 94tl ) .  and t he Hi l l  plot ( H iJl I 9 1 O; Yven and others 1 99!l ) .  

The expcrimental determination of K a, a fu nction o f  temperilt u re 

al lows the determi na t io n of the thernwdynamic parameters tJ. e, 
tJ./-/, a nd tJ.S (Steinhardt and Heynolds 1 969). 

The frequently used Scatchard ami Klotz models assume equal 

and independent binding sites o n  a p rotein.  However. proteins can 

possess nonequ iva len t h i n d i ng s i tes, for example, 1 or more h igh­

affi n i ty primary binding � ites and a group oflower affin ity second ary 

binding si tes. This resul ts in nonl inear Sc3tchard and Klotz plots and 

complicates the evaluat ion of binding data because i t  is  often d i fli­

cult to eXTrapolate the b i n d i n g  plots to obtain the exact number o f  

equivalent b i n d i ng s i tes. Furthermo re, b i nd ing s i tes c a n  h e  depen­

dent .  The i n itial b inding o f a ro ma compounds can cause a protein to 

undergo conformational c h anges (Damodaran and KinseUa i 980b ) .  

reveal ing new binding si tes. I f  t h e  i n i tial b inding o f a  l igand 10 a pro­

tein producesa tendency to b i n d  more l igand, pos i t ive cooperat ivity 

exists. l I· binding is re · t r icted after the i n i t ial binding ofa ligand, t he 

protein shows negativecooperativi ty. If theSca tchard and Klotz plots 

are nonl inear. the Hil l  plot  (Hil l  (910) should be used to determine 

i f  coopera t ivity between b i nd i ng si tes exists. Therefore, a reason for 

variations in b ind ing parameters between s tudies may be the choice 

of binding llIodel. 

In addition, a complete binding analysis from the i ni t ial s igns of 

binding to saturation is often not realizable i n  tlavor b i n d i ng ex­

peri nlents, fo r example, because of the low water solubi l i ty o f  most 

Jlavor cOlllpounds. The range of tlavor concen t ra t ion varies from 

one s t udy to another, making comparison of binding data i m possi­

ble because the amount o f  tlavor molecules presen t  deterlllines the 

occupa tiun ufbind i n g  sites. I f  Jlavor concen t rat ions are low only t he 

high-affinity binding sites a re occupied, IVhereas high Ilavor con ­

centrations mav also resu l t  i n  t h e  occupation of secondary binding 

s i tes. 
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Flavor B inding by Mi l k  Proteins 

,l3- Lactoglobu l in  (,l3-lg) 
Of al l  the d ilTere n t  food proteins. fl-Ig has been used extensively 

as a Illodel protein for s l llclying protein-Ilavor i n terac t i o ns, because 
of i ts well-defined s t ruct ure and propert ies (McKenl.ie 1 97 I ;  K insella 
and \vh it ehead 1 989; Ba ll  a nd u thers 1 994) .  

The 3 - d i mensionaJ s t ructure ofbuvine fi - Ig has been determi ned 
by high-reso l u t io n  crystal lographic s tudies (Sawyer and others 1 985; 
Pa piz and u t hers 1 986; Munacu ant/ u t hers 1 987) a nd has been shown 
tu be s i m ilar to that of serum re t i nol - hi n d i ng p rotein ( H B P I  ( Pap i�. 
and others 1 98£); North 19B9 ) .  fi-I!( b b u i l t  up o f 2  fi -sheets. liHll1ed 
from 9 strands converging at I cnd to form a hydrophobic calyx or 
pocke t .  a nd a flanking 'I- t u rn  It -helix ( Sawver a nd nthers I 9BS; Papiz 
"nd others 1 986) ( see figure I in \\Iu am( ot hers I 1 999\ ) .  This pocket 
serves as a b i nd i ng locus for apolar nloleculcs such as re t i nul ( K  = 
5 x 1 0' lV I - I ) ( Fugatc and Song 19BO) a n d  long-chain fatty acids ( K  
= 1 0�'- I (J' tv ( - I ) ( SpcclOr ano Hctchcr I !'l70; Diaz de V i l legas and 
ot hers 1 987; Perez and others 1 989; Fr;lp i n  and others 1 993; Wu and 
ot hers 1 999; Hagooa and others 20(0 ). 

i-"ouricr transform I H  spcctroscopy has been used to determine 
the co n formational cha nges in fi - I g  upon the add i tion of l iga l l l ls. 
The tec h n ique cunl1rmed the b iml ing of fi - ionone, ret i no l ,  and fa t t y  
acids in tu  the cen t ral cavity ( l .i"1hke "nd o t hers 2(00) .  For other l ig­
ands (p-cresol .  eugeno l .  2- nonanone, and y -decalaclOne) .  no con­
fo rnwtional ch'l 11gcs of the prot('in lVere observed a nd the allthor� 
sl lgg('�ted e i ther a b i n d i ng to the protein smface o r  a b i nd i ng i n to 
the central cavity wi thout i n d ucing a conforma tional  change. HolV­
ever. an N M H  studl' d i d  con l1rm conformat ional  changes of fi - Ig  
l I J lon h i n d i n g  o f  f13vor molccllles ( y -dl"calac[( lne and fl-ionone) 
( l .lHlke and others 2002). I t  appeared that  the 'ide chains of s('veral 
amino acids close to the cen tral hydrophobic cavity ( Leu4£), l ieS!;, 
�Iet lOi. and G i n  1 20)  were affected by t h e  b i n d ing of y -deca lac tone. 
whereas the binding of fl-ionone anected a m i no acids located in a 
groove near the ollter sl I rface of the protein ( I.eu 1 04 .  Tyr 1 20 .  and 
A pi 29) .  a groove that i� close to a region that  has bccn de,cribed 
by Monaco a n d  others ( l9Bi) and Uibke and others (2002 ) .  This 
study conlirms the existence of 2 d i ffere n t  b inding s i tes on fi-Ig for 
aronla compOl lnds. but  it is sti l l  not e n t i rel)' clear which Jlavors b ind 
preferen t ial lv lO which site. 

Therefore, the most probable b i nd i ng s i te for Ilavor compounds is  
the hydrophobic pocket o f fi - Ig. In add i t i o n  to lhis pri marv b i n d i ng 
s i te. fi - Ig is t hought to co nta in  weaker secondary b i nd i n g  sites that 
are capable o f  l lndergoi ng i n terac t ions wi  t h  hyd rophobic lIlolecules, 
sllch a s  llal'o r compolllll ls ( Spect o r a nd Fletcher 1 970; Hobi l lard and 
Wis h n i a  1 972; Monaco and others 1 9 87; O ' Nci l l  and K i nsella 1 9B8; 
Dufour and Haertle 1 990). 

fi-Ig is  knulVn to i n teract lVi t h  severa l Oavor compounds, sllch 
as a lkanes ( Wishn ia and Pinder 1 966; Moha ll l ITladl.adeh-K.  and 
others 1 967. 1 9G9a, 1 969b). ketones (0' eill a nd K i nsella J 987; 
Andriot and others 2000; ( ;l l ichard and LangourieLL'\ 2000; louenne 
and erouzet 2000b) ,  aldehyde, (van Huth and Vi l lenel lve 2(02 ) ,  
ionones ( Dl I fOl l r  a 11(1 I laerth� 1 990; Juuenne a n d  CrOllzet 2000a; 
1 .0bke and o t hers 2002; J l Ingand Ebel e r Z OO:3/ . l ) .  lactone;; (Sos t n lil l l l l  
and G u ichard 1 998; Llibke and others Z002; G u t h  and Fritzler �0(4 ) .  
a n d  esters I Pelletier a n d  others 1 !'l!'lB; ( ; u ichard a n d  I .angouriellx 
2000; JOlle n ne and Crol lzet 2000b; Hei ners . 1 1 ld o t hers 2000). As a re­
sul t of d i ffere n t  experi mental nlet hodologie'i and cond i tions, var i­
ous b inding parameters have been derivcd in d i fferen t stud ies, mak­
ing comlKlrison of hinding data d i fficult .  

O'Nei l l  and K i nsella ( 1 987) .  using eq u i l ibr ium d ialysis, showed 
that fi - Ig has a high b inding a m n i ty and one main  b i n d i ng site 
fo r methyl ketones. The slopes of the Klotz plots fo r Z -heptanone. 
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2 -octanone, a n d  Z - nonanonc i nd icated binding consta n ts (K ) of 
1 52 ,  4B I . and 2439 M- I ,  respect ivcly. As the binding consta n t  K 
for fl - Ig and h o mologous series of C,ters, aldehydes, kelO nes. and 
alcohols i nc reased wi th  i ncreasing cha i n  lengt h ( hydrophob ici ty) 
lVi t h i n  the sal l le  chemical class, hydrophuhic in teractions between 
fl-Ig and tlavor compounds were suggested (O'Ne i l l  and K insella 
1 9B7; Pel let ier a nd others 1 9911; ( ; u ichard and Lallgourieux 2000). 
I 10lVever, earl ier work hy Jasinski ami Ki lara ( 1 985). using the same 
l l le t hod, repo rte d a much lowerval ueuf K =  1 22 M  I fo r 2 - no na none 
and abou t I .J b i n d i ng s i tes were evide n t .  The authors suggested that 
unfolding of t he p rotein may explain [he h igh nu mher of b i nding 
site, deterl l l i ned, but  i t  is  unclear how this unfulding may have uc­
curred. I n  o u r  o p i n io n  the Ilavor prote in  ratios used by Jas inski  and 
K i lara ( 1 985) a re compara t ively high so that  weaker. secondary b i n d ­
i ng s i tes on t h e  protei n  m ight  h e  occupied .b well, w h i c h  would also 
decrcase the overa l l  h i n d i n g  co nstant .  Kesicie" they added sodium 
azide a� a n  a n t i bacterial age n t .  which has later been shown to i n ll u ­
ence protei n-Ilavor i n terac tions () ' Keefe a n d  others 1 99 1 b; Fares 
and others I l)911; Heiners nnd others 2000). 

The presence or nbscnce of ccrta in func tional groups and steric 
factors is also known to have a marked i n Ouence on the degree of 
Oal'or b i n d i n g  by proteins. The i n teractions of an alkvl chain Idt h  
fi-Ig can be reduced by a polar group; that is. the i n t roduclion o f  a 
hyd roxyl fu n c t ion (01-1 )  i s  responsible fo r wc'lke r i ntcrnc t ions ( He i n ­
ers anci others 2000). T h e  i n troduction of nn aldehvde group led t o  
a sl ight i nc rease i n  b i n d i ng. I n  general. t h e  b i n d i ng capac i t ies o f  
proteins i n c rease from alcohols to kelOnes and i�dehydes. 

i\ recc n t  fl uorometric study on t he b i nd i ng of rN i nol and y ­
undccal'lCtone t O f! - l g sh owed that  t herc i s coll lpe t i t ion berween the 
l igands ( tv l uresan and ot hers LOO I ) . The effect of the cha i n  length on 
the free energy of i l l lerac t io n  between fi- Ig a n d  d i ffere n t  lac tones 
i n d icated that the i n terac t ion is  mainl\' Iwdrophobic.  IVhich led t he 
authors to conclude that thc prefere nt ial b i n d i n g ,  ite fo r the lactoncs 
is  l i kely tu be the cen t ral cavi tl·. Thh hypotilc,i, \Vas confi rmed by 
compct i t ion expl'r imen t s  betwecn fi-iononl' and othe r  tlavor com ­

I )(lullds ( So s t l l l a n n  and G uichard I 998) .  Theauthor, concluded that 
( I )  lactones have some afil n i rv fo r the central  cavi t)' as wel l .  and 
( 2 )  O' - ionone, fi -dal llascenune, ll l et ln'l bem.oate, and u n sa t urated 
a l ipharic a ldehydes and kCLOnes billd non�pecilically to the pro­
te in .  In contradiction,  Guth and Fri tzler (2004) suggested a b i n d i n g  
posi tion of y -dccalactonc. which i s  d iffe rc n t  from that of t h e  c('n­
t ral cavity � i n ce buth ret i nol i lnd pa l m i ta te only  , I igh tl�' i l l h ibi ted 
the b i l ld ing of the lilctone. These cl l n t radirtory resul ts  demunst rate 
that the loca t io n  of b i n d i n g  s i tes for Ilavo r molecules on protei n s  
needs t o  be i nvcstigated further. tven nave)!" b i nd i ng locations o n  
the freq uent ly  stud ied fi-Ig a re s t i l l  n o t  fully t l llder,toud. 

