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Summary: Surface properties of whey protein gels are reviewed based on traditional microscopic 

techniques and new methods, as optical profilometer and contact angle measurements. Optical 

profilometer is an instrument allowing measurement of surface roughness and contact angle 

measurements to determine the surface wettability behavior (hydrophobicity/hydrophilicity) of the 

gels. Investigation of surface properties of whey protein gels is very important, as it can transform 

this product to a new level of application. It could be used as a matrix for an active ingredient 

release, material for tissue engineering, e.g. scaffolds, i.e. temporally structures biodegraded in the 

human organism.  

 

Keywords: Microscopy, Wettability, Contact angle, Roughness, Surface hydrophobicity, Spectroscopy, 

Rheology. 

 

Introduction 

 

Whey proteins are becoming very popular as 

functional ingredients in foods. Their application in 

food products will increase in the future, as 

consumers pay more and more attention on valuable 

sources of exogenous amino acids. It is connected 
with increasing interest of population in sport and 

recreation. Whey proteins are generally marketed in 

three forms: whey protein concentrate, whey protein 

isolate and whey protein hydrolysate [1]. The 

concentrate contains fat and lactose along with the 

quintessential proteins (29–89%); the isolate is made 

of 90% protein and the hydrolysate is the semi-

digested form of the protein. Whey protein enriches 

foods in the most valuable amino acids and shapes 

their texture, mouthfeel, water and flavor holding 

capacity [2, 3]. Gelation is the most important 

functional property of whey protein and it is a key 
process to generate food texture. Properties of the gel 

depend on the ionic strength of the solution, 

temperature and the time of heating. Heating of whey 

protein solution above the denaturation temperature 

(greater than 65º C), causes unfolding and 

aggregation of proteins. After cooling down, at low 

ionic strength, a thick solution can be obtained. 

Addition of ions will result in electrical shielding of 

charges and formation of a gel [4, 5]. Whey protein 

gel microstructure has been observed to change from 

fine stranded to particulate with increasing salt 
concentration [6]. The properties of whey protein 

gels are greatly modified by the presence of dispersed 

filler particles, for example oil droplets, within the 

protein gel matrix, due to interfacial filler particle gel 

matrix interactions [7 – 10]. The gelling ability of 

proteins provides important textural and water-
holding properties in many foods [11 – 13]. The 

mechanism of heat-induced gelation of whey proteins 

is not completely understood. Former investigations 

interpreted the gelation as a two-phase process 

consisting of unfolding of the globular structure, and 

subsequent aggregation of protein chains into a three-

dimensional network. Today, gelation of whey 

proteins is basically considered as a four-phase 

process consisting of unfolding of the native 

structure, aggregation of the unfolded protein 

molecules, string formation of the aggregates, and 

linkage of the strings to a three-dimensional network 
[14]. Partially stable intermediates of the three-

dimensional structure of whey proteins, called the 

“molten globule state”, are of particular importance 

during gelation [12, 15]. The formation of heat-

induced whey protein gels, mainly due to disulfide 

bridges and hydrophobic interactions, is irreversible 

[14, 16, 17]. The structure and texture of the gels 

depend on protein concentration, ion strength and 

type as well as on pH value, temperature and degree 

of denaturation [14, 16 – 19]. Furthermore, the origin 

of the whey (rennet casein cheese or acid casein) as 
well as the operations used for concentrating, 
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isolating and/or fractionating proteins is particularly 

relevant for the resulting properties of the whey 

protein products [14, 20]. 

 

The cold gelation process itself is induced 
by adding salt or acid to the heat-treated protein 

solutions [21 – 24]. Comparative studies on the 

compositional, physicochemical and functional 

properties of whey protein concentrate (WPC) and 

whey protein isolate (WPI) are widely described in 

the literature [20, 25 – 28]. In this review different 

techniques of investigating surface properties of 

whey protein gels are presented. Due to growing 

interest in the study of biopolymers, this paper aims 

to review up-to-date publications on the surface 

properties of whey protein gels investigated by 

traditional and the recently applied technologies.  
 

