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Abstract 

Whereas Whey Protein Isolate may be used as effective emulsifier, it suffers from limited stability upon 

heating. In this research, the effect of combining Whey Protein Isolate (WPI) with Low Methoxyl Pectin 

(LMP) on the heat stability of WPI was investigated. This was accomplished either by simple mixing or by 

conjugate formation by dry heat treatment. WPI-LMP mixtures and conjugates were prepared at a WPI 

to LMP ratio of 1:0, 4:1, 2:1, and 1:1. Conjugates were prepared by means of dry heat treatment at a 

temperature of 60oC and 74% relative humidity by incubation for up to 16 days. 

The pH effect and brown color development of the WPI-LMP conjugates upon incubation was monitored. 

SDS-Page, free amino group determination, as well as diffusion coefficient analysis, all confirmed the 

formation of new compounds with high molecular weight. The heat stability of the conjugates was then 

tested and compared to the native WPI. Upon 2 minutes of heating at 80 oC and pH 6.5, the solubility of 

WPI was reduced by approximately 50% due to thermal denaturation and subsequent aggregation. 

However, dry heat treatment of the WPI-LMP mixtures highly improved the heat stability of WPI: as the 

incubation time was increased, the residual protein solubility upon heating of the WPI became higher. 

Upon 16 days of incubation, the protein solubility of the heated WPI-LMP conjugates was comparable to 

that of the conjugates before heating. Considering the emulsifying properties, it was found that WPI-LMP 

conjugates produced smaller oil droplet compared to either native WPI, dry heated WPI, or mixtures of 

WPI-LMP which were not subjected to conjugation by dry heat treatment. Heating the emulsions at 80 oC 

for 10 and 20 minutes revealed that WPI-LMP conjugates stabilized emulsions exhibited excellent stability 

towards heat: whereas pronounced aggregation and gelation occurred in emulsions stabilized by WPI or 

mixtures with LMP, the conjugate stabilized emulsions retained their original viscosity and particle size.  

Keywords: Whey Protein Isolate, Low Methoxyl Pectin, Dry heat treatment, Conjugate, Heat Stability, 

Emulsion.  

Introduction  

Whey Protein Isolate (WPI) is known to have excellent emulsifying properties. However, this dairy protein 

source exhibits a low stability towards heat and is very susceptible to heat denaturation [1]which can lead 

to partial protein denaturation and aggregation, thus affecting its emulsifying properties [2]. As heat 

processing is commonly encountered in dairy industry for improving the safety and shelf life of foods [3], 

the limited heat stability of WPI becomes a limiting factor for the application of WPI on an industrial 

scale[4]. Several researches on improving the heat stability of WPI have been performed using different 
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approaches. Chemical methods [5, 6], enzymatic modification [7, 8], electrostatic interactions [9, 10], and 

conjugation by heat [11] are among the methods that have been used. Some of the methods showed a 

successful improvement of the heat stability and emulsifying properties of WPI [12-15]. Nevertheless, 

among the methods mentioned, chemical methods involve chemicals which sometimes are not 

compatible for food application. On the other hand, electrostatic interaction has a narrow range of 

optimum pH and is sensitive to the presence of salts which limits its application [16]. Conjugation by heat 

is a promising method as it does not involve any chemical addition. This method relies on the addition of 

another biopolymer to be conjugated to the WPI.  

It is known that polysaccharides have a good stabilizing activity [17]. It was stated that the presence of a 

biopolymer can influence or modify the functional properties of other biopolymers when they are mixed 

[10]. Thus, combining the properties of WPI and polysaccharides can be a good way to modify the 

properties of WPI resulting in a molecule with improved functionality [18]. It has been reported that the 

presence of polysaccharides enables WPI to minimize structural losses during heating due to the steric 

force obtained from the polysaccharides [13, 16, 19]. 

Heat induced conjugation of WPI and polysaccharides results in hybrid molecules which are linked 

together by covalent bonds. This type of interaction is found to be more heat stable than electrostatic 

interaction [18, 20]. Conjugation of WPI and polysaccharides by heat can be performed either in wet state 

[12, 21] or in dry state [15, 22, 23]. The latter is more preferable since it is easier to handle dry matter 

and also microbial contamination leading to an unstable product which can occur in the wet state can be 

avoided [24]. As this method does not require any chemical addition, it can be a promising replacement 

for synthetic surfactants in food applications [25], whereby it is suitable for the production of “clean-

label” emulsions. Another advantage is that the dry heat treatment does not significantly alter the native-

like behavior of the protein while wet heat treatment causes important structural changes resulting in a 

specific denatured β-Lactoglobulin monomer, which is covalently associated via the free thiol group [26]. 

Conjugation of WPI and polysaccharides through dry heating can be performed by exposing the dry 

mixture of WPI and polysaccharides to heat in an atmosphere of controlled relative humidity for a certain 

period of time. Depending on the type of the protein and polysaccharides used, the incubation can take 

from hours to days. It is suggested that upon dry heating, Maillard type reactions are responsible for the 

formation of the conjugates. Conjugation of protein and pectin is basically based on the Amadori 

arrangement which is part of the Maillard type reaction [24]. Hereby, the terminal and side chain amine 

groups of the protein are linked to the reducing end of the polysaccharides, resulting in a conjugate of 
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protein and polysaccharides [27]. However, it has to be kept in mind that the advanced stage of the 

Maillard reaction is undesirable since it can lead to a loss of solubility, and hence a reduction of the 

functionality of the WPI [11, 28]. Therefore, the challenge is to obtain WPI-polysaccharide conjugates 

without any loss of functionality of the WPI during heat treatment [29].  