) ) u four and I lilertle ( I  990). u�ing Iluorescence spect roscopy, sug­
gested that the ccntral hvdrophobic pocket has a l I ar1"01\' spcciflciry 
to the structure forllled by the conj ugated double bonds of the fl­
ionone r ing a n d  isoprenoid cha i n ,  pre,cnt  in both fi- ionone and 
re t i n o l .  The a u thors could not del llunstrate  b i nd i ng between fi - Ig 
and u - iunone, si nce it d icl not  quench the t ryptophan Il uorescence. 
The ionone isomers d i ffer only in the po,it ion of the cyclohexene 
double bond. On the other hand. It -iono l lc m ight he hound hy fi - I g. 
but wi thout  in teracting wi th  tr)1J tophan.  In co n t rast ,  l .libke and o t h­
ers (2000 ) .  u s i ng I R  spect roscopy, showed that the bindi ng of ret inol 
ancl  fi - ion one i nr o  the hydrophohic caviry of fl-Ig i n d l lced no sig­
n i fica n t  co nformational change i n  the protein, whereas the b i n d i ng 
of O' - ionone d id .  prohably d ue to the "wrong" pos i t ion of the dou­
ble bond ( Lllbke and others :WOO). Jung and Ebeler (2003b) .  us ing 
a d i ffusi o n - based NOE pumping technique, demonstrated that the 
b i n d i n g  of fi- ionone by /I - I g  was significantly h igher than the affi niry 
ofu- ionone. In add i t i o n ,  U' - iononc was bound only a t  p H  9 .  whereas 
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fl-ionone was hound at  p H  3 to 1 1 .  with the greatest bind ing amn· 

i t y  a t  p H  9, and the lowest a t  pH l l ,  due to  alkaline denaturat i on 
and aggregat ion.  The reason why these authors, con tralY to Uibke 
and others (2000)' did nut  ubserve a ny binding u f a -ionune at neu­

tral p l l may be the low sensi t iv i ty of the NOE p l l ll l pi ng method. 

The com p lementary resul ts of the a bove studies show the i mpor­

tance o f  usi ng a comh i nat ion o f  tec h n iques to obta i n  more rel iah le 

re�ul t s. 

n-Lactalbu min (a-la) 
<.I· la isa comp;lct glohular p rotein , � tabil ized by 4 i n t racha i n  d isul­

I1de bonds ( K i nsella and Whitehead I !'l139 1 .  and it  plays an impo rta n t  

role i n  t h e  synthe� is of lactose (Wong l !'l88). However. on l y  a few 
stud ies have i nvest igated the h ind ing of flavor compounds to a-la,  
as i ts  a m nity fur flavur co nlpounds i s  believed to be lower than that  

of fj - Ig. Using headspace analysis, a - la was found to bind v;lrious 

amounts of aldehydes and m ethyl ketones ( Franzcn and K insella 

1 9(4),  but bindi l lg  co nsta nts were 1 10t given. The s tudy of lasi n ­

s k i  and Ki lara ( 1 985) .  which consi dered the h indi ng o f 2 - 11olwnone 

and no nanal tn <.I -la, showed very weak bi nd ing of both naVOr5 to 

the p rotein,  as determined by equilibrium dialysis. Because fasinski 

and Kilara ( 1 9f1!i) u nderest i ma ted t he h i n d i ng o f  2 - flO fl<1nOne tn 

/l·lg, they possih ly underest imated the h i n d i n g  to a - l a as well. Fur­

ther examination of flavor binding by a -la should be performed. 

Bovine serum albumin ( BSA) 
RSA b i n d s  a large va r iety o f compou nds , inclu d i ng rt't i nol (Ful ler­

man and Helier 1 972) ,  long-chain fally acids (Morrisell and o thers 

1 975; Specto r 1 �75; Perez and others 1 989) ,  alkanes ( Wisir nia and 
Pi nder 1 964; Moirilml l ladzadeh-K.  a nd others 1 967, 1 969a, 1 96%), 

and aldehydes and ketones Jl3eyeler and SOl1115 1 974; Franzen and 
r.:inseIla 1 974; Dalllodaran and Kinsella 1 9BOb; lung and Eheler 

2003a). The prote in is co III posecl ofa s in gl e polvpeptide c l win , which 

is folded sn tha t :� or 4 spher ical units a re formed. The b i nd ing sites 
for fa try acids arc probably located in c revices between thc spherical 
uni ts (Spector 1 975). 

Usi ng stat ic headspace a naJys is, n a t ive BSA was found to decrease 

the vapor pressu re of d iaceryl nver its aqueous sol ut ion.  As l illle as 

0.5% protein caused a 25% reduction in volat i l ity ( I .a n d  and Heynolds 

1 �)H l ), indicating a very h igh affi n i ty of BSA to bind diacetyl. Beye ler 

and Solms ( l �)74) used equilibrium dialysis to study the in terac' 

t ions of a large n umber of flavor compOl l nds with IlSA. The binding 

constn nts  ranged from 0 to 1 0 " 1 03 M - I , and decreased i n  the se· 
quence a ldehydes > keto nes > a lcohol s. The authors suggested that 

the binding of aroma compounds was due to both hydrophobic and 

elec trostatic forces. K i ng and Solms ( [ 979) found the i n teraction 

between labeled ( " CI benzyl alcohol and denatured RSA to be re­

versible. The i n terac t ion was i ndepe nden t of pH and io n ic strength ,  
conlirming a dominance of hydrophobic i n teractions. 

Damodaran and Kinsella ( l 980a, 1 980b, 198 1 c)  extensive!y stud­
ied the in teract ions between navor compounds, in particular 

2'no n a none and BSA. Using l iqu id-liquid part i t ion ing, t hev de· 

tern l i ned a binding constan t  for 2'nonanone and BSA of K = 

l BOO M- I with 6 primary binding sites on the protein molecule 
(Damodaran and K inscl la 1980a, 1 980b). More recently, PFC;- N M R  
spt!ctroscopy revt!a led q u i t e  d i fferent b i n d ing parameters for t h e  

BSA/2'nonanone system w i t h  K = (833 ± 1 5) M- I and 11  = 7 ( fung 

and others 2002). D i fferences i n  binding parameters for systems 
conta inin g BSAare often due to the rype of RSA used since RSA prod­

ucts contain  vary ing amounts o f fal lY acids, which are t i ghtly bound 
by t he protei n  and t hl ls  reduce the bind i ng of navurs. The above­

ment ioned values agree with the number of binding si tes i n  RSA for 

long·cha in /l·alcohols (Steinhardt and Hey nolds 1 9(9) and free fatry 
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ac ids ( Spec tor and others 1 969; Spector 1 975). I n  addition, a l arge 
number of weaker, secondary binding sites are probably p re se n t  

(Spector and others 1 9(9 ) .  Th is was confirmed b y  (;uth and !'ritzier 
(2004) who suggested 1 o r  2 high-amnit)' b ind ing s i tes, and a la rge 

nu nlber of lower a m n i t y si tes for y - and � - Ial'tones on BSA. 

A rccen t  study using DSC suggestcd 2 and 3 b in d ing sites a n d  

h in d i ng constants of 600 a nd 300 M - I  for va n i l l i n  (4· hvd roxv-

3-met hoxybelll.aldehydt!) and 2 -oc tanone for BSA, respect ively 

( Burova and ut hers 2(03 ) .  We cunsider t i ra t  the low b i n d ing para m ­
eters compared 10 other flavor l igands could be exp la ined by t he 
slightly acidic condit ions ( p H  = 6.4) used hy these au thors, s i n ce 

lowering the pl l by 1 .8 u n i ts reduced the h in d i ng of y ·deca lactone 
on RSA by 40% ( [)ruaux and others 1 995) , probably due to confor­

mational changes in the protein. 
I J si ng predom i n a n t ly cllromalOgraph ic methods, Diro n t  ( 1 9B7) 

p rovided some evidence t h a t  albu m i n  ho und va n ill  in  irreversihly to 

a substan t ial ex ten t ,  hut Dllmont ( t �)87) showed that the b i n d i n g  

was reversible. I t  m a y  be possible that t h e  binding sites for van i l l in 
on BSA are not equivalcn t ;  b inding could occur hnth reversih ly via 

noncovalent i n teract ions,  and i r reversihlvvia thealdell\'de fu nction. 

Alaiz and Ginin ( 1 9�)4) observed i rreversible binding oU-octenal t o  

BSA. The authors suggested a covalent binding of2-octenal. through 
its double bond, with the imidazole ring of histidine in BSA. 

lasi nski and K i lara ( 1 9B5) ,  using eq ui l ihr ium dialysis, co mpared 
the b i nd i ng between BSA and 2 navors, 2 - nonanone and nonanal .  

For both navors, they observed strong bind ing to the prote in , w i t h  

nonanal having a h igher a ffin i t), than 2 - nonanone. T h e  authors 
at tributed the stronger b in d i ng o f  nonanal to the pOs i t ion o f  t he 

funct ional  group, or the higher react ivity of aldehydes cOlllp;Jred 
to ke tones. A reduct i o n  in the available ,c -amino groups uf BSA o n  
analysis of t h e  nonanal-protein complex could not be found by 
Damodaran and K in sel la ( I !'lROb) '  indie<lIing that the I - position o f  

t h e  keto group cau�ed t h e  higher b i nd ing a m n i ty. The 2-pos it ion o f  

t h e  keto group i n  2- nunanone would give rise t o  more steric h i n ­

drance t o  hydrophobic i n teractions. 

Whey protein products 
A few studies have been reponed on the hinding of flavor C0111-

pounds by whey protein p roducts. fasinski and K iJara ( 1 985) i n ves­

t igated the b i nd ing of 2 - nonanone and nonanal to whcy protei n 
conce n t rate ( WPC). They fou nd a large number of bind ing s i tes 

with strong binding arnn i ty. Using HPLC, a weak i n teraction be­
tween \Vhey protein isolate ( WPI) and vanillin in a sweetened drink 
was demonstrated by McNe i l l and Sc hmidt  ( t 993 ).  Unfortunately, no 

binding parameters \Vere determined. l . i and others (2000) extended 

their research and round that the interaction between va nil l in and 
WPI was strong, w i t h  a n  average binding constant or l 7 13 M - I 
( 1 2  C) a n d  0.67 b incl i n g  sites on WPI.  Recen t ly, a high binding amn­

i ty between 2 - nonano nt! and \VI'I was confirmed using headspace 

SPME (Zhu 2003) .  A bin d i n g  constant  of K = 2059 M- I (25 C )  and o n  

average l b i nding s i t e  p e r  protein molecule were found. The strong 
i nteractions betweell lVhey protein products a nd flavor co m pound s 
indicate t i ra t  the add i t i o n  of t hese proteins tu fuod produc ts , even 

at vt! ry luw conce n t rat ions, could in fl uence the navor p ro li le  of tire 
food. 

Caseins 
A few slLIclies have dealt w i t h  [he behavior of aroma cOlllpounds 

i n the presence o f  sod i u m  case inate or casein.  Bovine sodiulll ca­

seinate i s  a useful model for i n vest iga t i ng the i n t e ract iuns between 

aroma ami protein because of i ts wel l -known fu nc t ional properties 

and i t s  wide use in c1ai ry, as wel l  as nondai ry, food products (Mulvihil l  

1 992 ) .  
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I n  the presence of sodi u m  case inate ( 1 0%) .  Reineccius and 

Coulter ( ! 96'J) noted a decrease i n  the d i acetyl hcadspace concen­

t ration of nearly 50%. In an aqueous solu t ion contain ing only 1 %  

casein. lowe r vulat i l i t ies u facetone and acetaldehyde were u bse rved 

(Ma ier 1 970). Even the add i t i o n  uf unly 0. 1 % sud i u l ll caseinate in­

duced a decrease i n  the vola t i l i ty of flavor compounds in aqueous 

sol u t ion in the fol lowing order: fl - ionone > I/-hexanol > erhyl hex­

a noate. isoamyl aceta te ( Vu illey and uthers 1 99 1 ). The i n tensity of 

the udo r d ue to aldehyde', stu red in a m ixture with casein, decreased 

with i ncreasing t i me of sto rage ( Poko rny a nd others 1 976). However, 

I .e Thanh and others ( 1 992) d id not find a decrease i n  the headspace 

concentrations u f  acetune and ethyl acetate i l l  the prese nce of 1 0% 

sod i u m  caseinate. The authors attributed t his  to the residual Nael 

present from the preparation of caseinate. because salts increase 

rhe conccntration of volatile compounds in thc headspace ( Nawar 

1 966: Land and I(eynolds 1 9R I ) . 