Methods/Techniques for the analysis of the surface 

properties of whey protein gel 

 

Traditional Microscopic Methods 

 

Traditionally the surface of the gels is 

observed using different types of microscopy. For the 

examination of the gel structure different types of 

microscopy (scanning electron microscopy (SEM) [5, 

29 - 33], atomic force microscopy (AFM) [29, 34 - 
38], transmission electron microscopy (TEM) [39 - 

41] or confocal laser scanning microscopy (CLSM) 

[42 - 48] are applied. Some of them require a special 

sample preparation. The combination of microscopy 

with other techniques allows the direct study for the 

investigation of gel structure. The choice of the 

adequate method for the examination of the structure 

of the gels is essential for a successful research in this 

field. A broad variety of microscopic methods has 

been applied for whey protein gels and it is beyond 

the scope of this review to discuss them. We are 

focused on some interesting examples from research 
conducted by our research group, especially aerated 

gels.  

 

Confocal laser scanning microscopy (CLSM) 

 

Confocal laser scanning microscopy 

(CSLM) is very suitable for observing the structure 

of gels without finer details such as casein micelles or 

protein clusters [49 – 51]. It enables to observe gel 

structure without any preparation procedure, as the 

laser beam penetrates the sample at a desired depth, 
without changes in the gel properties [52]. The 

microstructure of aerated gels was investigated using 

confocal laser scanning microscopy [53]. At different 

pH, a very interesting structure of air bubbles was 

observed, larger bubbles contained smaller ones and 

these contained other smaller bubbles. This 

microstructure resembled a fractal structure. Ikeda et 

al. [54] reported a fractal nature of whey protein gels. 

Similarly, the fractal nature of the whey protein gels 

surface was investigated by Chen and Dickinson 
[55]. Tomczyńska-Mleko and Mleko [56] showed 

that different microstructure of the ion induced 

aerated gels was obtained at different ions. For Ca2+ 

induced gels a particulate gel was formed and for 

Fe2+ and Mg2+ fine-stranded microstructure was 

noticed. The aerated gel induced by Fe2+ ions was the 

most transparent. Air bubbles were composed of 

fractal structures as larger bubbles contained smaller 

ones in the same geometrical pattern. Kharlamova et 

al. [46] studied whey protein isolate gels formed by 

acidification of fractal aggregates with different sizes. 

The microstructure was analyzed by CSLM and it 
was found, that varying the protein composition, the 

microstructure changed drastically. The images 

showed more homogeneous structure when the 

protein content increase. Similar microstructure was 

observed by Ju and Kilara [57] for gels formed from 

whey protein isolate by adding GDL or CaCl2. 

 

Scanning electron microscopy (SEM)  

 

Comparing this technique with light 

microscopy, the resolution is notably improved with 
electron microscopy. This technique has been used to 

study representative surface structure of whey protein 

gels and to assess their homogeneity. The 

microstructure of ion induced whey protein aerated 

gels has been investigated by Tomczyńska-Mleko 

[5]. It was reported that at higher calcium 

concentration more porous structure of particulate 

whey protein gel was obtained. It resulted in higher 

syneresis. An opposite effect of syneresis was 

observed for increased protein concentration. It was 

caused by more packed gel structure with higher 

number of bonds between protein molecules. Fine-
stranded gel microstructure produced at pH values far 

from the isoelectric point is characterized by lower 

porosity with lower syneresis [58].  Similar results 

were observer by Liu et al. [33]. They investigated 

the influence of Ca2+ and Na+ ions on the properties 

of whey protein isolate/lotus root amylopectin 

composite gel system. The SEM images showed a 

high number of pores in the network of WPI-LRA 

gels without salt ions, however the addition of Ca2+ 

(0.05M-0.1M) resulted in a denser and more 

homogeneous microstructure, in case of Na+ the 
images showed a more compact gel microstructure 

than without Na+ (0.5M). They concluded that an 

appropriate amount of Ca2+ or Na+ results in a more 

compact and stable gel network structure with 

compact cavities. In SEM images, the addition of salt 
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ions in low concentration resulted in a denser and 

more homogeneous gel network, however large 

cavities and irregular structure in the gel network 

appeared increasing the salt concentration. 