The purpose of this research was to improve the heat stability of WPI by grafting Low Methoxyl Pectin 

(LMP) to the WPI via dry heat treatment. Pectin was chosen due to its abundant availability which makes 

it a cheap source of polysaccharides. Furthermore, polysaccharides are more desirable than 

oligosaccharides and monosaccharides because they are less prone to advanced stages of Maillard 

reaction that lead to loss of the protein solubility [28]. The WPI was mixed with the LMP at various ratios 

and dry heating was performed at 60 oC and 74% RH. Various experiments were performed to confirm 

the formation of WPI-LMP conjugates and to study the heat stability of the obtained conjugates.  

Materials and Methods 

1. Materials 

The WPI was purchased from Davisco Foods International Inc. (Le Sueur, MN, USA). Protein analysis 

revealed that the WPI contained approximately 92.6% protein, whereby 85% of the protein is β-

Lactoglobulin [30]. The Low Methoxyl Pectin (LMP) (UnipectinOB700) was obtained from Cargill (Ghent, 

Belgium) and contained 89.6% of dry matter. The LMP was used without further purification. Oil in water 

emulsions were prepared using sunflower oil purchased from a local supermarket as the oil phase.  

2. WPI-LMP conjugate preparation 

Conjugates were prepared from a 5% (w/v) protein solution and 1 % (w/v) LM Pectin solution. A correction 

for the protein content and the dry matter was taken into account during the calculation of the WPI and 

LMP needed. The WPI and LMP were dissolved in distilled water and the pH of the solutions was adjusted 

to 7 with 1 N HCl to avoid formation of ionic complexes that might form at lower pH during mixing. Both 

solutions were kept overnight in a refrigerator before mixing. The solutions were then mixed at four 

different ratios i.e. 1:0, 4:1, 2:1, and 1:1 (on weight basis) and frozen prior to freeze drying. 

The frozen samples were lyophilized (Alpha 1-2 LD plus, Christ) to remove all the water and obtain dry 

products. The freeze dried products were then incubated at a temperature of 60oC for 16 days in a 

desicator containing saturated NaCl solution to keep the relative humidity at 74%[31]. During incubation, 

sampling was done at day 4, 8, and 16. 
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3. pH and absorbance measurement 

A 2 mg/ml WPI-LMP conjugate solution was prepared by dissolving the conjugates in distilled water. The 

pH and brown color development of the solutions were then measured without further dilution. The pH 

was measured using a Hanna H 4222 pH meter, while the brown color development was measured at 420 

nm [32]using a UV-1600 PC, spectrophotometer (VWR).  

4. SDS Page Analysis 

The SDS-Page analysis was performed under reducing conditions in the presence of mercaptoethanol. 

The running gel and stacking gel contained 15% and 4 % of polyacrylamide. Conjugates were diluted in a 

20 mM phosphate buffer (pH 6.5) to a concentration of 1 mg protein/ml. The solutions were then diluted 

in Laemlli buffer which contained mercaptoethanol to obtain a concentration of 0.5 mg/ml. These diluted 

solutions were then heated at 90oC, followed by centrifugation at 10000 rpm for 5 minutes. Subsequently, 

20 µl of the solution was injected in to the gel. The electrophoresis was performed at 160 V for at least 1 

hour and 15 minutes. The gel was subsequently stained using Coomassie blue to visualize the protein.  

5. High resolution pfg-NMR diffusometry 

High-resolution pulsed field gradient (pfg) NMR diffusion analysis was performed with a Bruker Avance III 

spectrometer operating at a 1H frequency of 500.13 MHz and equipped with a 5 mm DIFF30 gradient 

probe with a maximum gradient strength of 18 T/m. Pfg-NMR experiments were performed at room 

temperature using a monopolar (single) stimulated echo pulse sequence. The samples (650 µL) were filled 

in 5 mm diameter glass NMR tubes (Armar Chemicals, Switzerland) and were measured upon varying the 

gradient strength up to 12 T/m, while keeping the gradient duration (δ) constant at 1 ms and the diffusion 

delay (Δ) fixed at 100 ms. The (non-conjugate) powders of WPI (dry heated for 16 days) and LMP were 

dissolved in 5 mM sodium acetate (in D2O) to obtain a concentration of 10 mg/mL, whereas WPI-LMP 

conjugates were dissolved in 5 mM sodium acetate to obtain a concentration of 20 mg/mL. 

Regarding the non-conjugate WPI (WPI dry heated for 16 days) and LMP samples, the obtained 

experimental echo attenuation ratio (I/Io) with up to 95% decay as a function of gradient strength was 

fitted by Eq. 1a and Matlab 7.5.0.342 (R2007b) software (The Mathworks). Hereby, a mass-weighted 

lognormal distribution of diffusion coefficients was assumed.  
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Protein and pectin samples may be characterized by a molecular mass range and hence, a polydisperse 

population of diffusion coefficients with a certain probability Pv. In our calculation, Pv was assumed to 

follow by a lognormal mass-weighted diffusion coefficient distribution (Eq. 1c). The geometric mean 

diffusion coefficient (Dg) and geometric standard deviation (σg) were converted to the arithmetic mean 

diffusion coefficient (Da) and arithmetic standard deviation (σ) of the lognormal mass-weighted diffusion 

coefficient distribution using Eq. 1d and Eq. 1e.  

The degree of molecular interaction can be evaluated upon decomposing the WPI diffusion signal 

obtained from the WPI-LMP conjugate sample [
𝐼

𝐼0
]

𝑊𝑃𝐼,𝑐𝑜𝑛𝑗𝑢𝑔.
into a freeWPI fraction (i.e. the 

experimentally obtained non-conjugate WPI signal [
𝐼

𝐼0
]

𝑊𝑃𝐼,𝑓𝑟𝑒𝑒
 and a bound WPI fraction. The bound 

fraction can be determined upon estimating the diffusion signal of the reacted WPI [
𝐼

𝐼0
]

𝑊𝑃𝐼,𝑏𝑜𝑢𝑛𝑑
using Eq. 

