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Abstract 

Whey proteins denaturation and aggregation is a relevant event on processes in the dairy industry, in 

controlling the textural properties of products (e.g., yoghurt), in process control and optimization (e.g., fouling of 

heat exchangers) and in the preparation of milk protein ingredients (e.g., microparticulated whey proteins). In 

addition, whey proteins are added into a wide variety of non-dairy food products submitted to heat (e.g., caramels 

and clinical foods) and high pressure treatments.  

In the presence of high carbohydrate concentration, whey proteins are within a complex system wherefore 

predicting of thermal denaturation and aggregation behavior cannot simply be extracted from comparable effects 

occurring in milk or whey. To provide reliable information, the influence of carbohydrates on the denaturation and 

aggregation of whey proteins was assessed in this work. The thermal behavior of whey proteins in the presence 

of carbohydrates strongly deviates from that under normal conditions whey. The same was not true for high-

pressure treatment, which was less effective on whey protein denaturation. Both concentration and type of 

carbohydrate can be used to tailor the heat-induced aggregation of milk proteins and thus allow the development 

of particles of tailored size and properties. 
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1. Introduction 
Whey is a co-product of cheese-making and casein 

manufacture in the dairy industry. After the casein curd 

separates from the milk, the remaining watery and thin 

liquid is called whey [1]. 

 Whey came to be regarded as waste of the dairy 

industry that was disposed of as effluent or as an 

animal feed, however, the presence of large amounts 

of lactose contributes for dairy whey to be considered 

one of the most pollutant food by/co-product streams. 

In the late 20th century, restricted environmental 

regulations prevented disposal of untreated whey. 

Simultaneously, the dairy industry realized that whey 

represents an excellent source of functional proteins 

and peptides, lipids, vitamins, minerals and lactose, 

being the latter compounds and their functional and 

nutritional properties that have helped transform whey 

from waste material into a valuable dairy stream. 

Regarding these facts and their functional roles whey 

proteins have been used as a food ingredient in food 

systems, such as processed meat, bakery and dairy 

products [2], usually combining nutrition with another 

functional property. 

During processing of food, proteins used as food 

ingredient might be exposed to a wide range of 

processing steps that can include thermal treatment 

(pasteurization, sterilization), shear (pumping, mixing, 

homogenization), pressure (high pressure processing) 

[3]. Such processes modify functional properties of the 

proteins and so, modify the functionality and the 
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characteristics of the final product. The mainly 

changes that a protein may undergo derive from 

protein denaturation and may include changes in 

sulfydryl interactions, modification of secondary and 

quaternary structure and shifts in the 

hydrophilic/lipophilic balance [4].  

Whey proteins are frequently added into products 

with high content of carbohydrates, such as caramels, 

being important in this case to predict physical 

properties of functionality ruled by denaturation and 

how this phenomenon is influenced by the presence of 

large amounts of carbohydrates. 

 

2. Materials and Methods 
A. Materials 

a) Whey proteins addition 

Two different whey protein isolate (WPI) solutions 

(5 or 10% w/w) were prepared  by dispersing WPI 

powder, BIPRO (Davisco Food International, Le Sueur 

USA) and ISOLAC (Carbery, Ballineen, Ireland) in 

demineralized water. Sodium azide was added (0.2 

g/L) to prevent microbial growth. This preparation was 

stirred for two hours to guarantee protein dissolution. 

Different compounds were added to this protein 

solution, and the procedure for each compound is 

described below.  

i. Carbohydrates addition 

After the whey proteins have been dissolved, the 

required amount of sucrose, D(+) – Glucose 

monohydrate (Merck, Darmstadt, Germany) or 

Maltodextrin 19 (Roquette, Lestrem, France) was 

added to the previous protein solution in order to 

obtained samples containing 0, 10, 20, 30 and 40 % 

w/w carbohydrate. After adding the carbohydrate, the 

samples were stirred for a further 2 hours to ensure 

that the whey proteins and carbohydrate are fully 

dissolved. 

B. Methods 

Heat and high pressure treatments 
To promote protein heat denaturation, fractions of 

10 mL of each main sample were heated up to 90°C 

over 5 minutes and kept to this temperature for 10 

minutes in water bath, after which they were cooled 

down in ice water. 