Aerated whey protein isolate gels were 
obtained at different pH using reversibility of heat-

induced gels [53]. SEM micrographs indicated that at 

different pH (3.0, 9.0, 10.0) a smooth gel 

microstructure was observed. At these pH values, 

repulsive electrostatic force between charged protein 

chains is effective [22]. Tomczyńska-Mleko et al. 

[59] observed aerated whey protein gels induced by 

calcium ions on SEM micrographs. They showed that 

increased ions concentration causes higher 

aggregation of protein matrix and more porous 

microstructure is present at the interface of the gel 

and air. Similar changes were observed by 
Croguennec et al. [60]. This is in an agreement with 

results presented by Tomczyńska-Mleko et al. [61], 

which demonstrated that at higher magnesium ions 

concentrations, stronger ionic interactions were 

possible with more magnesium bridges being formed. 

This resulted in a more aggregated structure. Maltais 

et al. [62] observed fine-stranded microstructure for a 

gel at low salt concentration (10 mM of calcium 

chloride) and a particulate, unordered gel structure 

was noticed at higher calcium chloride concentration. 

At higher salt concentration, the surface 
microstructure becomes rougher. Nayebzadeh et al. 

[63] observed natural, not-dried mixed whey 

protein/xanthan gels using a modified, steam filled 

column method of scanning electron microscopy. 

Microscopic images were used for calculation of 

roughness these mixed gels surface. It was noted that 

xanthan has a surface smoothing effect on the heat-

set whey protein gels. 

 

Transmission electron microscopy (TEM) 

 

Transmission electron microscopy allows 
observing the microstructure of the gels at very high 

magnitude. For a new high-resolution transmission 

electron microscopy, it is possible to obtain above 50 

million times magnification with a resolution of 1 

Ångström. The problem is with the preparation of the 

sample which must be cut into ultrathin section less 

than 100 nm thick. It is possible to observe the 

surface section of the gel, but usually this technique 

is used to observe protein gels in terms of the degree 

of aggregation and the shape of protein aggregates. 

Tomczyńska-Mleko et al. [61] showed denser 
microstructure of the gels with increased magnesium 

ion concentration which coincided with more elastic 

behavior. Increased elasticity of the gels was caused 

by a higher number of bonds between whey protein 

molecules. A higher concentration of divalent 

magnesium ions probably caused a stronger 

screening effect, which facilitated more powerful 

hydrophobic interactions [61]. Recently Jiang et al. 

[39] used the transmission electron microscopy to 

compare the microstructure characteristics of 
polymerized whey protein isolate and concentrate. 

The TEM images revealed that the network of the 

isolate form was more homogeneous, stable and 

denser than the concentrate form. Uzun el al. [41] 

proposed an interesting way for developing delivery 

system. The morphology of dried WPI gels 

containing lutein droplets was observed by TEM,. 

The images of gels confirmed that the process 

preserved the original size of lutein droplets. 

 

New methods 

 
Optical profilometer 

 

Optical profilometer is an instrument 

allowing measurement of surface roughness.  

Microscopic methods do not allow for quantification 

of this property. There are very scarce research 

studies on whey protein gel surface using optical 

profilometry.  