2 and Matlab 7.5.0.342 (R2007b software, The Mathworks). As the molar mass of pectin is much larger as 

compared to WPI, the molar mass of the conjugate is mostly determined by the pectin. Hence, the bound 

fraction can be determined assuming the experimentally obtained LMP diffusion signal to be a good 

approximation of the LMP-bound WPI diffusion signal as written down in Eq. 3 using the Solver add-in 

(Microsoft Excel 2010). A higher value of the coefficient of determination was obtained upon fitting Eq. 1 

to the conjugate LMP signal [
𝐼

𝐼0
]

𝐿𝑀𝑃,𝑐𝑜𝑛𝑗𝑢𝑔.
(R2=0.999 in Table 3.1) as compared to the non-conjugate LMP 

(R2=0.996) as recorded at 3.2-4.2 ppm. Therefore, the former signal was used in Eq. 3, for which Da and σ 

amounted to 5.4·10-11 m2/s and 15·10-11 m2/s.  
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𝐼
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 (3) 

 

6. TNBS Analysis for Free Amino Group Determination 

TNBS analysis measures the amount of free amino groups in the sample. This analysis was carried out to 

find the degree of graft reaction. By knowing the available amino groups in the sample, the approximate 

amount of amino groups that are cross linked with the polysaccharide during dry heat incubation can be 

estimated and hence the degree of the graft reaction can be obtained.  

The analysis was performed based on the method developed by Adler-Nissen [33]. All samples, blank, and 

standards were dissolved in 1% SDS solution prior to analysis. 0.25 ml of each sample was brought into a 

test tube. Subsequently, 2 ml of phosphate buffer (0.2125 M, pH 8.2±0.02) and 2 ml of a 0.1% TNBS 

solution were added. The test tube was shaken with a vortex and placed in a water bath at 50oC for 60 

minutes. The water bath should be covered to avoid light penetrating into the test tubes since light can 

accelerate the reaction in the blank solution. Afterwards, 4 ml of 0.1 N HCl was added to terminate the 

reaction. The test tubes were then allowed to cool down to room temperature. The absorbance of the 

samples was read at 340 nm in a Spectrophotometer (UV-1600 PC, VWR). A standard curve was obtained 

by considering a dilution series of leucine with concentrations up to 2 mM. The amount of available amino 

groups (mM) was then deduced from the standard curve. The degree of graft reaction was calculated as:  

𝑑𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑔𝑟𝑎𝑓𝑡 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 (𝐷𝐺) =
(−𝑁𝐻2 𝑖𝑛 𝑚𝑖𝑥𝑡𝑢𝑟𝑒(𝑑𝑎𝑦 0)−−𝑁𝐻2 𝑖𝑛 𝑐𝑜𝑛𝑗𝑢𝑔𝑎𝑡𝑒𝑠 (𝑑𝑎𝑦 𝑥))(𝑚𝑀)

−𝑁𝐻2 𝑖𝑛 𝑚𝑖𝑥𝑡𝑢𝑟𝑒(𝑑𝑎𝑦 0) (𝑚𝑀)
 𝑥 100                                               (4) 

7. Heat treatment 

2 ml of solution containing conjugates (1 % w/v) were prepared for heat treatment. The conjugates were 

dissolved in Imidazole buffer containing 20mM imidazole, 30 mM NaCl, and 1,5mM NaN3; the pH of the 

buffer was adjusted to 6.55 using 1N HCl. The composition and pH were selected to have an electrolyte 

composition that resembled dairy products [34]. Subsequently, the solutions were heated at 80oC for 2 

minutes using a water bath. Samples were placed into cold water after the heat treatment to stop 

denaturation. Heat treated samples were then put into 2 ml centrifugation tubes and centrifuged (Sigma, 
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Scientific 1-15 P) at 12000 g for 20 minutes to separate the insoluble aggregates. The supernatant was 

kept for further analysis. 

8. Colorimetric protein determination  

A modification and simplification of the Lowry analysis method by Schacterle and Pollack [35] was used. 

Prior to analysis, samples were diluted in imidazole buffer of pH 6.55 to fit in the range of the standard 

curve. 1 ml of sample was brought into a test tube in which 1 ml of alkalic Cu-reagent was added. This 

step was followed by mixing the solution using a vortex and leaving the solution undisturbed for 10 

minutes. Subsequently, 4ml of Folin Ciocalteus reagent was added and the tube was turned upside down 

two times. The solution was heated at 55 oC for 5 minutes using a waterbath. The heated solution was 

put in ice-water immediately after heating. Subsequently, the absorbance of the solutions was read at 

650 nm against a blank solution in a spectrophotometer (VWR, UV-1600 PC). A series of standard 

solutions was made by dissolving WPI in Imidazole buffer to a concentration of 0, 40, 80, 120, 160, 200, 

240 mg protein/L. A correction for the protein content in WPI should be performed when calculating the 

amount of WPI needed in the standard solution. 

9. Emulsion preparation 

Emulsions were initially prepared by dissolving 0.5% of WPI, dry heated WPI, mixture of WPI-LMP, and 

WPI-LMP conjugates in the aqueous phase. The aqueous phase was kept overnight in the fridge prior to 

the emulsion preparation to fully hydrate the hydrocolloid. Emulsions containing 10% (w/w) of oil were 

prepared by adding 10 g of sunflower oil to 90 g of WPI solution. 

The mixture was then premixed using an IKA Ultra-turrax TV45 (Janke & Kunkel, Staufen, Germany) at the 

highest speed (24000 rpm) for 1 minute. This was followed by homogenization using a Microfluidizer110S 

for 2 minutes at 4 bar of compressed air pressure corresponding to 560 bar of liquid pressure. The coil of 

the Microfluidizer was immersed in a waterbath set at 55oC. The heat coagulation test was performed by 

heating the emulsions in an oil bath at 80oC for 20 minutes. 

10. Particle Size analysis.  

Particle size analysis was performed using a Mastersizer 3000 (Malvern Instrument Ltd, Malvern, UK) 

equipped with a red and blue light source. The refractive index used was 1.47, while the absorbance index 

was set at 0.01. The sample was added drop wise to the wet sample distribution unit (Malvern Hydro MV) 
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until an obscuration level between 10 to 20% was obtained. The speed of the stirrer of the dispersion unit 

was set at 1500 rpm during the measurement. 