High pressure treatment was only applied to 

subsamples containing carbohydrates. These 

subsamples were submitted to 200, 400 and 600 MPa 

in high pressure vessel (Stansted Fluid Power, Harlow, 

UK) during 5 minutes at 25ºC.  

Differential Scanning Calorimetry 
The thermal denaturation of the proteins in solution 

was studied using differential scanning calorimetry 

(DSC) with a DSC Q1000 (TA Instruments, New 

Castle, USA). Approximately 20 mg of each sample 

was weighted in coated aluminum pans (TA 

Instruments) and an empty pan was used as a 

reference. The heat flow required to keep the two pans 

thermally balanced was recorded as their temperature 

was increased from 20 to 130ºC at a rate of 5ºC/min.  

The midpoint of denaturation was defined as the 

temperature at which a minimum occurred in the 

endothermic peaks. 

Turbidity 

Turbidity of undiluted unheated and heated 

subsamples was measured in Cary 4000 UV 

spectrophotometer (Varian, Palo Alto, USA) at 900 nm 

in triplicate in 10 mm pathlength disposable cuvettes.  

Turbidity measurement was carried out at 25ºC and 

water was used as reference. 

Dynamic light scattering  
Dynamic scattering light experiments were made 

using a Malvern Zetasizer Nano Series to determine 

particle size. Water was set as dispersant material. 

After diluting 50 times in demineralized water, samples 
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were filtered using Millex SV 5 µm (Millipore, Billerica, 

USA). Samples were then equilibrated at 25ºC during 

5 minutes. The measurements were performed at 

25°C in triplicate using a scattering angle of 173º.  To 

ensure that no correction on viscosity was needed, 

samples of the three carbohydrates analyzed were 

prepared by dissolving the amount needed in sodium 

chloride 25 mM to obtain 0, 10, 20, 30 and 40% % 

carbohydrate (w/w). The samples were diluted 50 

times and a drop of latex with a defined particle size of 

100 nm was added. No viscosity corrections were 

applied since the particle size is approximately 

constant within the concentrations tested. 

RP-HPLC 
Denaturation degree of individual whey proteins 

was determined by RP-HPLC. After diluting samples 5-

fold with demineralized water, 1.0 mL of this diluted 

sample was adjusted to pH 4.6 by adding of 0.1 mL of 

10% acetic acid, followed by vortex mixing. After 15 

min, 0.1 mL of 1.0 M sodium acetate was added, and 

the mixture was then centrifuged at 15 000 g for 30 

minutes. 100 µL of the supernatant and the diluted 

sample were mixed with buffer containing urea, Bis (2-

hydroxyethyl)amino-tris(hydroxylmethyl)methane – 

(Bis-Tris), sodium citrate and hydrochloric acid (HCl) 

supplemented with 20 mg/mL dithiotreitol (DTT). After 

one hour, 1500 µL of buffer containing urea, 

acetonitrile (CH3CN) and trifluoracetic (TFA) were 

added. Samples were frozen until analysis.  

Before analysis, samples were filtered through a 

0.22 µm filter. The amount of whey protein was 

determined chromatographically by using a 616 pump 

combined with a Model 650S gradient contoller 

(Waters, Milford, USA), a 231 XL sampling injector 

(Gilson, Middleton, USA) and a Waters 486 Tunable 

absorbance detector (Waters).  

The whey proteins were separated on a reversed-

phase column Vydac Widepore C18, 5 µm, 300 Å, 250 

× 4.60 mm. Security 4.0×3.0mm (Phenomenex, 

Torrance, USA) was used as guard column. Solvent A 

was a mixture of acetonitrile:water:TFA (20:980:1, 

v/v/v/) and solvent B contained the same components 

(900:100:0.8 v/v/v). The flow rate was 0.8 mL/min and 

the column temperature was maintained at 30ºC. 

Components were eluted with a linear gradient of 

solvent B in A and the absorbance of the eluent was 

monitored at 220nm.  

To determine the denaturation degree, the areas 

beneath the peaks obtained in each chromatograms 

was calculated using the software. The areas of three 

different peaks concerning α-la, β-lg A and B were 

added in order to obtain the total amount of protein in 

sample.  The whey protein denaturation degree (%DD) 

is determined relating the amount of protein in pH 4.6 

soluble fractions of treated samples to the respective 

untreated one (Equation 1).  