 

Optical profilometry is a non-contact 

technique which uses a light source to investigate the 
surface. The key component to this technique is 

directing the light in a way that it can detect the 

surface in 3D. Optical profilometry is faster than 

contact profilometry with sacrifices in lateral 

resolution.  It is completely non-destructive to 

samples that are not sensitive to light and very soft 

surface can be scanned. Based on the images, the 

computer program calculates the parameters 

determining the surface properties. The gels 

roughness is described using three different 

parameters: Ra, average roughness, is the main height 

as calculated over the entire measured length or area. 
It is useful for detecting general variations in overall 

profile height characteristics. Rq is a quadratic mean 

of the surface roughness and is given by the standard 

deviation of the vertical values for the gel area. The 

root means square index RMS (Rq) is the best 

parameter to compare roughness of the gels, as it is 

insensitive to local surface topographical 

heterogeneity. Rt represents the distance between the 

highest peak and the lowest valley on the measured 

gel surface. Generally, gels with more aggregated 

microstructure have surfaces with higher values of 
roughness parameters. Chen et al. [64] noticed that 

whey protein gel obtained without any salt addition 

had a very smooth surface with Rq and Ra of 0.20 

and 0.18 μm, respectively. For the gel obtained at 200 

mM of sodium chloride, a much rougher surface with 

https://en.wikipedia.org/wiki/%C3%85ngstr%C3%B6m
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large Rq and Ra values were produced. It was caused 

by increased protein aggregation caused by high 

concentrations of salt [58]. Higher magnesium ion 

concentration produced gels with a rougher surface 

structure i.e. with a higher quadratic mean of the 
surface roughness Rq and maximum roughness 

height Ra [65]. Tomczyńska-Mleko and Mleko [56] 

reported that the roughness of the obtained gel 

surface depends on the type and concentration of 

added salt. Higher concentration of cations resulted 

in gels with a higher quadratic mean of the surface 

roughness and maximum roughness height. Aerated 

calcium ion induced gels were used for hydrolysis 

experiments in an artificial stomach [59]. There was a 

linear correlation between the quadratic mean of the 

surface roughness (Rq) and the maximum roughness 

height (Rt). Similar correlation was observed for the 
non-aerated egg white gels [66]. Surface roughness 

of the gels influences different active ingredients 

release from the gel [67]. Tomczyńska-Mleko and 

Mleko [56] found, that microstructure and different 

surface roughness of whey protein gels influenced 

contact area of the gels with pepsin, which resulted in 

different release time of active ingredients. In recent 

research Terpiłowski et al. [68] examined whether 
activation of glass support can influence surface 

properties of ion-inducted whey protein gels 

deposited on this support. The gel surface was 

observed using an optical profilometer. Increasing of 

ion concentration resulted in the rougher structure of 

the obtained gel (Fig. 1). It is in line with our 

previous results on the aerated whey protein gels 

[61]. Whey protein gel layer is smooth on the 

untreated glass while for the argon treated sample it 

is rough with big deep holes on the surface. Gels 

deposited on the air treated glass plate have also a 

different structure which is rougher than for untreated 
glass support (Fig. 2).  

 

 

 
 
Fig. 1: Optical profilometer images (0.9 x 1.3 mm) and side profiles for whey protein gels deposited on 

untreated glass surface A: 20 mM Ca2+ , B: 30mM Ca2+. 
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A    B    C 

 
Fig. 2: Optical profilometer images (47 x 62 µm) for whey protein gels induced by 30 mM Ca2+ deposited 

on: A - untreated glass surface, B - Ar plasma activated glass and C - air plasma activated glass. 

 

Contact angles and surface free energy (SFE) 

 

Another important surface property is its 

wettability. It is a physical property relating to the 

ability of a liquid drop to spread on a surface of a 
solid or liquid material. The strength of the attractive 

or repellant force is closely related to the "contact 

angle" between the water drop and the surface (Fig. 

3). When the solid has a high affinity for water, this 

kind of material is called hydrophilic (e.g. glass), the 

contact angle will be less than 90°. Water drop tends 

to spread out and "wet" the surface. In the opposite 

case of hydrophobic (e.g. Teflon) surface, the contact 

angle will be greater than 90°, and instead, forms at 

equilibrium a spherical cap resting on the substrate 

with a "contact angle", the water drop tends to bead 
up on the surface (Fig. 3). Measurements of contact 

angles require the solid surfaces to be rigid, smooth 

and homogeneous, so the Young’s equation is 

calculated for the appropriate equilibrium condition. 