11. Statistical Analysis.  

Two-way ANOVA was performed on the results of protein solubility analysis using SPSS 22 (IBM) at a 

significance level of 95%.   

Results and Discussion 

1. Confirmation of Conjugate formation upon incubation of WPI and LMP 

Conjugation between protein and pectin is possible by exposing the two components to heat in a 

controlled environment. When proteins and polysaccharides are mixed and exposed to heat, the Maillard 

reaction will take place spontaneously. Upon incubation of WPI and LMP, as the Maillard reaction 

proceeds there will be changes in the environment of the mixture. This can be used as an indicator to 

monitor the Maillard reaction and to confirm the formation of WPI-LMP conjugates.  

a. pH change and brown color development 

Figure 3.1 shows the pH of the WPI-LMP conjugates as a function of the incubation time. The initial pH of 

the WPI and LMP dissolved in distilled water was approximately 6.6 and 5, respectively. However, the pH 

of the WPI and LMP solutions was adjusted to 7 before mixing to avoid electrostatic interactions. After 

freeze drying, the pH of the reconstituted dry mixture of WPI-LMP was found to be between 6.4-6.5. 

During dry heat incubation, the pH of all the conjugates, regardless of the mixing ratio, decreased. During 

Maillard reaction, primary amino groups will react and intermediate products are generated, which may 

contain acidic compound [36-38], which can explain the pH depression of the conjugates upon incubation. 

Overall, the pH decreased mainly in the first 4 days. It was found that there was no significant effect of 

dry heat treatment in the absence of LMP. In general, the more LMP was present in the mixture the lower 

the pH of the conjugates became. It was reported before by Liu et al [36] that due to Maillard reaction, 

the pH will decrease linearly with time. However, on systems with higher sugar content and incubated at 

90oC the trend was different: the pH decreased fast during the first few hours and upon further incubation 

it decreased at a slower rate [36]. This trend is similar to the trend of the conjugates with a ratio of 2:1 

and 1:1 (Fig 3.1).  
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 Figure 3.1 pH of the WPI-LMP conjugates as a function of incubation time. 

It is known that the Maillard reaction results in brown pigments. Therefore, the progress of the Maillard 

reaction can be followed by the formation of these pigments in the dry mixture of WPI-LMP. Considering 

the absorbance at 420 nm as a function of incubation period of the conjugates (Figure 3.2) it can be clearly 

seen that brown pigment formation became more intensive as the incubation time was extended. In 

agreement with the pH results, the dry heated WPI (Ratio 1:0) had a stable color and did not undergo 

development of brown color.  

 

 

 

 

 

 

 

 

 Figure 3.2 Brown color development of WPI-LMP conjugates as a function of incubation 

time. 
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In a similar way, the formation of intermediate products during the Maillard reaction can be evaluated 

from the absorbance at 294 nm. Comparing the absorbance readings at 294 (data not shown) and 420 

nm, it was seen that the formation of the intermediate products had the same pattern as the formation 

of the brown color in the conjugates. This result is in agreement with the finding of Lertittikul et al. [39]. 

It can be clearly seen in Figure 3.2 that the more LMP was present in the conjugates, the higher was the 

initial rate of brown color formation during incubation. On the other hand, after 16 days all conjugates 

had a comparable absorbance value. Based on the pH change and brown color development, it can be 

stated that Maillard reaction took place upon incubation of the WPI-LMP mixture. 

b. TNBS Analysis 

According to Oliver et al. [24], Maillard reaction is a spontaneous and naturally occurring reaction 

between available amino groups from a protein with reducing sugar entities from polysaccharides, which 

involves the Amadori rearrangement [11, 40]. Thus, during the Maillard reaction amino groups of the 

protein will be consumed and as a consequence the availability of the amino groups decreases. This 

phenomenon can be used as an indicator to observe the Maillard reaction taking place during incubation. 

By knowing the amount of the free amino groups in the conjugates at different incubation times, the 

degree of glycosylation or graft reaction during incubation can be estimated.  

 

 Figure 3.3 Degree of graft reaction of the dry heated WPI (ratio 1:0) and conjugates of WPI-LMP 

(ratio 4:1, 2:1, and 1:1) during incubation at 60oC and RH of±74% 

Figure 3.3 shows that the free amino group content of dry heated WPI was reduced which could be due 

to protein polymerization upon dry heat treatment. For WPI-pectin conjugates, the free amino group 

content decreased by about 15 % on the 8th day of the incubation. 
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From Figure 3.3, it can be depicted that the rate of the graft reaction was most pronounced during the 

initial period of the incubation, and gradually decreased later on. The latter could be due to the steric 

hindrance of the LMP which was already attached to WPI. Upon dry heating of BSA with dextran, it was 

found that a steady state reaction was obtained due to the hindrance from the dextran attached in the 

BSA [19].  

It should be kept in mind that a reduction of the free amino group content in the samples does not 

necessarily mean an enhancement of the graft reaction. It was reported before that polymerization of 

protein occurred during incubation of β-Lactoglobulin and dextran at a temperature of 55oC, awof0.65 and 

6:1 weight ratio (dextran to β-Lactoglobulin) [11]. This polymerization reaction may reduce the ability of 

the free amino groups to react with the TNBS leading to lower absorbance readings at 420 nm. Hence, the 

reduction of free amino group content observed was probably not solely due to glycosylation of whey 

protein, but could be the result of protein polymerization as well. 

c. SDS-Page analysis 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 SDS PAGE results of WPI and WPI-LM Pectin Conjugates incubated at 60oC in an 

environment containing saturated NaCl solution, with different ratios of WPI to LM Pectin 

(Lanes: 1, 2,3,4, Conjugate ratio 1:0; 5,6,7,8,conjugate ratio 4:1; 9, WPI powder; 10, 