%𝐷𝐷 = 100 − 4.6 𝑠𝑜𝑙𝑢𝑏𝑙𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛
𝑇𝑜𝑡𝑎𝑙 𝑊𝑏𝑒𝑓𝑜𝑟𝑒 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡

× 100 

Viscosity 
Viscosity of samples containing carbohydrates was 

measured using a rotational viscometer MS from 

Haake (Haake Technik GmbH, Vreden, Germany). Two 

different geometries were used, namely MV1 and NV. 

The first providing a concentric cylinder arrangement 

was used for thicker samples, while the last one, with a 

double concentric cylinder, was used to measure 

thinner samples viscosity.  

The shear stress was measured as a function of 

shear rate at 25ºC. To accomplish the measurement 

the shear stress increased from 0 to 400 s-1 in 5 

minutes, and decreased back to 0 s-1 also in 5 minutes.  

3. Results and Discussion 
Heat-induced changes in whey proteins 

RP-HPLC 
For a quantitative analysis of the degree of 

denaturation, RP-HPLC was performed. In the Figure 

1, four chromatograms are presented concerning a 

[1] 
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sample containing 20% of glucose. In the first three 

chromatograms, three peaks are observed and 

concern the whey proteins. The first peak corresponds 

to β-lg B, the second to α-la and, finally, the last peak 

concerns β-lg A. 

Each chromatogram represents a different 

condition for the same sample: the chromatogram 

indicated with A corresponds to the unheated sample 

and the peaks obtained represent the total protein 

within the sample; the second chromatogram, 

identified as B, represents the sample after heating. 

Glucose is a reducing sugar and reacts with a lysine 

residue via Maillard reaction, which is favored by heat 

treatment. In this way, in the case of glucose, is not 

possible to identify the three individual peaks 

concerning the whey proteins. Instead of these, a wide 

peak is detected and may correspond to different 

glycated proteins which are more hydrophilic, being 

eluted from the column earlier than the native proteins. 

The two last chromatograms, identified as C and 

D, represent pH 4.6 soluble fraction of the unheated 

and heated samples, respectively. After denaturation, 

protein aggregates and loses solubility at this pH. 

Since only the supernatant is analyzed, these two last 

chromatograms represent proteins that maintained the 

native conformation. In chromatogram C, it is possible 

to distinguish the three peaks which indicate the 

presence of soluble protein. In contrast, in 

chromatogram D no peaks are observed. This 

indicates that no protein was in the pH 4.6 soluble 

fraction and leads to the conclusion that full 

denaturation had occurred after heat treatment.  

The evolution of the chromatograms concerning 

heated glucose samples without pH adjustment is 

shown in Figure 2. As the glucose concentration 

increases is no longer possible to distinguish three 

individual peaks since they overlap. In fact, in 

chromatogram indicated as D and E, i.e, for samples 

containing 30 and 40%w/w of glucose, only the wide 

peak appear shifted to the right. 

The whey protein denaturation level was determined 

relating the amount of protein present in a heated pH 

4.6 soluble fraction to the unheated one as earlier 

described. To simplify the data, the area of the three 

different peaks was added in both cases. Full 

denaturation was observed after heat treatment in all 

the different cases analyzed (Table 1). 

 

 

 

 

 
 

Table 1 – Degree of denaturation for samples containing 
different types of carbohydrate and different concentration 

calculated according Equation 1. 

[CH] %(w/w) 
Degree of Denaturation (%) 

Sucrose Glucose Maltodextrin 

0 93 93 93 
10 99 99 99 
20 99 100 100 
30 100 100 100 
40 100 100 100 

Figure 2 – Chromatograms obtained for heated samples 
containing 10% of BIPRO and increasing glucose 

concentrations from A to E: A – 0% (w/w); B – 10% (w/w); C – 
20% (w/w); D – 30% (w/w); E – 40% (w/w). 