In a Illodel dairy prolein d r ink.  sod i u m  casei nale (G'"u) was , h o\Vn 

to i ll leracl with van i l l i n .  A s ignifican l decrease in free \'ani l l in  in the 

d ri nk was shmv n by H P LC ( Mc Neill and Sch l l l id t  1 993) .  I J s ing s i m i ­

lar melhodology. moderate b i nding of va ni l l in  t o  sod i u m  caseinate 

was shown by Li and o t hers (2000) .  Landv and others (l�)%) ob­

served a major i n ll uence o f  sod i u m  caseinale on the headspace­

l iquid pani l io n  coerticients and on Ihe relalive vola t i l i ty of diacetyl. 

ethvl hutanoate, and elhyl hexanoare. h u l not of ethyl acerale. in so­

l u t ions co ntaining O.5°� and 5% prorein, respect ively. Thc prescnce 

o f  strong i n leractions between diacetyl and sod i u m  caseinale was 

suggested by the retent ion ofdiacelvl in the dialysis sac even af"lerex­

hal lstive d ialysis against water ( Fares and olhers 1 9981 .  Conversely. 

an exhaustive d ialvsis in the p resence o f b enzaldehvde and sod iu l l l  

caseinate resulled i n  n o  vola t i le compound relained by the protein.  

reveal ing weak bonds between benzalddwde and sod i u m  caseinate 

(Fares and olhers 1 9�)8) .  In con trasl .  Ihe aJiphalic aldehyde hexanal 

has bren found ro bind covalen lly 10 sod i u l l l  caseinate (Mevn ier and 

olhers 2004 ) .  

Dubois a n d  o t hers ( 19'16) showed t ha l .  i n  a model cheesc syslcm . 

the volat i l i ty of d iacetyl decrea. ed slightly w i t h  increasing calcium 
caseinate corllent whereas a change i n  t he fat conte n t  o f  up 10 30% 

did nul a ffecl lhe vola t i l i ly. The hydrup hil icily o f d iaceryl \Vas used 

as an explanat ion by these aUlhors. 

Fischcr and Widder ( 1 9'17) developed a method based on 

heads pace C jC-O to measure the re tcn t ion o f  esters and heptanal 

in aqueous solul ions wilh a casein co ntenl varying frul l l  0 to 1 2%. 

C ; enerally, Ihe arollla relenlion in creased wilh i ncreasing prolein 

COnlenl.  A recen t study by Zhu ( 2003 ) demonstrated weak binding 

o f 2 - nonanonc by sodium casei n a te, u s i ng head s pace SI'IV I E .  An av­

erage afil n ity cun S la n l  uf K = 1 858 M I and on average 0.3 b inding 

s i tes per prolein molecule were fo und . The above s l udies clea rly 
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show tllat casei n s  and sod i u m  caseinate arc capable of b in d i ng sev­

eral d ifferent llavor compounds. Therefore. when adding caseins to 

a food product, i t  has to be considered thal llavor may be bound bv 

Ihe proteins a nd Illilde unavailable lor percep l ion. 

I l ardly , l i lY i n formalion is available o n  Ihe Ilavor binding behilv­

ior o f  thc ind ividual casc ins 0' ,1 - . 0' ," " .  fj- ,  and " -casein . Of all the 

caseins, fl-casein is the m051 hydrophobic (Swaisgood 1 992),  and 

Ihus could hilve h igher affi n i ty conSlanlS  for l i pop h i l i c  Ilavor com­

pounds. In addi l ion . casein mo lecu les have a lendency to undergo 

self-associat io n  or associat ion with each other, depending o n  envi­

ron m e l l lal cond i l ions. such as prOlein cDnce n t ral ion,  p i  I ,  ; )nd ionic 

s l renglh. 1 I  is  u n known how this  associalion behavior i n lluences Ila­

vor b i nd i ng. Recently. Bu rova and ol her, (20031 esl ima led binding 

COnslanlS aro u n d  l OO M - I for 2-oclanone or van il l i n  o n  {i -casei n. 

Systemat ic s t udies on Ihe binding n f selected tlavor compounds hy 

i nd ivid ual caseins and I he i r  m ixturcs u nde r d i lTe relll co n d i l ions are 

required 10 fu lly uncierS land Ihi'  complex sy�tem. 

Comparison of flavor binding 
capacities of milk proteins 

The binding parameters of I he most s ludied Ilavor co m pound, 

2 - nonano ne. for m i lk p ro le i ns obwined by d i fferent  authors vary 

signi licanL ly, as shown in Table I .  Researchers have used d i fferen t  ex­

perimental app roaches to investigate p rolei n-tlavor b i nd i ng, which 

mav be the reason for some o f  the v,Hia tion in rhe resul ts  (O' Kcefe 

and others I �J9 1 b; Ste\'enson and o t hers I '19(i ) .  Nevertheless. tllere 

are obvious I rends, such as decreasi n g a filn i ry conS lants in the order 

BSJ\ > fl-Ig > u - Ia. 

An earlv study thal compared the b i nd i n g  of d iacetvl by sodiul11 

caseinate and whey p rotein showed s i m i lar llavor binding for both 

proteins, as delermined by stal ic headspacc analysis I Reineccius 

and Coulter 1 �)69 ) .  However, tllis observa tion was dispu ted by sev­

eral laler swdies, which showed Ihat whey protein generallv has 

a s t ronger llavor-bi nding caparily Ihan cilsein ( l l i lnsen and I le i ­

nis  1 99 1 ;  Hanscn a n d  I30uker 1 996; Li ,U1d OIhcrs 2000; Z h u  20(3) 

( Figure 2). Under iden t ical experimelllal conditions, \VPI was found 

to have higher aftl n i ty for va n il l in Ihan sod i u m  casei n a te ( I . i nnd 

olhers 2000). These resul ls  agree wi l h Ihe fi ndi ngs of I l ansen and 

Bookcr ( 1 9,)G I .  who exa m i n ed Ihe binding of van i l l i n ,  benzalde­

hyde, c i l nt! '  and d-l i m o nene 10 sod i u m  caseinate and wpc. They 

reported that whey prote i n  exhibited greater degrees of binding 

Ihan casein o f  Ihese Ilavor compuunds. Recen lly, i':11l I  (2003), l iS ­

i ng headspace SPM I': , delerl l l i ned a h igher average b i n d i n g  C O l i ­

s l a n t  for 2 -nonanonc and W P l  I h a n  for 2 - nonanone a n d  sodiLUll 

caseinate ( Table I ) . I n  c o n t rast .  McNeil1  al ld Schmidt ( 1 993 ) rc­

puned I ha l  sod ium caseinale  i n teracled signiflca nlly I lIo re I hal l  WPI 

wi lh val l i l l i n  i l l  sweelelled d ri nks. The a l l lh ors d id 1 1 0 1  pruvide any 

Table 1 - Binding data for the interactions between 2-nonanone and milk proteins (25 >C): n, number of binding sites 
per monomer; K, intrinsic binding constant 

n K [M- I ) 

WPC 61  1 920000 
0 .2 53000000 

WPI 1 2059 
Sodium caseinate 0.3 1 858 

fl-Lg 1 2439 
0.2 6250 ( ::: 40 ppm) 
0.5 1 667 ( ::: 45 ppm) 
1 4  1 22 

,,-La 33 1 1  
BSA 5-6 1 800 

1 5  1 41 00 
7 833 
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Stalic headspace analysis 

Equil ibrium dialysis 
Equil ibrium dialysis 
L iquid-liqu id partitioning 
Equilibrium dialysis 
PFG- N M R  spectroscopy 

Reference 

Jasinski and Kilara ( 1 985) 
Liu and others (2005b) 
Zhu (2003) 
Zhu (2003) 
O"Nei11 and Kinsella ( 1 987) 
Charles and olhers ( 1 996) 

Jasinski and Kilara ( 1 985) 
Jasinski and Kilara ( 1 985) 
Damodaran and Kinsella ( 1 980b) 
Jasinski and Kilara ( 1 985) 
Jung and others (2002) 
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Figure 2 - Vanillin flavor intensity relative to the reference 
in the presence of sodium caseinate (CAS) and whey pro· 
tein concentrate (WPC). The reference vanillin concen· 
tration was 3.38 x 1 0-6 m M  in a 2.5% sucrose solution. 
For each protein type, bars with dissimilar letter codes 
indicate significant differences between means. (Repro· 
duced with permission from Hansen and Heinis ( 1 99 1 ). 
Copyright 1 99 1  American Dairy Science Assn.) 

explanation for this surprising result .  Their linding highlights that a 

complex matrix. conraining sucrose and elllulsilier as well as pro­

tein. can influence tlavor binding ro protein, different ly than a sim­

ple matrix. Therefore. i t  is crucial 10 explore basic systems lirst to be 

able 10 in terpret results in mUlticomponent systems. 

BSA has been shown to illleract strongly with vani l l in .  whereas 

sod iu l11 caseinate and INI'I showed similar and signiticantly lower 

binding ofvanil l in .  Hyd rogl:!n bond i ng appeared to be a major force 

for the in teraction of vanillin and sodium caseinate. Howe\'er. 111" 

drophobic inreraction scemed 10 bc more important than hydrogen 

bond ing in the vanill in-RSA system (Chobpatlana and others 2002). 

Binding uf y- and 8- lactunes has been shown tu be nluch stronger 

to BSA in comparison to fl-Ig (Guth and Fri tzlcr 20(4). From aU of 

these studics, i t  becomes obvious that BSA is thc m ilk protein that 

is most capable of  flavor binding, followed by fl-Ig. 

Influence of Heat Treatment 
on Protein-Flavor B i nding 

F lavor binding by proteins is  very dependent on the conforma­

tional state 01  the protClllS, and all the lactors that alter U1e 

conformation. that is. temperature I I . i and others 2000; Chobpat­

tana and otht;!rs 2002). pH ( Dru<lux anc l  others 1 995; jouennt;! and 

Crouzct 1 996; And riot and others 1999; jOllennc and Crouzet 2000a. 

2000b). and ionic strength (Mohammadzadch-K. and others 1 %9b; 

[)�Illodaran and Ki nsella 1 98 I c) . lt has been delllonstrated that con­

formational changes a lTect both the bincling afi1nity and the number 

of binding site, un proteins for arollla compounds. 

In practice. heat-dcnatured proteins arc of grcater i m portance 

than native p roteins, because heat treatmcnt is an impurtant step 

during the processing and preparation of many foodstuffs con tain­

ing protein (de Wit 1 98 1 ) . Heat t reatments usually cause denatura­

tion of proteins. which involves unfolding and subscquent aggrega­

tion of unfolded protei n  molecules. The process of unfolding may 

reveal binding sites that were previously buried and thus may result 

in an increase in bind ing. In cuntrast. the subsequent formation of 

protein aggregates may release flavor molecules from the binding 

sites agail1. 