Molecular weight marker; 11, 12, 13, 14, conjugate ratio 2:1; 15,16,17,18, conjugate ratio 

1:1) incubated for different periods (Lanes: 1,5,11,15, 0 day; 2,6,12,16, 4 days; 3,7,13,17, 8 

days; 4,8,14,18, 16 days) 
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Figure 3.4 shows the scanned gel from the SDS-Page analysis. For comparison, WPI without any treatment 

was included as well (Lane 9). The gel profile shows that WPI had two distinct bands, which could be 

correlated to β-lactoglobulin and α-lactalbumin. In the upper part or higher molecular weight part of the 

gel it could be seen that there were bands which represented the dimer of β-lactoglobulin and BSA. The 

molecular weight of β-lactoglobulin, α-lactalbumin, dimer of β-lactoglobulin and BSA is approximately 

18.4kDa, 14 kDa, 36.8kDa, and 66.5 kDa, respectively.  

In fig 3.4, it can be seen that the mixtures which were only lyophilized but not heat treated (indicated as 

0 days) of WPI-LMP for all ratios had the same band pattern as the WPI powder.  As the mixtures were 

incubated, the band for α-lactalbumin seemed to be fading as the incubation period was extended. 

Furthermore, there were broad bands of high molecular weight compounds in the lanes of the conjugates 

incubated for 4, 8, and 16 days. The intensity of the band of these high molecular weight compounds 

increased with the duration of the incubation time. Furthermore, in the injection point of these samples 

it could also be observed that there was a band representing compounds which were trapped due to their 

big molecular weight (Lane 12, 13, 14, 15, 16, and 17). In the same lanes there were also compounds 

trapped in between the stacking and running gel due to their big molecular weight. This leads to the 

conclusion that the conjugation of WPI and LM Pectin clearly produced compounds with high molecular 

weight. 

Nevertheless, in the dry heated WPI (ratio 1:0) incubated for 4, 8, and 16 days there was also an 

intensification of the bands of high molecular weight molecules which showed that there was 

polymerization of the WPI during incubation. It was reported before that dry heating of β-lactoglobulin 

resulted in compounds with MW higher than the MW of its dimer [11]. This polymerization can be caused 

by covalent bond formation by either disulfide bonds or other types of covalent bonds [18, 41-43]. Heating 

will unfold the protein, whereby sulfhydryl containing amino acid groups will be exposed. Particularly, in 

β-lactoglobulin, sulfhydril-disulfide interchange is initiated when the protein is heated at temperatures 

between 60-65oC [44].  Since the WPI used is mainly composed of β-lactoglobulin, it is reasonable to 

compare the behavior of WPI during heating to that of β-lactoglobulin.  

Whereas disulfide bonds in the protein aggregates should have been eliminated due to the presence of 

mercaptoethanol, still protein aggregates with high molecular weight were observed in the lane of the 

dry heated WPI. This suggests that besides disulfide bonds, other covalent bonds were responsible for the 

polymerization in the dry heated WPI. Upon dry heating of WPI at 100 oC and different pH conditions, 

Gulzar [41] found that at low pH protein aggregation was mainly due to intermolecular disulfide bonds, 
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while as the pH increased to 6.5, protein aggregation was due to disulfide bonds and covalent bonds other 

than disulfide bonds. The latter observation is in line with our experiment as the pH of the dry heated WPI 

was approximately 6.5 (Fig. 3.1).  

Due to this phenomenon, it can be questioned whether the high molecular weight compounds observed 

in the WPI-LMP conjugates were partly because of protein aggregation. In the case of WPI-LMP conjugates 

(ratio 4:1, 2:1, and 1:1), however, this phenomenon could be minimized or prevented due the presence 

of LMP. Several authors observed that conjugation of proteins and polysaccharides through Maillard 

reaction can minimize the structural loss of the protein by protein aggregation during dry heat treatment 

[19, 45, 46]. In fact, aggregation and Maillard reaction can happen simultaneously and it was reported 

previously that BSA aggregation upon dry heating can be reduced in the presence of Dextran since it can 

prevent extra aggregation of BSA [19]. Furthermore, the author suggested that in the presence of Dextran, 

the amino acids containing the sulfhydryl group responsible for protein aggregation via disulfide bond 

formation are involved in the Maillard reaction, thus preventing aggregation between proteins. Hence, it 

is expected that protein aggregation was probably very limited in the presence of LMP.  

Whereas it is difficult to use SDS-PAGE results for quantification of the degree of conjugation, still the 

results can be used as a confirmation of the formation of high molecular weight conjugates during dry 

heat incubation of WPI and LMP. This result is in agreement with the results of TNBS analysis, the results 

of pH change and color development analysis which indicated that Maillard reaction already occurred 

during the first 4 days of the incubation. In addition, SDS-PAGE analysis showed that there was protein 

aggregation during dry heat treatment of WPI alone which is thought to involve the consumption of free 

amino groups. This finding was supported by the fact that TNBS analysis showed a reduction of free amino 

group content of the WPI upon dry heat treatment of WPI.  

d. Diffusion analysis via NMR analysis 

Further analysis to confirm the formation of conjugates was performed using high resolution pfg-

NMR diffusometry. This measurement is based on the diffusivity measurement of the targeted compound. 

The analysis was performed on WPI-LMP conjugates with a ratio of 1:1 which were incubated for 16 days. 

In order to know the diffusion behavior of WPI and LMP alone, diffusion NMR was performed on solutions 

of LMP separately as well as lyophilized WPI which was incubated for 16 days.  