Figure 1 – Chromatograms obtained for unheated and heated 
samples (A and B, respectively) and soluble pH 4.6 unheated 
and heated fractions (C and D respectively) containing 10% 

(w/w) of BIPRO 20%(w//w)  of glucose. 
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Differential Scanning Calorimetry 
The first step to understand whether carbohydrates 

have influence on the heat-induced changes in whey 

proteins was to determine the denaturation 

temperature by differential scanning calorimetry of 

samples containing different concentrations of 

carbohydrate.  

 
Figure 3 – Whey protein denaturation temperature obtained in 
the presence of sucrose, glucose and maltodextrin using DSC. 

The results show that both sucrose and glucose 

increase the denaturation temperature of whey 

proteins, with glucose being the carbohydrate that has 

the most significant influence. The presence of glucose 

in the sample increases whey protein denaturation 

temperature by about 0.33ºC/%CH, while sucrose 

increases the denaturation temperature in about 

0.18ºC/%CH. When it comes to maltodextrin is 

possible to observe that it has a slight influence on the 

denaturation temperature of whey proteins, no matter 

the carbohydrate concentration. The decrease on the 

denaturation temperature of whey proteins due to the 

presence of a carbohydrate depends on the 

concentration and the type of carbohydrate used. 

Turbidity 

The turbidity of a solution is due to the presence of 

particles, generally invisible to the naked eye. A 

qualitative comparison of the turbidity, i.e, of the 

amount of particles between unheated and heated 

samples is useful for these studies. The obtained 

absorbances at 900 nm for all the samples are 

presented in Figures 4.  
Turbidity is proportional to the number of particles, 

to their size and to the refractive index increment of the 

solution which is given by the difference between the 

refractive index of the particles and the refractive index 

of the solvent, according to the follow equation: 

𝑡~𝑠𝑖𝑧𝑒 × 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 × �𝑛𝑝𝑎𝑟𝑡 − 𝑛𝑠𝑜𝑙𝑣�  

The refractive index of the solution increases as the 

carbohydrate concentration increases. The refractive 

index of the particles is expected to be constant for 

heated and unheated samples, assuming that there is 

no interaction between the protein and the 

carbohydrate molecules. Thus, in the case of unheated 

samples, the absorbance decrease observed may be 

related with the decrease on the increment of the 

refractive index. For heated samples slightly higher 

absorbances were obtained comparing with the 

unheated samples. This is probably related with the 

increase in the number and size of the particles as a 

consequence of heat treatment. Nevertheless, as the 

carbohydrate concentration increases, the turbidity of 

heated samples also decreases which indicates that 

the decrease of the refractive increment exerts a 

stronger effect. The decrease in turbidity may also be 

related with the presence of carbohydrate compounds 

that might contribute to protein stabilization and so, 

fewer or smaller particles formation, as the 

carbohydrate concentration increases. When a 

hydrophilic solute is diluted in water it will establish 

hydrogen bonds with it creating an unfavorable 

environment to protein denaturation due to lower water 

availability.   

Particle Size Analysis 
 

The particle size was evaluated for the heated 

samples using dynamic scattering light and the results 
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obtained are showed below in Figure 5. For low 

carbohydrate concentrations, the particle size slightly 

increases, concerning both glucose and maltodextrin. 

However, for glucose this increase stops earlier than 

for maltodextrin, for which the particle size still 

increases until a concentration of 30%. For sucrose 

and glucose, particle size starts to decrease when the 

carbohydrate concentration goes from 20 to 30%. This 

match the results previously discussed, i.e, glucose 

and sucrose exert higher influence on the heat 

induced-changes than maltodextrin, especially for 

higher carbohydrate concentrations. Nevertheless, 

every carbohydrate used leads to particle size 

decrease being the amount needed to achieve it 

dependent on the type of carbohydrate.  

 
 

 

 
 
 
 

 

 

 

 

 

 
 
 
 
 
 

 

 

 

 

 

Viscosity Measurements 

The flow behavior of the samples was assessed in a 

viscometer. For a chosen shear rate of approximately 

100 s-1, the values of viscosity were collected for all 

samples and the followed charts were obtained for 

each carbohydrate analyzed (Figure 6). 

Unheated samples have lower viscosity values than 

heated samples. As the CH concentration increases an 

increase in viscosity is observed. This increase is more 

pronounced for maltodextrin since it is composed of 

larger molecules.  
 