Below the denaturation temperature 
The effects of temperature on p rotein-navor interactions appear 

to bc dependel1t on the type of p rotein and the type of  Ilavor com-
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pound. The amnity of  y - dccalactonc for BSA in a model winc system 

was found to be higher a t  10 C than at  20 C and 30 C. possi­

bly d ue to structural changes of  the protein a t  low temperatures. 

whereas the number of binding sites I II = 6-7) was not Inodi lied at 

the 3 temperatures IDruaux and others 1 995). I lowever. an increase 

i l l  tcmperature from 10 ro 35 C had li t t lc effect on the binding of  

2- l1onal1one to I:lSA ( Damodaran and Ki nsella 1 9AOh). This d iscrep­

ancv could be explained by the presence of ethanul ( 1 0% w/w) ami 

salts in the model wine system used by Druaux and others ( 1 995) .  

which lIlay havc had an effcct on I:lSA conformation. I n  addit ion.  

y -decalactonc and 2-nonanone might  hind on different  s i tes on 

BSA due to their structural d ifferences. There is not nl uch informa­

tion availahle ahout navor binding �ites on BSA. A large nUlllber of 

binding sites have been suggested by several authors (Spector a n d  

other� 1 %9; I )amodaran and Ki nsella 1 9110a, 1 9110b; l u n g  a n d  oth­

ers  2002; ( ;uth and i'rit7.ler 20(4 ) .  which makes the in terprcWtion of  

results even more d i fficult .  Some of the s i tes  might be susceptible 

to temperature changes. whereas others migh t not be. 

A decreasc in temperature from 1 2 10 4 C increased the 1 1 1 1 1 1 1 -

ber of binding sites and the binding constants for va nil l in on casein 

and whey protein ILi and o t hers �OOO) .  The authors concluded that 

the changes in the number of binding si tes and u1e binding afllnity 

could be at tributed to possible changes in the tertiary and quater­

nary structurcs of thc protein a t .j C. The cxact changes to protein 

structures under these cond it ions need to be investigated. 

Mills and Solms ( 1984). using static headspace analysis, observed 

an increase in the binding of heptanal to \Vhey protein with an in­

crease in tcmperature from 25 to 50 C. The amou n t  of heptanal 

irreversibly bound markedly increased at  50 C. Thcse results were 

at tributed tocovalent binding ofu1e aldehyde a n d t  -amino groups of  

lysine residucs in the proteins. An increase in temperature scems 10 
enhance the binding of "reactive" llavors. whereas reversibly bound 

navors may be released or not  affected at  nil. depending on the nn­

ture of  Ilavur compou nd. Cll:!arly. fu rther work is nl:!eded tu ful ly  

lU1dersland the temperature dependence or thcse in teractions. in  

particular in the case of reversiblc binding. 

Above the denaturation temperature 
Slllciies on the influence of heat-denaturation on protein-flavor 

binding are summarized in Table 2. A number of studies reported 

a decreased binding when pro teins are denatured. On exposure or  

fJ-lg ro 75 C for 1 0  and 20 m i n .  the binding affinity for 2- nonanone 

was weaker than that of the native protein and the number of low­

aflin ity nonspecilic binding sites increased (O'Neill and Kinsella 

1988). Heat- treatecl WPI (85 C, 10 min)  had signilicantly higher 

vaniJlin llavor intcnsity than an u n t reated WPI (McNeill and Schmidt 

1 993). Frec vanil l in as determined by I- I I' I .C was also higher in a 

heated BSA system (68 C for 30 min and 75 C for 1 5  m i n )  than 

in t he nonheatcd system (Chobpattana and o Ulers 20(2) .  In agree­

ment with th is, Burova and others (2003) rcported the complete loss 

of vanill in binding after t hermal den<1turation of  BSA. This may have 

been due to heat-i nduced st ructu ral cha nges and prutein aggrega­

t ion during the he,ll treatment.  These authors also demonstrated an 

increase in the denaturation tempcrature of BSA in the p rescncc or 

either vanillin or 2-octanone. which means that the tlavor l igands in­

creased the conformational stability of the protein ( Burova and oth­

ers 1 999. 2003) .  Nontlavor ligands. such as pal m i tate, have also been 

found to stabilize the nat ive structure of /3·lg against heat- induced 

lUlfolcling and denaturation. This stabilizing effect appears to be 

ligand-dependent; ligands that bind strongly i n to the hydrophobic 

calyx seem to be most effective IConsidine and others 2005, , ) .  

On the other hand , when heated and unheated sodium caseinate 

solutions were compared. no d ifferences were found for van il l in 

URLs and E-mail addresses are active Imks at www.iftorg 
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Table 2 - Influence of heat denaturation on the binding between milk proteins and flavor compounds; r binding in­
creases, L binding decreases 

Protein-Flavor System fI [  C1 / t [min] Binding 

fi-Lg/benzaldehyde 70/30 i 
fi-Lg 12-nonanone 75/ 1 0  and 20 L 
WP l/vani l l in 851 1 0  I 
BSNvanil l in 75/1 5 L 

Ilavor i n tensity (McNeill and Schmidt 1 993) and free vanillin con­

centr�tion (Chohp�twna and others 2002). Th i s  was expected as 

casein has a l i t t le secondary and tertiary structure and remarkably 

high heat stahil i ty ( Fox and Mulvi h i l l  1 9!12 ) .  

However. for 1 mi lk  protein-Ilavor system. i t  has been reported 

that the binding capacity of denatured proteins is generally h igher 

than that ufnat ive proteins. l lansen and l300ker ( 1 996) reported that 

the amount of henzaldehvde bound by fI-lg incrcased from 38% to 

63'"0 as the tempera t u re \Va� rai,etl from roOI l l  tem peratu re tu pas­

teuriza tion temperature (70 C. 30 m i n) .  The authors att ribute the 

increase i n  binding to unfold i ng nf whey proteins upon healing. The 

previously buried hydrophobic re�idues mav become accessible for 

in teraction with non polar Il�vor molecules, re,ul t ing in a greater 

amoun t  of navor compounds bound. Since these authors added the 

Ilavor bcrore the hcat treatment .  it is l ikely that  covalcnt binding 

may play a role i n  this case; that is.  the aldehyde function o f  ben­

zaldehyde could be susceptible to reaction with F-amino groups in 

fi-Ig, particularly at the elevated temperature. 

Most of the reported data on the innuence o f  heat t reatn1l'nt on 

protei n-tlavor hind ing arc hased on �ingle temperatu re and heating 

time. No sYstematic studies have been reported o n  the development 

of in teract ions w i th i ncreasing heating t i me or increaSing healing 

tempera ture. There might he an early stage with increased bind ing 

clue to u n folding of the pr()(ein�, and a later �tage characterized hI' a 

decrease in binding due to aggrega tion. Moreover. it has been estab­

l ished that a number of i n t crmediate species a re generated during 

hea t - i nduced denaturation and aggrega tion o f  fi-Ig and whey pro­

tcin� ( Havea and others 200 I ) . It  would be interesting to wlderstand 

the role of these i n terrnediates in navor bindi ng. 

I nfluence of High-Pressure Treatment 
on Protein-Flavor Bind ing 

T he use of h igh pre" ure as an alternative to heat trea t ment of 

foods, includ ing mi lk  and dairy products, i s  beco ming of i n ­

creasing interest. H igh-pressure { re,l l lnel l l nllt o n l y  results in m icro­

bial inactivation, but has al�o been shown to i mprove rennet or acid 

co<rgulation of mi lk  without detri 1 1 lent,rl erfec tson impu rtant quali  ty 

characteristics, such as taste, navor, vitamins, and nut rients (Trujillo 

2002 ) .  It is known that high- pressure treatment cha nges the struc­

ture of milk proteins, and is thus likely to affect the protei n-J]avor 

in teractions. In part icular, fi-Ig has been shown to be \'e ry sensitive 

towards pressure-induced denatura t io n .  and the process of pres­

sure denatmation appears to be si milar but not identical to that of 

heat tlenatmation ( I  (uppertz ami others 2004; Cunsidine and others 

2005b). a - La is more resistant to p ressure t han ,'l-Ig ( H uppertz and 

others 2004; l . i u  and others 2005a ) .  Ya ng and others (2003) observed 

that l igand binding by high-pressure-treated fJ-lgcan be increased or 

decreased compared to the nat ive protei n depending on {he struc ­

ture of the ligand. H igh- pressure treatment of fi - Ig decreased the 

affin iry for cap aicin o n  specific bindingsites, whereas the bindingof 

the olher navorcompounds examined, namelya- ionone, fJ-ionone, 

cinnamaldehyde, and va nil l in,  was unspecific and remained unaf­

fecled by high-pressure t reatment.  The a U l hors explain this finding 

with the incorporation ol\vater into the protein upon high-pressure 

t rt!atlnent.  as compared to the t ransfer of non polar groups into wa-
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Method Reference 

U ltra filtration-HPLC Hansen and Booker ( 1 996) 
Equilibrium dialysis O'Neill and Kinsella ( 1 988) 
Sensory McNeil1 and Schmidt ( 1 993) 
Ultra filtration-HPLC Chobpat1ana and others (2002) 

ter upon heat denaturation of a protein ( Hum mer and o t hers 1 9911 ) '  

s o  t hat  h igh- pressu re- t reated fJ -lg may not exh ihit  an increase i n  

su rface hydrophobiciry, a n d  t h u s  n o t  exh i b i t  a n  increasing affinity 

for hvdrophobic navo r compounds. However, thi� would mean that 

hea t - t reated f:I -lg would bind more navor co mpared to the nati\'e 

protein, but t his is not true in most cases (Table 2 ) .  

N e w  insight i n to the effects of high hydrostatic pressure (I-I I I P) 

t rcat mcnt on protein-Ilavor b i nd ing was given by Liu and others 

(2005a) . u'in l:( Iluorescence 'pert rosl'OPY and ,tat ic headspace anal ­

ysis. The n u m berofbin d i ng s i tes and the apparent dissoc iation con­

stants fo r benzaldehvde and methvl ketones on \vPC were either 

unaffected o r  increased upon HHP treatment .  depending on t he 

structure of the tlavor compound, the flavor concentrat ion, and the 

HHP treatment  times. Using SDS-PAt�E, the same authors (Liu and 

othcrs 2005b) showed that during the t imc to reach the target pres­

sure (600 MP,,), dissociation of protein aggregates preseot in WPC 
occurred, \\'hich Illay have exposed Illore bioding sites. The pres­

ence of aggregatt!s may have re,ulted from the ultra fi l t ration and 

drying procedures used i n  WPC manufac ture. Liu and o l hers (2005a) 

poi nteci out the importance of ca rel'ul selection o f tlavor concen tf'<1-

tions and HHP t reat ment co ndi tions for desi red outcomes in food 

applic; ] l ions. 

Thorough research on the effect of high -pressure t reatment on 

protein-tlavor hinding is clcarl� needcd. The studies by Ya ng and 

others (:!003) and Liu and others (LOOSa) are tht! only ones deal ing 

with the i n fluence o f high-pressurc t reatment o n  protei n-llavor i n ­

teractions. Non navor ligands. when added prior to h igh -pressure 

treatllle nt .  have been found to inhibit {he format ion of intermed i ­

ate, non-nat ive protein species (Considinc a nd others 2005b ) .  The 

same effcct mav exist with navor ligands but has not been studied 

yel .  This area clearly warrants fllrther investigatio n,. 

Impl i cations in the Development of Protein Foods 

P roteins do not contribute to flavo r di rectly, but prOlCin-tlavor 

interactions can cause the arO I l l < 1 profile of a food to become 

unbalanced and u n pleasant since proteins bind flavors to differing 

extents, dept!nd ing mainly on the n,ll ure of the protein and navo r 

cOIllPound. This problem occurs particularly in high protein - based 

foods and i n lOIl'-fat foods because fa t is the prderred ca rrit!rofna\'or 

cOl1lpound�. Idt!ally, flavor molecules are preserved i n  the food dur­

i ng storage and processing, and slowly released during consump­

tion of the food. However. i n  the p resence of protein ,Uld absence 

o f  fa t .  some tlavor compounds are lost due to thc absence of f(l t .  

whereas others a re tightly bound b y  t h e  proteins. preven t ing them 

to be released and perceived during mastication. In such foods it 

is extremely d i fficul l  to con t rol llavor. If proteins are p rese n t ,  the 

amount of Ilavor compounds added usually has to be increased to 

cOl l lpenS,lte fo r the prote i n - houlld Ilavor. 