Figure 3.5 shows the 1D 1H spectra of the WPI-LMP conjugates of ratio 1:1 which was incubated 

for 16 days. By comparing this spectrum to the spectra of WPI and of LMP, it became obvious that the 
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signals observed at 0.3-1.0 ppm and 2.5-3.3 ppm belong to the WPI, while the spectrum at 3.2-4.2 ppm 

and 5.2-5.5 ppm belonged to the LMP. The other sharp resonances observed represented the H2O and 

the Sodium Acetate added upon sample preparation. By fitting equation 1a, the arithmetic mean diffusion 

coefficient and the arithmetic standard deviation of each signal were obtained (Table 3.1). There was one 

major signal (0.3-1.0 ppm) and one minor peak (2.5-3.3 ppm) detected for WPI and both had 

approximately the same diffusion coefficient (6.9∙ 10-11m2/s) and a narrow distribution (± 1∙ 10-11m2/s) 

(Table 3.1). LMP has a high molecular weight of approximately several hundred kDa [47] and is 

characterized by a broad range of molecular weights. This explains the broad diffusion coefficient 

distribution exhibited by LMP. On the other hand, WPI has a narrow molecular weight distribution, thus 

possessing a narrow diffusion coefficient distribution.  
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Figure 3.5 1D 1H spectrum of WPI-LMP conjugates (ratio 1:1) upon dry heat incubation for 16 days 

Upon incubation of WPI and LMP, the interaction of LMP and WPI lead to an increase in molecular weight. 

Thus a change in the average diffusion coefficient as well as in the distribution width will be observed 

(Table 3.1). It was noticed that conjugated WPI acquired a similar diffusion behavior as LMP molecules. 

On the other hand, the diffusion of conjugated LMP was not significantly affected by the molecular 

interaction. 

H2O 

Na acetate (CH3) 

Pectin(5.1-5.6 ppm) 

Pectin(3.2-4.2ppm) 

Protein (2.5-3.3 ppm) 
Protein (0.3-1.0 ppm) 
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Whereas it was expected that interaction between two compounds would result in a lower diffusion 

coefficient, Table 3.1 showed that the arithmetic mean diffusion coefficient of WPI increased slightly to 

8.8 x 10-11 m2/s upon incubation of WPI and LMP, accompanied by a broader distribution width whose 

value increased substantially from 1 x 10-11m2/s (narrow) to 14.1 x 10-11 m2/s (broad). This phenomenon 

is due to the fact that the distribution width of WPI in the presence of pectin increased significantly (Fig 

3.7). In fact, for a constant geometric mean, the arithmetic mean increases with increasing distribution 

width.  

Table 3.1 Arithmetic mean diffusion coefficient (Da) and arithmetic standard deviation () value of WPI, 

LMP, and WPI-LMP conjugates (Day 16) obtained upon fitting Eq. 1 to the diffusion signal of the WPI and 

LMP contributions in the non-conjugated and conjugate samples.  

NMR 
signal 
(ppm) 

WPI LMP WPI-LMP 

Da (m2/s) σ (m2/s) Da (m2/s) σ (m2/s) Da (m2/s) σ (m2/s) 

0.3-1 6.9·10-11 1.0·10-11 - - 8.8·10-11 14.1·10-11 

2.5-3.3 6.8·10-11 0.9·10-11 - - - - 

3.2-4.2 - - 6.7·10-11 28.2·10-11 5.4·10-11 15.0·10-11 

5.1-5.6 - - 3.9·10-11 9.5·10-11 3.3·10-11 8.8·10-11 

 

From the calculation of the decomposition of the protein signal of the mixture into the WPI signal without 

pectin and the pectin signal of the mixture according to equation 3 (Figure 3.6), it was found that 

approximately 52 to 59 % of the WPI did not react with the LMP. Whereas the former value was obtained 

from a least squares approach on the measured I/Io values, the latter was obtained when minimizing the 

sum of squared differences based on ln (I/Io). From the TNBS results, it was found that approximately 15% 

of the amino groups were lost upon incubation for 16 days. It means that 15% of the primary amino groups 

in the WPI were no longer free which could be due to the complex formation through Maillard reaction. 

On the other hand, the NMR diffusion results indicated that 41 to 48 % of the WPI interacted with LMP. 

The pronounced difference between the TNBS and NMR results follows logically from the fact that whey 

proteins contain several amino groups per molecule: as an example, β-lactoglobulin, the most abundant 

whey protein, contains 15 lysine residues. Hence, a major part of the whey proteins can become 

conjugated to polysaccharides, despite of only a small reduction in free amino group content. 
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Figure 3.6 Decomposition of protein diffusion signal with pectin (WPI-LMP conjugates ratio 1:1, 

incubated for 16 days) into the calculated protein diffusion signal without pectin (Lyophilized WPI 

incubated for 16 days) and the calculated pectin signal with protein pectin (WPI-LMP conjugates ratio 

1:1, incubated for 16 days) 

 

 Figure 3.7 Lognormal mass-weighted diffusion coefficient distribution of the protein signals 

upon dry heat treatment in the absence and presence of LMP 

 

2. Heat stability of WPI-LMP Conjugates 

The functional properties and structure of proteins can change due to heat treatment. Loss of 

solubility, structural unfolding, and heat induced aggregation, are some of the consequences from the 
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changed structure of proteins due to heat [48]. Thus, the loss of solubility can be used as an indicator of 

protein stability against heat. In particular, the loss of solubility of proteins leads to a subsequent loss of 

their functionality [28].  

In this research, the heat stability of protein was evaluated based on the solubility of protein before and 

after heating. Hereby, a high protein solubility after heat treatment was desired as it can broaden the 

applications of WPI in food applications. The heat stability experiment was conducted at 80oC since at this 

temperature WPI undergoes irreversible denaturation.  

 

 

 

 

 

 

  

Figure 3.8 Protein solubility (%) and standard deviation bar of WPI alone (Ratio 1:0 Day 0), mixture of 

WPI-LMP (Day 0), and conjugate of WPI-LMP (Day 4, 8, 16) before (top) and after heat treatment 

(bottom) at 80oC and pH 6.5 for 2 minutes. Sample with the same alphabet within the same group 

(Days) indicates no statistical different between them.  