Figure 6 – Trend in viscosity of unheated and heated samples 
containing 10% (w/w) of BIPRO and different type at different 

concentration of carbohydrates. The viscosity values presented 
were collected for a selected shear rate. 

For the heated samples, for all the three CH 

analyzed, a maximum in viscosity was obtained. The 

maximum in viscosity for sucrose arises for a 

Figure 5 – Particle size for heated samples containing 
different type and different concentration of CH and 10% 

(w/w) of BIPRO 

Figure 4 – Turbidity results obtained for (up) unheated 
and (down) unheated samples containing 10% (w/w) of 

BIPRO and different concentration of different CH. 
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concentration of 20% and for glucose a maximum is 

obtained for concentrations near to 30%. For 

maltodextrin the increase in viscosity is more 

pronounced, being the maximum obtained for a 

concentration near to 30%. It should be noticed that 

the maximums obtained in viscosity occur 

approximately at the same concentration as the 

maximums in particle size.  
As mentioned, heated samples have higher 

viscosity then the untreated samples. This might be a 

consequence of the combination of two effects: 

caramelization and particles formation induced by heat 

treatment. Both effects are responsible for the increase 

on samples’ viscosity. To ascertain which effect is 

stronger, solutions containing only carbohydrates were 

prepared and viscosity was measured. However, the 

minimum shear rate that can be applied was not 

enough to measure the viscosity of these samples. 

This means that the presence of carbohydrates is not 

the main cause for the increase in viscosity and that 

particle formation affects more strongly the viscosity of 

heated samples. This, combined with what was 

previously mentioned, suggests that increases and 

decreases in viscosity might be related with the size of 

the particles. 

 
High-pressure induced changes in whey proteins 

 
RP-HPLC 

The chromatograms regarding pH 4.6 soluble 

fractions obtained when high pressure was applied to 

the samples differ from those presented earlier. In this 

case, it is possible to identify the three peaks regarding 

the whey proteins, which means that a certain amount 

of protein retained the native conformation after being 

submitted to high pressure treatment. In Figure 7 are 

presented the chromatograms regarding pH 4.6 

soluble fraction containing 20% of glucose submitted 

to different high pressures.  

 

 

 

 

The degree of denaturation was determined as 

previous described. All the carbohydrates analyzed the 

led to low degree of denaturation (Table 2) which has 

reached a maximum of 40% for glucose and 

maltodextrin at a high pressure of 600MPa. For the 

remaining pressures applied the degree of denaturation 

obtained is even lower. It is also evident that the 

degree of denaturation obtained at 600 MPa decreases 

as the sucrose and glucose concentration increases. 

The presence of maltodextrin also leads to a decrease 

in the degree of denaturation, but the percentages 

obtained are approximately constants for this pressure. 

For a high pressure of 400 MPa, a maximum in the 

degree of denaturation is obtained at 10% for sucrose 

and glucose and at 20% for maltodextrin.    

Turbidity 
Turbidity results for the three carbohydrates tested 

are nearly identical and only the absorbance measured 

for samples containing sucrose are showed (Figure 8).  

For the same carbohydrate concentration no variation 

occurred in the measured absorbance for samples 

submitted to different high pressures. Nevertheless, as 

previously, the presence of carbohydrates leads to a 

decrease in turbidity as its concentration increases. 

Once more, the presence of the hydrophilic solute 

leads to protein stabilization and protein contraction 

due to less water availability. 

Figure 7 – Chromatograms regarding pH 4.6 soluble fractions 
containing 20% (w/w) of glucose after submitted to high-

pressure treatment. 
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Table 2 – Degree of denaturation of samples containing different concentrations of different types of carbohydrates, submitted to 

high pressure, namely 200, 400 and 600 MPa. 
  Pressure (MPa)  

[Carbohydrate] 
% (w/w) 

200 400 600 200 400 600 200 400 600 
Sucrose Glucose Maltodextrin 

0 0 8 21 0 8 40 12 8 40 
10 10 17 26 7 18 22 0 14 27 
20 0 16 24 9 13 12 19 19 28 
30 0 2 11 0 0 0 0 10 31 
40 1 3 4 0 0 0 12 13 23 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Particle Size Analysis 
 Particle size analysis was performed to samples 

submitted to high pressure and the results obtained for 

each carbohydrate are presented in the following 

charts. This experience was not performed on 

untreated samples since they are too polydisperse and 

the results are not reliable.  