The processing of foods, and in particular heat trea tment.  has 

been shown to have a ma rked e ffec t  011 Il I i lk protein-flavor i n terac­

t ions. Even slight changes i n  temperature below the denaturation 

temperature of the protei ns have been shown to i n fluence the bind ­

illg of navors (Mills and SOl111S 1 984; DrualLx a nd o t hers 1995). Se­

vere heat treat ments caused a decrease in bind ing for most Ilavors 

(O'Neill and I.:insella 1 988; MeNt!ill and 'cl 1 l l l idt  1 993: Chobpa l lana 
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and u t l lers 2002; Hu rova and others 2003 ) ,  but an increase i n  binding 

has alsu been repurted (Mi l ls and Sulms 1 9B4; I lansen and Huuker 

199(j) .  Thus heat treatmel1l may drastically change the Oavor pro­

l1fe uf a fuud product. In the develu pment uf prutt' in -based fuuds. 

factors changing the conformation of a protein. that is. pH. ionic 

st rc ngt h. so on. have to be considered because they po tentia l l y  al ter 

the binding of navors to the protein. The presence o f  !lavor com­

pounds d u ring heat treallnent has been shown to increase the pro­

tein cunfo rmat ional s tab i l i ty ( Burova and ut  her, 1 999. 2003 ) .  which 

in turn may alter the characte ristics of thc end product. 

Concluding Remarks 

T he p resence of proteins in tlavored low-fat food products causes 
a great challenge for !lavor scient ists because l l Iany proteins a re 

able tu bind several !lavo r cumpounds t ightly and i n lluence the per­

ceived arullla profile significa ntly. BSA is tht' m i l k  fJro t e i n  m o s t  ca­
pable of b i n d i ng vula t i le !lavor compounds. followed by fi-Ig. A large 

numher of i nstru men tal  methods havc been used to investigatc thc 

type and the extent of !lavor bindi ng. which makes i t  difficult  to 
compare resul ts between slLId ies. Sensory mcthods arc very useful 

because they co mplement ins trumenlal techniques and give insight 

inro the effect of protein-tlavor binding on !lavor percept ion. The 

characte rist ics ufthe aroma curnpuulldsand the pruteins determine 

the cxtent of bind ing. which can be influenced by st'vcral parame­

ters. Al t hough extensive i n format ion un the binding ufvariuus flavur 
compounds to d i fferent food proteins is available. there are many 

apparent con t radictions and disagreements < , ," ong various studies. 

For example. the e ffects of heat treatmelllS o n  protein-flavor illler­

actions are not fully understood. The developmen t ofprotein-tlavor 

interactions with heating time or rather with i ncreasing temperature 

should be looked a t  and compared with the correspond i ng co n for­
matiunal state of t he p rotein. Hesearch un the influence of h igh­

pressure t reatment of m ilk proteins on the p roteins' flavor b i n d i ng 

behavior net!ds to be invest igated further as well. 

A good knowledge o f  the physicochemical illleractions that oc­

cur bt!tlVeen aruma compounds and pruteins is req u i red tu im prove 

food flavoring and to make protein-based foods. fOl·example. " l ight" 

d a i ry prod ucts. senso ri ly more accep table to the consum er. I n  par­
t icular. the n a ture and the location of binding sites o n  proteins for 

tlavors need ro be i n vest igated further. It is vital to obtain more con­

s istent results between d i fferent iustrumental methods . Some of the 

early methods such as equ i l ibrium dialysis and expo nent ial d il ut ion 

are s t i l l  going to be freq uen t ly used. We believe sume of the newer 

tech n iques. such as SPME and N MR. need to bcdeveloped further to 
in vest i ga te p rotein-flavo r i n teractions and be used more frequen tl y 
in the fu ture. SPME is fast .  solvent-free. and very sensi t ive. The main 

advan tages o f  N M H  techniqut!s are speed and insight inro binding 

mechanisms and binding topology. 

Furthermore. the focus should be more on sensolY techniques. 
because instrumental flavor- binding studies d o  not show i f  and how 

bound flavor i s  perceived during consumption.  A growing area of 

research compri ses t he mechanisms of in vitro and in vivu flavor re­
lease from foods. A detailed discussion o f  i n  vivo Ililvor release from 

protein co nta i n i ng systems is beyond the scope of this review but 

some informatio n  is given below. Model mouth systems have been 

freq uen t ly used to measure flavor release in vitro ( Hoberts and Acree 
1 995; Deibler and others 200 1 ;  Rabe and others 2(02 ) .  Methods for 

measuring in vivo volatile release from foods have been summa rized 

previously (Taylor and Linforth 2000). There is a variety of objec­

t ive and subject ive in vivo techniques to investigate flavor release 

in-nose or i n - mouth.  including cuncentrating the exhaled volatiles 

followed by GC- M S  (Denker and others 2(06). atmospheric pres­

sure chemical ionil.ation (APe l ) - M S  ( MS- Nuse) (Taylor and others 
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2000; Weel and others 2002; Lethuaut and others 2004 ) .  alld proron­

t ransfer react ioll ( PT H ) - M S  ( l . i n d i llger and u t hers 1 99B; Mestres and 

others 2005; Boland and o t hers 2(06) to a nalyze breath vola t i les 

durillg ea t i llg i n  real t ime. and sensury tech l l iques such as the t ime­

i n tensity ( TI )  approach (Weel and others 2002; Lethuaut and others 

2004; Mew'es and others 2005). No systematic sllldies have been 

reported on the rela tionsh ip betlVeen extent or strength of tlavor 

binding to proteins and its in vivo release. I nte rac t ions o f W l'1  and 

aldehydes i n  sol u t ion were shown to be less s ig l l i tica ll t i l l -nose than 

under stat ic headspace cond itio ns. possibly due to the h igh ly dv­
namic con dit ions i l l  vivo (Weel and o thers 2003). M i l k  proteins. i n  

particular whey proteins. reduced tJle i n - 1ll0utJl release of selecled 

flavor compound s from coffee ( De l l ker and u t hers 2006). 

To date. most systems that have been investigated cunsist  of 1 

p rote in alld 1 aroma compound in a l l  aqueous sol ut ion.  Food sys­

tems are much more complex. consisting of several food matrLx 

compOllcnts a l ld flavor m ixtures. Thus. fu rther research 011  these 
complex systems is beco m i ng increasingly im pu rtant . I lolVever. pri­

marily consistent resul ts using sim ple systems should be obtained 
before i llves t iga l i ll g cumplex systems. 
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Binding of 2-Nonanone and Mi lk  Prote ins 
in Aqueous Model Systems 
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H ARJTNDER SINGH*,t 

Riddel Centre and InSlllulC of Food, l\ulrilion and Human Health, Massey Unil crsily, 
Pril'ate Bag I 1  222, Pa lmerslOn Nonh, ;\e\\' Zealand 

Interactions of the model flavor compound 2-nonanone with individual milk prote ins,  whey protein 

isolate (WPI) ,  and sodium caseinate i n  aqueous solutions were investigated , A method to quantify 

the free 2-nonanone was developed using headspace SOlid-phase m icroextraction fol l owed by gas 

chromatography with flame i onization detection, Binding constants ( I<)  and nu mbers of bind i ng sites 

(n) for 2-nonanone on the individual proteins were calculated, The 2-nonanone binding capacities 

decreased in the order bovine serum albumin > f)-lactoglobulin > a-lactalbumin > aS I -casei n > 

f)-casein , and the binding to WPI was stronger than the binding to sodium caseinate, All proteins 

appeared to have one binding site for 2-nonanone per molecule of protei n at  the flavor concentrations 

investigated , except for bovine serum albumin,  which possessed two classes of binding sites, The 

binding mechanism is believed to involve predominantly hydrophobic interactions, 

KEYWORDS: Whey protein; casein; 2-nonanone; binding constant; binding sites; solid-phase microex­

traction 

INTRODUCTION 
I t  is  ,,'el l-known that m i l k  proteins b ind fla\'or compounds 

of d i tTerent chemical c lasses ( / ,  !), The interactions between 
prote ins and tl3\ or compounds can ha\'e a strong i nfluence on 
fla\ or perception, especia l ly  in reduced-fat products ( 3 ), M i l k  
proteins are ti'equently used in food products for their specific 
functional propcnies. such as ell1u ls ifY l llg and stab i l iz ing 
ab i l ities. and their  nutritional value, In reduced-tllt foods. the 
dominant components besides water are carbohydrates and 
proteins. which interact d ifferently wi th aroma compounds 
compared with fat and thus can resul t  in  an enormous change 
in the percei\'ed t1al'or ( 3 ), Further insights i nto protein - fla\'or 
interactions are required to impro\'e food flal'or. particularly 
that of reduced-fat foods, 

Both reversible binding and irrel'ers ible binding can occur 
between proteins and fl avor compounds, The type of interaction 
between a protei n  and a flavor compound depends on the nature 
of both the protei n  and the aroma compound, The strength of 
binding depends on the conformation of a prote i n, and all of 
the factors that can alter protei n  conformation, such as pH and 
temperature. usual ly  affect fla\'or binding ( 4. 5 ), As most aroma 
compounds are hydrophobic in  nature, hydrophobic and rewrs­
i ble bi nding is predomi nant ( I , Il ), B inding constants and 
numbers of b ind ing s ites for different t1al'Ol" compounds on a 

* AUlhor 10 \I'hom correspondencc should be addressed ( telephonc +(,-l-
(1-J50·5:'-I-):  fax +(l-t-(1-350·56:':': e-mail H.S inghfli mrlsscY.nc. l17) 

, Riddet Centre, Masse\' vnil'ersit\', 
; Inslilule of Food, ]\;utrilion and Human Health, \lasse} Cnil erstiy, 
, Present address: Fontcrra Co-opcratil"C Ltd . .  PalmersLOn I\onh, Nc\\' 

Zealand, 

\'ariety of proteins have been reported, but resu lts between 
studies differ considerably,  Reasons for this may be the \'ariety 
of conditions and methods used to determine the binding or 
the difterent compositions of prote i n  batches, 

The i ndil  idual \\hey proteins. in part i c u lar (j-Iactoglobul in  
(/1- l g )  ( 7 ), have been frequent ly snldied ( I , r,. 8- l fI), fJ-Lg has 
been found to interact with se\'eral flavor cOl11pounds, such as 
esters ( 1 1 ), ketones ( 6, I l). ionones ( l ), and lactones ( 2. 8, 1 3 ), 
The number and location of navor b inding sites on fi-Ig are not 
entirely clear, but most hydrophobic fla\'or compounds appear 
to b i nd in a central hydrophobic pocket. which also ser\'es as 
the binding locus for apolar ligands such as retinol ( 1-1 )  and 
long-chain fatty acids ( 15- J 7), and at least one secondary 
b ind ing site exists on the prote in  sUlface (.7 ), Snldies on the 
t1a\'or binding beha\'ior of a-lactalbumin ( a-la)  are rare because 
its flavor binding capacity was found to be low ( 9), in contrast, 
bo\ ine serum albumin ( BS A )  seems to exhibit  a strong affinity 
for d i fferent fla\'or compounds, Methyl ketones were tound to 
ha\'e six ( I )  and seven ( /0 )  binding sites on BSA, Guth and 
Fritzler (8) suggested one or IWO high-aftinity bindi ng sites, 
and a large nUl11ber of lower affinity sites. for y- and ()-Iactones 
on BSA, 

I n  contrast, the indiv idual  caseins have been neglected so far, 
probably because of their lower flavor binding (5 ,  18) ,  Never­
theless. casein proteins are present and uti l i zed in se\'eral food 
products, and they do b ind flavor compounds with measurable 
affin ities ( 5 ) .  To date. there is  no information about the nUl11ber 
of binding sites and the binding constants for fla\'or cOl11pounds 
on indi\'idual caseins, Sodium caseinate, a l11ixnlre of a l l  casein 

1 0 1 021/jf0635170 CCC S37.00 © 2007 American Chemical Society 
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type�, Il'as found 10 pus 'css one 101l'-artinity biIlliIng sitc for 
vrlni l l in al lOll' h!mperature� ( 5 ), 