In Figure 3.8, it can be seen that mixtures of protein and polysaccharides (WPI-LMP conjugate day 0) at 

all ratios had a protein solubility of about 90%. Statistically, there was no significant effect of WPI-LMP 

a
a

a

a
a a

a

a

b
a b

a

a
a b a

0

20

40

60

80

100

120

Day 0 Day 4 Day 8 Day 16

P
ro

te
in

 s
o

lu
b

ili
ty

 (
%

)

Incubation time

1:0

4:1

2:1

1:1

a a
a

ab

b
b

b

c
b

b b

c b

b
b

0

20

40

60

80

100

120

Day 0 Day 4 Day 8 Day 16

P
ro

te
in

 s
o

lu
b

ili
ty

 (
%

)

Incubation time 

1:0

4:1

2:1

1:1



19 
 

ratio on the solubility of the protein, while the duration of the incubation period had a significant effect. 

Furthermore, two-way ANOVA revealed that there was a significant interaction between ratio and 

incubation day on the solubility of unheated protein. This means that difference between means of the 

protein solubility depends on the combination of WPI-LMP ratio and incubation time (Figure 3.8).  

Both pH and temperature are among the factors that have an impact on the solubility of proteins. The 

solubility of proteins is generally reported to be minimum at its IEP and higher both above and below the 

IEP because of mutual charge repulsion [49, 50]. In this experiment, the conjugates were diluted at pH 6.5 

in the presence of 30 mM of salt. It was reported before that whey protein also had low heat stability at 

pH values around 6.8 to 7, especially in the presence of salt [49, 51, 52]. Thus, it was expected that at this 

pH the effect of conjugation between WPI and LMP in improving the heat stability of WPI could be 

observed.  

In Figure 3.8, it can be observed that by applying heat, the solubility of the protein was generally reduced. 

Without addition of pectin, the protein solubility was significantly lower. Statistical analysis showed that 

both WPI-LMP ratio and incubation time had a significant influence on the residual solubility of the protein 

upon heating. There was also significant interaction between the effect of WPI-LMP ratio and incubation 

time on the protein solubility after heat treatment (Figure 3.8).  

After heat treatment, the protein solubility of WPI-LMP ratio 1:0 at all incubation time points (WPI only) 

was significantly lower than that of WPI-LMP mixtures and WPI-LMP conjugates. Heating for 2 minutes at 

80oC reduced the protein solubility of WPI by almost half. The heat stability of the dry heated WPI did not 

improve as the incubation time was prolonged. Without incubation, it was obtained that WPI-LMP ratio 

2:1 and 1:1 had comparable protein solubility and both had significantly higher protein solubility than that 

of WPI-LMP ratio 4:1. Whereas the presence of free or weakly complexed polysaccharides (unincubated) 

was reported to adversely affect the functionality of the protein [18], a clear beneficial effect of the 

electrostatic interaction at pH 6.5 is observed in our experiments, which is proportional to the pectin 

content of the mixtures.  The mixture showed to have better heat stability than the native WPI. This could 

be due to the protective effect that came from the presence of LMP. Additionally, electrostatic interaction 

between WPI and LMP might be present in the mixture upon sample preparation which also contributed 

to the protection of WPI against heat induced aggregation.  

When the mixtures were incubated for 4 days, it was found that the residual protein solubility after 

heating of WPI-LMP conjugates of ratio 4:1, 2:1, and 1:1 was not significantly different. The same trend 
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was obtained for WPI-LMP conjugates incubated for 8 and 16 days.  Regarding the incubation time, these 

results can be linked to the degree of graft reaction of the conjugates. In general, the results showed that 

conjugates with a higher degree of graft reaction possessed a better heat stability. Therefore, it can be 

stated that conjugation plays an important role in the improvement of the heat stability of whey proteins. 

The heat stability analysis results showed that the solubility of the protein could be improved by adding 

LMP and was further improved upon incubating the mixture of WPI-LMP.  

During heat treatment, a change in hydrophobic, electric, and structural properties can generate changes 

in solubility and functionality of proteins. The mechanism of how conjugates can exhibit heat stability is 

still being an interesting research topic. The stabilizing effect of LMP towards heat induced WPI 

aggregation is suggested to be due to the steric repulsive forces provided by LMP. Conjugation of protein 

and polysaccharides will combine the surface-active properties coming from the hydrophobic parts of 

proteins and the steric stabilization properties of the hydrophilic groups coming from the polysaccharides 

[16]. These hydrophilic groups help improving the solubility of WPI. Hereby, conjugates can minimize the 

exposure of reactive sites of the protein during heat treatment inhibiting interaction between unfolded 

proteins which can lead to aggregation [53, 54]. Our results are in agreement with the findings of Jimenez-

Castano et al [43] in which β-lactogblobulin which was incubated with Dextran at a temperature of 60oC 

and an Aw 0.44 for 4 days obtained better a thermal stability, even at its IEP. 

As mentioned before, it is possible for polymerization to occur during dry heat incubation of WPI. 

However, the results of the experiments showed that dry heated WPI did not improve the heat stability 

of WPI. This means that, even if polymerization of protein occurred during incubation of WPI-LMP, the 

high stability of WPI against heat observed was certainly due to the formation of WPI-LMP conjugates 

instead of protein polymers/aggregates.  

3. Emulsifying activity and heat stability. 

The emulsifying activity of the conjugates (ratio 2:1 Day 8) was compared to that of a mixture of WPI-LMP 

(Ratio 2:1), Native WPI, and dry heated WPI (ratio 1:0 Day 8). The results can be observed in Figure 3.9.  