The obtained results shown in Figure 9 reveal that 

at a pressure of 200 MPa there is no significant 

difference in particle size for samples containing 

sucrose and glucose. At higher pressures, a slight 

increase is noticed for these two carbohydrates from a 

concentration of 10%. Maltodextrin induces an 

opposite effect, causing a decrease in particle size 

independently of the pressure applied. In the case of 

HPP it is not possible to evaluate the extension of the 

influence on protein denaturation by the presence of 

carbohydrates like it was possible when heat treatment 

was studied (DSC). The protein aggregation after 

unfolding is influenced by the viscosity of the solution. 

Under pressure, higher concentrations of maltodextrin 

lead to higher viscosities which may limit the 

movement of the unfolded proteins and so 

aggregation. In this way, the particles formed will have 

smaller diameters.   

 

 
 
 
 
 
 
 
 

Viscosimetry Measurments 
To finish the analysis of the high pressure 

treatment, viscosity measurements were performed. 

Figure 9– Particle size obtained for samples containing 
different concentrations  of sucrose  submitted to 600MPa. 

Figure 8 – Turbidity results obtained for samples 
containing different concentrations of sucrose and 

10% (w/w) BIPRO submitted to high pressure 
treatment, namely 200, 400 and 600 MPA. 
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The viscosity values obtained at a shear rate of 100 s-1 

were collected and plotted against the carbohydrate 

concentrations, as is shown in Figures 10. As it is 

possible to see, applying high pressure does not lead 

to strong variations in viscosity of samples containing 

carbohydrates. In fact the behavior is close to the one 

where no treatment was applied. Heat treatment led to 

greater variation on the viscosity of the samples. 

Besides the carbohydrate caramelization effect, these 

variations were mainly attributed to particle formation. 

In this case, and concerning HPLC and particle size 

analysis, it would be already expected that viscosity 

remained approximately constant. The variation seen 

for treated samples match those obtain for untreated 

sample, which is consistent with the previous results. 

 

 

 

 

 

 

 

 

 

 

 

 

4. Conclusions 
 

Whey proteins are currently used as food 

ingredients and find applications in a wide variety of 

non-dairy food products submitted to heat or high-

pressure treatments.  These results aid the 

understanding of the behavior of milk proteins in 

systems of high carbohydrate, such as evaporated 

milk, sweetened condensed milk and caramels. 

The aim of this study was to provide information 

about the denaturation caused by the mentioned 

treatments and aggregation of whey proteins in the 

presence of carbohydrates,. 

Results lead to the conclusion that the thermal 

behavior of whey proteins in the presence of 

carbohydrate strongly deviates from that under normal 

conditions whey. The type of carbohydrate and its 

concentration can be combined and used to tailor the 

heat-induced aggregation of whey proteins for the 

production of particles with the desirable size and 

properties.  

The increase on viscosity when heat treatment 

was applied in the presence of carbohydrates suggests 

that studies should be performed in order to evaluate 

whether there is interactions between the whey 

proteins and the carbohydrates. 

High pressure treatment was performed only in 

the presence of carbohydrates and revealed not to be 

so effective when it comes to whey protein 

denaturation being less suitable when the purpose is 

particle production, comparing with the heat treatment. 

The maximum pressure used was 600 MPa which was 

applied for 5 minutes. In lab scale the application time 

could be extend for 10 minutes but this is not viable on 

the industrial scale.  

In this work the influence of carbohydrates on 

whey proteins was performed in systems where whey 

protein is the only source of protein, the next step 

should be to evaluate how the presence of casein in 

the system will affect the trends and effects that were 

observed. Given that a lot of high-carbohydrate 

systems contain both caseins and whey proteins, for 

instances caramel or sweetened condensed milk, and 

the heat-induced denaturation of whey proteins and 

their association with caseins is extremely important in 

texture and stability. 

Figure 4 – Trend in viscosity of samples containing different 
concentration of sucrose submitted to high pressure 

treatment.  
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