80lh sensory techniques ( 1 1 )  and instrumental techniques, 
illduding equi l ibriu m  dialysis ( 8, 1 9), "tatic ( lO, l l )  and 
dynamic ( 1 ': )  headspace analysis, and l iquid chromatographic 
techniques ( 5, 1 1 , 1 3 ), Iwve been used to investigate prote i n ­
flavl)r interact ions , vrore recent ly, headspace solid-phase mi­
croextraction ( SPME ) has been tl)und to be very suitable fur 
exploring the binding betll'een proteins and tlavor compounds 
( 1 9, ll), and the technique ha" been ti,)lllld to be llIore 
appropriate than heads pace techniques Il)r st1ldying milk prnrein­
llavur interactiuns ( ll),  Din�rent SpeCll'llscupic teclU1iques, such 
as tluorescence ( l 1 ). in ti'ared spectnbcoPY ( lJ ), and nuclear 
magneti<.: resunan<.:e ( J\1vIR) spectroS<.:llPY ( l, 1 0), have alsu been 
used ,uccesstillly to eluc idare rhe nal1lre of interactions, 

rIllS paper describes the binding o f  the hydrophobic tlavor 
compound 2-nonanone ro individual miLk proteins ( namely, / i-Ig, 
('(-la, 8SA, ('(,I-casein, and f1-casein} ,  whey protein isolate 
( WPI ), and sodium caseinate, using an optimized healbpace 
SPM[ - gas chromatography \\'irh tlame ionization detec t ion 
( GC-FlD) metlllld, 2 - onanone \\'as chosen as the Illodel tlavor 
c(lmpound hecause it is Knoll'n to he hnund completely 
reversibly un proteins, [n additiun, 2 -nonanllne i s  the n1l>st 
fi'equently sl1ldied lIavor compound, allowing better comparison 
\\' ith l>!her sl1ldie 

To date, the SPME technique Iws not been applied to 
detennine bindlllg paramders Ill(' tlavor compounds on proteins, 
This i, the first snrcly comparing tlavor binding capacities of 
r i le major Individual m i lk proteins, including the cascins, I\'hich 
have been neglected so far In the li reral1lre there are differences 
in binding parameters bervn�en snldles, probably because variolls 
methods ancl cl)nditions have been used, 

M ATERIALS AND METHODS 

i\IHteriak WUIL'/' D" lllkd, deionized II nle. 11',,, ,)brnilleci trom a 
,\ANOpure 1 1  Il'aler puriti calion 'Y,lem ( Ranhten", Duhuque, 1 .-\ ), 

:-,\'ol/{//Io//e, A 10 m\1 ,tock ,olution of �-nonallone ( Aldnch 
Chemical Co . . \ Ii lll'aukee, \\'1) in prop\'kne g lvc,, 1 ( Bloll>on and 
.In 'oh, Pry l id . . Sy"nev, Au,tra h a )  lI'a, u'ell ll) prepare Ihe pmtein­
tlanll" mixture .... .  Prnpykne g l ycol j ",  ::t :'!u itahk .... ()h em fill" Ila\'or 
co mpoulllb because of ils lOll' I'apor pre»ure, al'l) ici ing compelition 
belll'een �-nonanone and the '01\'C1II in rhe liber coat ing, II'hich can be 
ob'erl'ed lI'ilh olher 'olwnb ,uch a, ethanol. T he ,lock Solulion lI'as 
,Iored al 5 'C, 

S/(///d"ltl�, An 'exlernal standard calibralion lI'as u,ed to caicuiale 
the extenl of binding, Slandards of 0, 1 .  0,2 , OA, 0,6, and 0,8 mM 
�-nonanone lI'ere prepared il1 lI'aler ti'om Ihe 1 0  m I 2-nonan0l1e ,lOck 
SOIUliol1, 

,Ihlk Pro/el/l,I, WPI ( ALACE ' 895) and 'odium ca,einate ( AL"J\­
A IT 1 80) lI'ere oblained from rOnlel1'3 Co-operalil'e Group lid . .  Kell 
Zealand, The \\'PI  con,i,ted of 9.1 , 3 " 0  protein, 0 ..1' "  lill, and -1,6" 0 
moislurc, and Ihe ,odium cnseinale cOIbi>led 01' 9.1 , 1 ° 0  prolcin, 0,6° 0 
far.  and -1,8° 0 moi,rurc, Whey prolcins lI'ere purdwscd from Sigma­
Aldridl (SI. Loui" MO),  BSA had been proce,sed 10 reduce ib tarty 
acid conlenl 10 0,002"'0, 

A 0, 5 °'0 ( 11' I' ) \VI'I ,o lut ion and a 1 .0° 0 (11' I ' )  ,od ium ca,cinale 
'olulion l\'ere prepared i n  lI'ater and l\'Cre <lOred al 5 C for 6 h ro 
allol\' complele hydrarion, Sollllion, of Ihe indil'idual Il'hey prolcllls 
( 0,5"., 11 I )  \I ere prepared in lIaler and lIere 'lUred al 5 C ror 6 h 
pri,'r 10 mixing Ihem 11 ilh Ihe 2-Ill'nanOne >Iock 'ollllion The pH or 
rhe prolein 'olulion, lI'a, bell\'Cen 6,� ,and 6,9, 

FraCTion"I/olI nf ( '",,'11/1', Ille indi\i"u," ,'''eill> \I'ere prepared in 
Ihe bbonllory by making sodium ca,eillale from bcwine milk and 
>eparaling Ihe C'a>eilb by ion-exdwllge chwmalOgraphy 'h de>cribed 
hit I t I\\". Rcc:1uc"e of the low proportion of I\-ca ... cin in mtal ca�cin. on ly 
(1,I-ca<ein and I I-ca;,ein 11 ere examined regarding rheir at'tiniry f,'r 
2-nonanone The melhod ti.)r rhe 'eparal ion and puritical ion of (1,1-
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and I�-l·:hcin ... from ... odium ...:a .... �ina(C' \\ +. \.., ba ... t!d on lhe- method,> of 

I homp>on ( l-!), LUll rence and Creamer (25), and Creamer (26), L 'ing 
illn-t'�l'h:lI1gc l'hn'malt 'grnphy. the "-'l,diulll l'a .... t!in.lIt' \\ a ... ... Ii!paralcu into 

Ihe ind il idual C'l>eill Irac'lil'II>, Ihe ion exL'ilanger u>ed 11 '" DE-51 

( VVhallllan, Ken!. U . K , )  The caSein, lI'ere eluled u,ing a ,all gn1dient. 

T h ' U\'-\,!, >pcclropholollleler used I\'a ' a UV-1 60A ( Shimadzu, 
Kyoto, .Japan), and Ihe quarlz cells used \I'ere I cm (Slarna lid .. E,,,ex, 

L',K, ) ,  All c,)lIecrcd fraclion" l\'cre read on rhe TV 'peclrophowmclCr 

al 180 nlll, If requ ired, Ihey l\'Cre di lurell in urea butTer (25), The liN 

efiluem from Ihe column sal'ed in Ihe reli'igerawr lI'a, Ihed a, a 
;.peclrophl'lOmerric blank According 10 Ihe merlwd of , \ndrell" ( : - ) 
11 irh moditicalion;" urea polyacrylamide get eleclroplwre,i, ( PAGE ) 

gel, 11 ere rim 10 idenli t\' each prolein and ro l en(v Ihe purily of Ihe 
poc,kd ti'acli,,,!> T he ca'ein� l\'Cre di>,oh ed al 2,0· 0 ( 11' 1 ' 1  in lI'aler 
under gem le magnelie slining , 

T h e  pr,)lein concemralioll> ill Ihe 'OIUII\>I" of rhe illdil' idual 11 heY 
prD lcin ... ;1I1t! l'a"'cill,> \\ c're dc'lr.::nnincd b� I rv ",pCL'trU"'il'0py lhing all 
l.'llro,pec 1 1  l '- \' i, ,peclropholOmekr ( Pharmacia LKB Biochrom, 

Cambridge , tJ,K, ), Th" ,amp le, \I ere mea,ured in a I cm 'iuanL cdl 

( Slallla Lld . . I::s,e�, l ' , K, ) al 2�0 mll again,1 l\a ler '" the rct'crellce, 

I he a-la, /1-lg, and BSi\ ", IUlioll > 11 ere di luled I I S , I :  5, and I :  S 11 ilh 

11 aler. re,pe,'li I ell , Blllh Ihe (.L,I- an" /1-,'a'ein ,0IulI<'n, 11 ere dtluled 
I :-10 an" 1 : 20 in 1I"Her. Prolein concelllralioll> l\ ere cnkulared 'I>ing 

e�lincllon coei1iclenh ( e )  ,)1' 2<J4S2, 1 7600, and -I-I1UO L ( mol'cm) for 
a-la (28), /1-lg ( _'9),  and BSA (30), re'peClil'c 1 I', For a,,-ca,ein and 

t;-ea,ein, Ihe I'aluc, of e 'bed Il'ere 2,,000 and 1 1 0l:(6 L ( mol'cm), 
re,peclI\'c!v, The ab,orbance al  .120 IlII1 l\a, u>t:d 10 eOITeCI l'or lighl 
scatlcling due ro any lUrb idity , 

Prepl/l'ClflOII of Pro/em -Fll/mr SOI"I/0IlS, All prl)tein ,OIUli')lh and 
Ihe 1-non3lll'ne ,lock ,ollllion lI'ere broughr 10 ro,)m lemperamre before 
the mixnu'e, lI'ere prepared, After the protein ,o lulion" had been ''''red 

for G h al 5 C. Ihey lYere mixed lI'ilh rhe 2-1ll1'WIll1ne ,lOck ,olUlion 
to obtain linal 2-llonanone concentrariolh 01' 0, 1 -0,8 mM, The prorei n ­
tlal'or mixmre, lI'ere , Iored a r  5 C for -Ill h 1 0  a 1 10\1' equ i l ihral il)n of 

2-n( \n3lh)ne helll'een l i le  ti'ee ,rale and Ihe prnrein-hl)[md ,Iale pri,>!' 10 
Ihe SPME anal",,,, Equilibralioll nl 5 C 11 a, le'led up ro 90 h and 
lI'ch Il)ulI(l In he c(\mplele atier 40 h, 

Hc"dsp"cc SI'ME. I he SPMI: holder ti.,.. manual ,ampllllg and Ihe 

SPi\IE tiber>, 30 ,Ilm pol\'dimerhylsr loxane ( PD�"S), lYere purd13,ed 
troll! Supeico ( Bellet'ollle, PAl,  The tiber, 11 ere eondilioned 111 rhe gas 

chromalograph i njcClor POrt be forc Il>e al rhe Inlle and Icmperature 

rccommendcd by rhe m3nufact1lrer. During Ihe del'c 1 opmcn l of Ihe 
head,pacc SP\1E method, Ihe fol loll'ing paramclcr, IIwe opri mizcd : 
Iype and Ihickne» of tiber coaring : hcalbpacc extraclion r ime I,,: and 

,ample agi ralion during exrracrion, 

For Ihe 1-nonanl",e ,Iandard, and Ihe prolein-tl3\'or >l)lulion" 400 

,il L aliquol> l\ ere Iralhti:lTed illlo 4 mL gla» I'iah ( Allreeh, Deertietd, 
1 1 . ) , The '1nIlLtard, and Ihe ,amples conrainmg indil'id1l31 lI'hey proleil" 
lI'ere prepared in Irip l ic,lte" indi\'idual ca,eilb in dup l i cale" ,odium 
ca'einale ill four repl icale" and \\' PI in lil'e replicale" An R mm x .1 
mm A7 10n S\\'N 500 magnelic "ir har ( Rihby Sleri l in r rd . .  Smne, 
( ',K , )  lI'a, placed ill each ,ample \'ial. T he ,ample I'inl' lI'ere ,ealed 
lI'i lh TFF ,i l icone cl)mhlllalion liner, and open hole ,crel\' Ihread calb 

( "l Irech, Deerlield, IL) and p laced i n  a \I',lIel balh eqllll'ped l\'lIh a 
T E- I OA rhel1l1,hlal ( Tedme, Cambridge , t",K, ) 10 keep rhe lemperamre 

ClIlh"'l1I al 25 C. T he ,ampl", lI ere ,liITed ,11 2 50 min I during Ihe 

SPME eXlra,lIun u>ing all MR 2002 magnelil' ,lining plale ( Heido lph, 
Sclll\'abach, Gel1llany ) under rhe lI'ater balh, Atier equ il ibralion , Ihe 
SPMI:. liber l\ as exposed illlo Ihe healbpace uf Ihe ,ample I'ia l rur 5 

min and 11'3;, sub,equenlly illlroduced imo Ihe ga> chromatograph 
injeclor pOri t'or quanliticalion, 

Ga, Chl'OIllH\ogl'apby, A Shimadzu GC - 1 7A ga, c hromatograph 

coupled lI'ith an rID deleclor ( Shimadzu, Kyolo, Japan) Il'a, used 
Ihroughout Ihe ,mdy, The column 11>ed II'a, a Supe!eO\I'ax 1 0  li1>ed 
silica capi l lary column, 30 m, 0,32 mm inner diameler. 0,50 ,11111 lilm 

Ihidme" (Supeko, Bellefonle, PAl,  The canier ga, \I'a, helium ( linear 

I'etoeir\' = -10 cm ,), Silicone I1Ibber ,epla ( Shimadzu, KVOIO, Japan) 
lI'ere used in rhe il�jecror. TI.e inj ector pOri ( 'plille» mode) lemperalure 

and Ihe deleclor remperarure lI'ere 1 5 0  cc. T he Ol'en lemperamre lI'a, 



Appendix 

Binding of 2-Nonanone and Milk Proteins 

hdd i,othen1lally at 1 20 C. Data aCl]ui,ition "-a'> achie, cd thing (, Ia>,­
VP Chromatl'graphy Oa"l Sy ,lem Sofl\\ ar<, ( ShimatiLtL Columbia_ 
'vI I ) )  

Ona the SPMI:: ,ampling \\"a, completed_ the  tiber "-as immediately 
inserted i lllo the g'" chromatograph injec10r for de50'1JtlolL The tiber 
,,-a, left in the port t<'r 5 min k'r purging_ There "-a' no enJTy-o,-er 
bet\,-een samples u,>ing a 5 min cksl)rption timc. Prior w the next SPME 
extraction_ the tiber \\"a' al lo\\"ed w cool to room temperamre. 