WPI and dry heated WPI stabilized emulsions had a comparable droplet size distribution, characterized by 

a volume-weighted average diameter of 0.90 and 0.89 µm, respectively. Considering the mixture and the 

conjugates of WPI-LMP, it was found that combination of LMP with WPI was able to produce smaller 

particle sizes. Despite of the lower protein content (i.e. 0.50% of WPI in WPI stabilized emulsions versus 

0.33% of WPI in WPI-LMP conjugate stabilized emulsions), the smallest droplet size (0.61 µm) was 
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obtained from emulsions stabilized with the conjugates. Therefore, it was confirmed that besides 

improving the heat stability of the WPI, the conjugation of WPI and LMP also improved the emulsifying 

activity of the WPI. During the production of the emulsions, it is possible that the WPI-LMP conjugates 

could rapidly rearrange on the surface of the oil droplet and cover the surface. Hereby, the hydrophobic 

groups of the protein are anchored in the oil phase, while the LMP conjugated to the protein provides 

electrosteric stabilization of the oil droplets. Covalently bound LMP has a better effect on the emulsifying 

properties of WPI than free LMP [18]. Whereas incubation of WPI in the presence of LMP was seen to 

improve the emulsifying activity of WPI, incubation in the absence of LMP did not have any impact on the 

emulsifying activity of WPI.  

 

Figure 3.9 Particle size distribution and their respective d4,3 (µm) of 10% (o/w) emulsions stabilized 

by 0.5% WPI, dry heated WPI (ratio 1:0 Day 8), mixture of WPI-LMP (ratio 2:1), and WPI-LMP 

conjugates (ratio 2:1 Day 8) prepared at pH 6.5 

The effectiveness of pectin with a low degree of methyl esterification to improve the emulsifying activity 

of WPI was recently also reported by Schmidt et al. [55]. The authors compared the emulsifying properties 

of WPI and citrus pectin conjugates as affected by the degree of esterification of the citrus pectin and 

revealed that citrus pectin with low degree of methyl esterification gave the highest conjugation yield and 

smallest droplet size.  The finding is in agreement with our result in which the presence of conjugated 

LMP to WPI improved the emulsifying activity of WPI resulting in a smaller droplet size.  
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In a last part of the research, the heat stability of the emulsions stabilized with the conjugates was 

investigated in order to check if the heat stabilizing properties of LMP remain preserved in an o/w 

emulsion.  

 

Figure 3.10 Volume-weighted mean diameter (D4.3)(µm) of emulsions stabilized by WPI, dry heated WPI 

(8 days), WPI-LMP mixture, and WPI-LMP conjugates of ratio 2:1 (8 days) before and after heating at 

80oC for 10 and 20 minutes at pH 6.5 

Upon heating at 80oC for 10 and 20 minutes, emulsions stabilized by WPI and dry heated WPI underwent 

severe flocculation due to the denaturation and subsequent aggregation of the WPI (Fig 3.10). In this 

phenomenon, WPI acts as a glue in between the aggregated droplets [57]. Flocculation of the oil droplets 

was confirmed by measuring the particle size of the heated emulsions with predilution in SDS solution 

prior to the particle size measurement (data not shown). By using this method, the oil droplet size 

obtained after 10 minutes of heating became comparable to that of the emulsions before heating. Upon 

longer heat treatment (20 min) the droplet size obtained using the pre-dilution in SDS solution was still 

higher than that before heating. This showed that the aggregates could not be completely broken down 

by dilution in SDS solution or it could be a sign that coalescence occurred in the heated emulsions.  

The results included in Fig.3.10 imply that dry heat treatment of WPI did not improve the heat stability of 

the WPI stabilized emulsions. Moreover, Fig. 3.10 clearly shows that LMP addition as such was not 

sufficient to obtain heat stable WPI stabilized o/w emulsion. Only upon dry heat incubation, an effective 

heat stabilization was observed: there was almost no change in the droplet size distribution of WPI-LMP 

conjugate stabilized emulsions after heating at 80oC. Due to the fact that WPI, dry heated WPI and WPI-

LMP mixtures showed a poor stability against heat, both in solutions and emulsions, it can be concluded 
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that either mixing with LMP (without dry heating) or dry heat treatment (in the absence of LMP) was not 

sufficient to improve the heat stability of WPI-stabilized emulsions. Hence, these results clearly indicate 

that the high heat stability exhibited by the emulsions was due to the presence of WPI-LMP conjugates 

and was not due to the presence of free WPI, polymerized WPI (dry heated WPI) or free pectin. The heat 

stabilizing activity of the WPI-LMP conjugates was thought to be due to the steric repulsion provided by 

the LMP attached to the WPI. Upon heating, this steric repulsion is expected to effectively prevent 

aggregation of thermally unfolded whey proteins, and hence prevent the aggregation of protein-coated 

emulsion droplets.  

Within the studied time frame (i.e. 4, 8, 16 days) no significant effect of incubation time could be observed. 

The effect of incubation time (degree of conjugation) on the heat stability of emulsions will be further 

explored in future research. Anyway, the current results indicate that a shorter dry heat treatment time 

may be sufficient, which is clearly an important aspect for the possible valorization of this technology to 

prepare more heat-stable emulsifiers.  

Conclusion 

Upon incubation of WPI and LMP, the Maillard reaction took place resulting in compounds with a higher 

molecular weight (WPI-LMP conjugates). The conjugates were characterized a better heat stability 

compared to the native WPI and to mixtures of WPI-LMP. The longer was the incubation time, the higher 

was the degree of the graft reaction obtained in the conjugates which resulted in a higher heat stability 

of the WPI. Protein polymerization was observed in the dry heated WPI. Even though it is presumed that 

polymerization could also take place during incubation of WPI and LMP, the heat stabilizing effect of the 

dry heat treated mixtures was clearly shown to be due to the presence of conjugates and not to protein 

polymers. Besides improving the heat stability of WPI, conjugation of WPI and LMP also improved the 

emulsifying activity of WPI: WPI-LMP conjugates produced smaller oil droplets than native WPI, dry 

heated WPI, and mixture of WPI-LMP.  Moreover, the conjugate strongly increased the heat stability of 

WPI complexes. Overall, our results indicate that dry heat treatment of protein-pectin mixtures is a 

promising procedure to improve the protein’s functional properties. 
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