Determination of Binding Parameters. r or a protein P hm-ing an 
equal number of di,crete and independelll binding ,ite,. the interaction 
bet\\"een the ligand. that 1>. the !la,-or molecule L. and the protein may 
be repre'enteci by the equation 

P - ilL = PL" ( I ) 

On the ba'I' " f thi, mOlkL the equJiibrium belli ,,<,n Iree and prl llcin­
bllund na' llr ml,kcule, can be repre'ellled Ihen1l11dynamically b) Ihe 
Scatchard equation ( 3 / )  

� = II;': - I';': 
[L)  

( 2 )  

\\ 'h�r� i t  i., the 11l1lllber o f  mole.;;. o f  2-1l()llrlnonc- bOlllld per mole of 
pl'lllein 'Ill" [L)  i, Ihe cllnc<'ntration l,f th" free �-1ll\l1'1Il01l" (1IIl,I 1.. ) in 
the " Impie 'l,lullllIL I he blllding cl'n>tanl (f...) and Ihe number llfbllldlllg 
site, on the proteins (11) "'ere determined Ibing the double-recipn)cal 
t<)n1l of the SCnlchard eqllntion. the ,o-calkd Klotz plot ( 3!): 

I he , alue' l'i' l L ]  11 ere calculateti li'llm Ihe H I) peak area u'ln!! the 
swndard cun'e_ anti lhe nlUe' of ( ' "'ere calculated Ibing the eqllnlion 

[L) ""  - [L)  1 ' = --'---
[ P) 

( 4 )  

,,-here f I  k., i s  the lI)tal 2-lwm1lwne c,)ncentrati,)n in the ,ample ( free 
allci hlluml) ( nwl I. )  and [P ]  i,  the protein cIIllcentration in the "'lllple 
a, deterlllined l" UV 'pectrL" CllPY ( lIlol 1.. ) For calculatIOn of the 
a\"Crage binding parallleter,. a"<rage 1Il0lecular ma"e' of I ROOO and 
��noo ,,-ere a"umed tl)r \\-PI ami ,odium ca,einate. re'pecti'-elv_ F,)[ 
Ihe imli\  idual  milk prolein,_ Ihe prulein conl'enlralilllb liet"nnined lw 
U\' �pc'l'trl1"'l'llp) \\  en:' u ... t:d . 

The ,tnnclanl error, ( S E )  of f... .. 11. and ,,;.: "'ere 6timated ti'om the 
,tandaru error, o r  the i ntercept I 11 1 1  1/ = (/ ) and the >Iope I 1If...· ( I ll},: 
= bl of each K lotz plo!.  ,,-hieh \\-ere obtained u,ing SPSS " er,ion 1 -+.0 
( SPSS. Chicago. IL). The variance, (var) ,,'ere e,timated u,ing eq, 5 7_ 
and SE = J,-ar 

SE -' 
\ ' LU( II) � -7 

Cl 

RESULTS AND D I SC USSION 

( 5 )  

( 6 )  

( 7 ) 

Binding of 2-:\onanone to \ 1 i l k  Proteins. The binding o f  
2 -t1l1mU1llne to thl: major prokin" in  milk (f3-lg, a-la. BSA. a,l­
ca"ein, and ri-casein) and to  milk protein products ( VI'"?I  and 
sodtum caseinate) II'as studied using the opt imized headspace 
SPME method fol lo\\' ed by GC-FID for quant irication of  the 
free tlavor 

fJ-Lg. The amOUlll of 2-nonatwne bound in n.5° () /1-lg solution 
( 0 .24 mM_ as tklennined by UV spectroscopy) varied betwe�'n 
22 and 36°'0, depending on t he init ial  concentration of added 
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Figure 1. Klolz plot for the binding of 2-nonanone (0. 1 -0.8 mM) to /3-lg 
(0_5%; 0.24 mM) at 25 QC (each data poinl is the mean of triplicates). 

2-nonanone. The binding of 2-nonanone by /i-I g  ,,-as plotted as 
a Klot7 pint ( F igure I )  I . inear regres,ion re,ulted in binding 
parameters of ,,- = noo ( ± 500 ) :v[ I and 11 = 1 . 1  ( ±O_2 ) These 
values are in wry gl)od agreement with tht "'� tlbtained bv 
O ' Neil l  and Kinsella ( 6 ), Ivho cktenninecl bind ing parameters 
fllr 2-nonul1lllle and �- Ig . w,ing equi libriul1l dialysi,. and found 
onc binding site per monomer "'ith ;.: = 2439 M 1 _  The primaty 
binding site on /�- Ig  for 2-nonannne is probahly the hydrophobic 
pocket of the protein. which is also bel ieved tll ,erve as the 
binding s i te te)!" retinol and l[lIty acid, ( 1 6. 1 7. ]3. 33) .  

The binding parameters reported in other studi6 vary 
considerab ly due mam ly to the d ifferent melhods or di fferent 
prutein batche> u>ed. Charle, et a ! .  ( lO ). using static headspace 
analy,is, investigated the binding o f  2-nonanone and /1- lg at 
pH 3. at I\-hich (1-lg is predominantly pre,ent in monomcric 
ti)['m. They rep0!1ed 0_2 binding site with I-: = 6250 M I te1r 
2-nonanone concentration, belol\' 4( )  ppl11 and 0 . 5  b i nding s i te 
II-i th ;.: = 1 667 M 1 fl1r 2-nonanone concentralil)ns above -15 
ppl11. The I t l\\'er binding could be a l lribuled to the acidic pH 
because. at pH values km'er than 7.  there i, a lid that cilbes off 
the hydr(lphobic calyx of /1- lg ( 3.1 )  I n addit ion_ these authors 
added sllllil lm aL ilk ( as a preserval tve) ,  'I-h i t: h  has bl:en sho" n 
to a ffect protein-tlavor interactions ( j j ) _ I n  contrast, Sostmann 
and ( illichard ( 13 )_ using a m nity chromatography_ determined 
a 210bal bindin2 constant (111-:) of 3629 :vi 1 for 2-nonanl ll1e 
an:1 / I-Ig at pH i In this case, the immobi lization of /l-Ig may 
haw led tn con f()! "mational changes and a better accessihilitv 
llf binding si lt.::;. Ja,inski and Ki lara ( 9 ) reported 14 binding 
sites for 2-nonanone on (J-Ig ,,-ith all average I-: of 1 22 M I .  
They appeared to  have overestimated the numher of binding 
sites ancl underestima ted the binding constant. The large number 
of !t"" -aftinity binding site, could also have been due to the 
high 2-nonanone concentrations ( >  I mM) l"ed by t hese authors. 

a-Ll_ rhe binding of 2-nonanone in a 0 . 5 " 0  a-la Sl) lut ion 
( c t.:\  mM_ a" detenllined by L JV spectrosCllpy) II'as I(lund to be 
bel\\·een I I and 2 1  ° 0, considerably lower than that observed in 
a 0 . 5° 0 j1-lg solution. From the slope and intercept of the a-la 
Klotz p lot ( data nut sho'I'!l ) . it was calculated that there i, one 
binding site on a-la with a medium a ftinity.  I-: = 9()O ( ±500 ) 
M I. for 2-nonanone. rhe value of Ill-: II·as > 3 t i mes 10lver 
than thal ur(3-lg.  Ja,inski and Kilara ( 9) delermined 33 binding 
sites and a I-: o f  I I  i'vl I te)r 2-nonanone on a-la. However, it, 
mentioned earl ier II)r /1-lg. these authors used very high 
2-nllnanune concentralions. which may haw been th e  reason 
for the high number or IOI" -aftinity binding site,. 

BS,\._ The amount o f  2-nonanone hound in n . 5° "  I1SA 
solulion ( 0.06.5 mM, as dC:krmined by L N  speclruscopy) varic:d 
between 33 and GOOIO, depending on the initial 2-nonanone 
concentration, and was considerably higher than that bound (0 
(�-Ig or a- la under the same condi t iuns. The KlotL plo( for Ihe 
binding o f  2 - nonanone to BSA i s  shol\'n in FiguH' 2 _  The 
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Figure 2. Klotz plot for the binding of 2-nonanone (0. 1 -0.8 mM) to BSA 
(0.5%; 0.065 mM) at 25 'C. divided into low (0 . 1 -0.2 mM) and high (0.2-
0.8 mM) 2-nonanone concentrations (each data point is the mean of 
triplicates). 

nonlinear �hape indicates that di fferent c las,es of bindin!! "ite, 
are present on BSA. At low added 2-nonanone conceIllr�tions 
( 0. 1 -0.2  m�1 ) .  tht:r� 11'�re 2A ( ±0 . 5 )  b i nding sitt:s Il i th a 
binding constant of I GOOO ( ±  7000 ) � I . At higher added 
:!-Ilonallolle concentration, ( O.2 -0. R mM), I D  ( ±4 )  bll1dHH! sites 
11 ith an awragc binding constant fur 2-nonallLHle llf 1 700 ( ±900) 
NI I ll-ere found. 

There are obviously two to three primary binding ,ites on 
I:ISA that haw a velY high affinity for 2-nOnanl)ne. Guth and 
Fri tzler ( 8 ). u"ing an u l tracentritilgation technique, abo sug­
gested one or t\\'o high-affinity binding sites for long-chain )l­
and O-Iactone tlavors and a larlle number of bindinll sites I\'ith 
k)wer aftinity. The number of  b indin!! sites found i� thi;, study 
is  also in  go�d agreement with the rel)L)l1ed l1lllnber of  binding 
s i te, on I:ISA lor other l igands. such as ti'ee fat ty acids II'ith 
thret: prilllary billlliIlt! sites, three secllI1llary bindin� sit�s. and 
"everal weaker binding sites ( 35 ). HOII'ev�r, Dam�)(laran and 
l\.insella ( / )  suggested t hat there are two classe" of  bindina site" 
in  BSA fllr 2-nlllUll111ne: the fir"t ,ix sitl::; haVl: higher aninitie, 
than the "econd clas, of  binding sites. HOll-ever. these authors 
used fairly high 2-nonanone concentratiolK 

Damodman and Kinsella ( I )  found five to six l I1 i t ial bindin!! 
"ite, ti.)r 2-nonanone on BS!\. using l iquid- l iquid part i t illning. 
The binding constant, f.,," = I ROD M I , lI'as similar to that o f  
the secondary binding sites ti.)ullCl in  our wldy. K = 1 700 (±900 ) 
�1 I .  This might be due to di fferent contents of tatty acids i n  
t h e  R S A  prod;tcts used. Datnodaran and Kinsella ( I )  ;Ised RSA 
II'ith 0.-1 11101 of fatty acicb per mole of  protein. whereas the 
product used in thi" work contailled approxilllately 0 .002° ° btty 
acids. which equates to about 0.005 11101 of fatty acids per mole 
of I:ISA, calculated on the baSIS of  the l110lecular II-e iaht of  oleic 
acid, the major liltly acid in milk fat .  Probably. t l;e primary. 
high-aftinity binding � i tes of the BS. u,ed by Damodaran and 
Kinsella ( I )  were to a greater extent occupied by t:ltty acids 
than thllse of the BSA u"ed in  this studv, rt:suitinl! in a lower 
binding constant. L-sing the pulsed tiel�1 gradient -NMR tech­
nique, .lung et a l .  ( / 0) ti)Und seven binding sites for 2-nonanone 
and other l11l:thyl kl:toncs on BSA, with an avcra�l: bindint! 
constant tor 2-nonanone of K = 833 (± 1 5 )  \1 I . Ho",:ever, thes� 
seven hinding sites may not be equivalent and may include 
primary and secondary binding sites, especia l ly  as h igh 
2-lIonanolle'pl'lltein ratios Iv ere used. 11le occupation of second­
ary hinding sites may be the reason for the low overall binding 
constant. 

Casein". The extent o f  2-nonanone binding in 2 .0% a-I-casein 
and /:i-casein solutions ranged from 1 4  to 1 9° 0  and ti-om I 1  to 
1 7° 0, respectively. depending on the ini t ial 2 -nonanone con­
centration. At 0 . 5° 0 casein concentration, the b inding o f  
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Figure 3. Klotz plot for the binding of 2-nonanone (0. 1 -0.8 mM) to WPI 
(0.5%) at 25 °C (each data point is the mean of five replicates) 

2-nonanone I\'as < 7" 0 and there were no "i!!ni ticant di fferences 
betll'een Cl' I -cas�in and /i-casell1 ( data n�t ,holl·n) .  ror this 
reason. the case ins were used at  2 .0° 0. The lincar regrcssion 
l ines of the Klotz plots revealed 0.8 ( ±0. 5 )  and 0 . . ,2  (±0.09 ) 
binding sites and binding constants of -120 ( ±2 R O )  and R I O  
( ±250 ) M I for a,l-casein and /3-casein, respective Iv. Becaus.:: 
of the lOll' b inding constants. ;,alllrat ion of the bind in!! sites on 
both ca,ein, lI'as-not achieved. The !! I obal bindln2 �onstants 
( ilK) II-ere 3 30 ( ± I O )  and 2-10 ( ± I O )- NI I for (l' I �Caselll and 
/3-ca,ein. re'pect ively. indicating a higher binding capacity of 
a,l -casein compared with /1-casein . The values determined ti.)r 
the lllchvidual caseins in this study are onlv estlllla110nS becau�e 
th�re 11 as not a "u t'tici�nt amou'nt uf t h� cas�in" available tll 
obtain a larger number of data points .  However, th!! high!!r 
global binding constant ilK of Cl,l-casein compared with /�-casein 
is dearly Shll\l·n . 

:\< H1 k  Protein Products. The amount of 2-nonanone bound 
by th� milk protein Pl'llducb ranged fro111 1 7  to 30" 0 and from 
11 tll 1 4° 0  for WPl (0 .5°0 )  and sudium cast:inat� ( 1 .0° 0) ,  
re>pectively, dep�nding on the initial concentration of 2-nonanone. 
This tinding II'a, expected as I lan,en and flnnker ( /8 )  ami Li  
et aL ( 5) came to the  same conclusion, that i" .  that  whey proteins 
bind tlavor compounds to a greater extent than caseins. 

I'he Klotz plot tor the binding of 2 - nonanone to W I 'I ( 0 . 5" 0 )  
i s  "holl-n i n  Figure 3 . It" nonlinear "hape sugge't> the pr�,ence 
of  at lea�t t\\'o groups of  binding sites that are nonequivaknt or 
that cooperativity between the binding site� of one or more 
proteins exish. At low added 2-nonanone cllncentratioll" ( 0. 1 -
0. 1 7  m�1 ) ,  there II'as 0.2 (±0.02 ) bindin!! site with a bindin:! 
constant of  :!4000 ( ±1l000 ) M I .  A t  higl1 added 2-nonanon� 
concentrations ( 0. 1 7-0.8 mM), 2-nonanone bound lll1 8 ( ±8 )  
binding site" II'ith a very loll' average binding con�tant o f  1 30 
( ±  1 40 )  M I . The h igh standard errors are due t,) an intercept 
being close to z.:ro and a high valuc of  the slop.:. This change 
in  binding param�ters II-i th 2-nonanone concentration may be 
due tn the presence o f  rhe several bindin!! sites with di fferent 
binding constants Ii.)r 2-nonanone on the- consti tuent proteins 
in WPl . At low added 2-nonanone concentrations, 2-nonanone 
is probably bound on the binding sites with the highest aftinity 
on onc protein. possibly BSA. BSA was sho\\'n to contain two 
to three primary binding sites with a very high K of 1 6000 
( ±700 0 )  M I ( F igure 2 )  These sites are probably the tirst sites 
to be occupied in WPL With increasing 2-nonanone concentra­
tion, th� medium and iL,wer at'tinity binding sites on oth�r 
proteins. namely, /I-Ig and a-la, are ti l led. 

The binding data tor sodium caseinatc were ploned as a Klotz 
p lot ( Figure 4 ) . From the l inear regression line of the plot, an 
average binding constant K of 3 70 ( ±3 7 0 )  M I and an averag!! 
number of bindlllg sites 11 of 1 . 1  ( ±  1 .0 )  Ii.lr 2-nonanone on 
sodium caseinate were obtained. These parameters are in  good 
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Figure 4. Klotz plot for Ihe binding of 2-nonanone (0. 1 -0.8 mM) to sodium 
caseinate ( 1 0%) at 25 >C (each data point is the mean of four replicates). 

Table 1. Binding Parameters of 2-Nonanone with the Individual Milk 
Proteins and the Milk Protein Products WPI and Sodium Caseinate at 
25 QC 

Cl nonarone 

protein (mM) K (M ' )  nK (M ' )  
whey proteins 

/1-lg 0.1-0.8 1 . 1 ± 0.2 2700 ± 500 3000 ± 1 00 
Cl-la 0. 1 -0.8 1 .0 ± 0.5 900 ± 500 860 ± 60 
BSA 0 . 1 -0.2 2.4 ± 0.5 16000 ± 7000 38000 ± 8000 

0.2-0.8 10 ± 4  1 700 ± 900 7000 ± 2000 
WPI 0 . 1-0. 1 7  0.2 ± 0.02 24000 ± 8000 5000 ± 1 000 

0. 1 7-0.8 8 ± 8  1 30 ± 140 1 000 ± 30 
caseins 

Clsl-casein 0. 1 -0.8 0.8 ± 0.5 420 ± 280 330 ± 10 
li-casein 0. 1 -0.8 0.32 ± 0.09 810 ± 250 240 ± 10 
sodium caseinate 0. 1 -0.8 1 . 1  ± 1 .0 370 ± 370 4 1 0  ± 20 

�greelllent II' i th the values determined for a, , -c�se in and 
fj-casein and 2-nonanllne. rhe only other study reporting binding 
parameters for ,od ium casein�k and a tlavor compound II'a, 
by L i  et al .  ( 5 ). \\'h o  ti,)lllld 0.66 bind ing site II'ith a b ind ing 
constant of 3 53 M I for van i ll in on sod iulll caseinate ( 1 :2 ·"C ) . 
To da te. swliie" ind icate lOll' binding capac i t ies of case ins and 
ca,einate" tl)r d i fferent tlavor compounds . 

The /I and f: va lues for the b i nd ing uf 2-nunanllne to the 
individual I\'hey p rote ins determined i n  this stlllly are SUI11-
l11ariz.:d in Table I .  D iftcrences in the binding parame tcrs 

bet\\'een \\'PI and sodium ca"einate are probably due to the 
d i fferent stmCl1lres and am ino ac i d compos i tions of the indi­
vidual proteins i n  WPI and sodium caseinak: th,lt is. {l- Ig , the 

ma in const il1lent protein i n  \\'1 '1, is knOlI"tl to have a stt1lctllre 
that can accommodate d i fferent small hydrophobic molecule, 
II'i th h Igh aftiniry ( 6, /5). None or the cas ':ln" have be.:n reported 
to have a h igh afti n ity for any tlavor mo lecu l es . 

CompariSl1\1 uf the 2-nllnunune binding of the ma in \1 hey 
prote i ns shows that the bi nding of  BSA and 2-nonannnl! II'a, 

h ighest flll loll'ed by that llf /1-lg. The IUI\est b ind ing lI'as 
nbserwd Illr a-la.  In contrast to f1-lg and a-la, both of which 
b ind one molec u le of 2 -nonanonl! per mo lecu le o f  prote in , BSA 
is able to bind tll'O to three 2-nonanone mnlecules per mole nf 
BSA un h igh-a Clin i ty b inding sites and several 2-nlllHlllone 

molecules on lower affinity bind ing sites . Cons ider ing the high 

p\'llport ion of{3-lg ( > 60? o)  lllmpared with BSA ( appruximately 
2° '0 )  in \�.rPl , the binding parameter, determined indicate that 
fJ- l g  is the whey prote in that IS ma in ly responsible tl)1' 
2- nonanone bind ing in WPT. Thl! casein ;; showed considerably 
lower bind ing capacI ties. I\'ith only onc IOII'-aftin it y bind ing 
site tl)r 2-nonanone, compared w i th the II'hey prote ins . 

The good agreement between the bi nd ing parameters deter­
mined in this study and the va lues llbwtned by llthl!r authors 
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shows th at headspac.: SPME is an excel lent technique tllr 
research on protein - tlavor i nteract ions . It is fast. sensitive, 
prec i se . inexpens ive . and solvcnt free .  I n  addition, not llnly 
l iqu id but a lso semisol id and solid samp les can be analyzed 
us ing headspace SPME . 

' 1 his study has demonstrated that the whey protein with the 
h ighest a ftin ity fur 2-nonanone is BSA. fo l lowed by !�-Ig. and 
that a-la shows the weakest binding. Both a-la and fJ-lg possess 
une binding s i te per prutei n mulecule, whereas BSA can bind 
2-nonanone on tl\'() c lasses of b ind i ng si te;;, resulting in a verv 

h igh globa l bindlllg constant for 2-nonanone. WI'I II'as found 
to  have a llIuch h igher atlinity tor 2-nonanone than sod ium 

caseinate, and they bnth possess around one binding s i te per 
p\'llte in molecule un average. a, I-Case i n  1\ as Illll\1d tll IJaw a 

s l ight ly h igher aftinity (1)1' 2-nonanone than (-i-casein.  a l though 
fi-case in is the more hydrophobic of the tl\'O proteins, Indicating 
that other than hydrophob ic tl)rCeS may be involved. The overall 
binding on bllth case Ins is 10\1' compared with that on the Idley 

proteins, with est imated global binding afti n it ies /If: of 3 3 0  
( ±  I 0) and 2 4 0  ( ±  I l l )  M I Illr a' l -casein a n d  11-c�se in , 
respect i vdy. 

The presence of m i lk pwteins may thelefore cause the aroma 
proti le of ti,)ods. in particu lar tat-free foods. to become unbal­
anced bel'uusc lIf the bind ing uf part icu lar l1avor cumpuunds 
by the prote i ns. In pmt icuiar . t he whey proteins may prevent 
hydrophob ic tlavor compounds. such as 2-nonanone. ti'om belllg 
released and perce ived during mast icat iu lI . III this case. the 
amount of certain tlavor compound" added \\'i l l  have to be 
illcreased to compensate Ii,'r the pwtein-bound tlavor molecules. 

M i l k  prote ins added to Il)Lld produc ts are often denatured to 
var iolb extents, II'h idl may aftect b inding constanh and binding 
, i tes becau"e o f  cllnti,)rmat iona l changes of the prote ins. In 

addition, during the processing of tl)ll k till' example. heat 
treatment. pwte ins an� denat ured . A study lln the effec t of 
denal1lrat inn on the b indi ng of d ifferent tlavor compo unds and 

\\'hey protein" IS uncknl·ay . 
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