The solid surfaces should be as inert as possible, so 

that effects such as swelling and chemical reactions 

are minimized. 

 
 

 
 
Fig. 3: Different contact angles for a hydrophilic 

(left) and a hydrophobic surface (right). 

 

Two different theoretical approaches to 

interfacial interactions are presented for the 

determination of very useful parameter - surface free 

energy (SFE), which quantifies the characteristic of 

the solid surface and its wettability. Acid–base 
(LWAB) and hysteresis (CAH) approaches are 

presented bellow.  

 

In the LWAB approach of Van Oss et al. 

[69] the surface free energy is showed as the sum of 

two constituents: a polar Lifshitz-Van der Waals γi
LW 

and Lewis acid–base γi
AB :  

 

γi = γi
 LW + γi

 AB    Eq. 1  

 

Besides dispersion interactions, the 

component γi

LW

 includes the dipole orientation and 

the induction ones which were considered to be polar 

earlier. The component of acid–base interactions γiAB 

can be expressed by the geometric mean: 

 

 γi
 AB = 2 (γi+ γi -)1/2   Eq. 2 

 

Based on such model the adhesion work can 

be written by means of the constituents:  

 

Eq. 3 

 

where: γ l liquid surface tension, θ-contact angle 

(advancing), γ s/l 
LW solid and liquid apolar Lifshitz 

van der Waals interactions, γ s/l
+ solid and liquid 

electron acceptor parameter of surface free energy, 

γs/l
- solid and liquid electron donor parameter of 

surface free energy. The quantity of the constituent 

γs

LW and the parameters γs
+, γs

- of surface free energy 

can be calculated from Eq. 3 by measuring the 

wetting angle of three different liquids with known 
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surface tension constituents: γl
 LW, γl+ and γl-. A set 

of three equations with three unknown values (γs
 AB, 

γs
+, γs

-) allows to calculate the energy components 

(γi
LW, γi

AB) and finally its total value. Very important 

in determination of surface free energy of solids is 

the selection of liquids used for measuring wetting 

angles [70]. The most used is a set of three liquids of 

which one is a polar liquid with high surface tension 

and the other two are polar liquids with differences in 

the quantities of γi
 LW, γl

+ and γl
-. The most often the 

following liquids are used: diiodomethane (γl = 50, 8 

mJ/m2) or 1-bromonaphtalane (γl = 44.4 mJ/m2) with 

formaldehyde and water as polar liquids [71]. 

 

The other approach was proposed by 

Chibowski [51 – 53] and is based on the contact 

angle hysteresis (CAH). It relates γ
S to the surface 

tension of the probe liquid γ
L and CAH, which is 

defined as the difference between the advancing θa 

and receding θr contact angles: 

 

  Eq. 4 

 

where γs is apparent surface free energy, γL is liquid 

surface tension, θa is advancing contact angle, and θr 

is receding contact angle.  

 

The apparent surface free energy can be 

calculated from Eq. 4 using the liquid surface tension 

and advancing and receding contact angles. The 

calculated free energy value depends on the 
physicochemical properties of the used liquid. For the 

equilibrium contact angles used for calculation of 

apparent surface free energy, Eq. 4 transforms into: 
 

   
Eq. 5  

 

where γL is liquid surface tension and θEq is 

equilibrium contact angle.  
 

Changes in the gel surface topography 
causes the changes in the wettability and the 

differences in the value of apparent surface free 

energy. For the hydrophilic surface the wettability 

can be described by the Wenzel model and for 

hydrophobic surface by the Cassie-Baxter model 

[72]. Nature of structure of gels can be explained by 

contact angle measurements. Białopiotrowicz [75] 

concluded that starch gel surface maintains maximal 

hydrophobic character with polar domains created by 

the functional glucose groups with the branched 

chain of amylopectin directed into air [76]. 

Tomczyńska-Mleko et al. [61] applied contact angles 

measurements to characterize surface properties of 

the aerated whey protein gels. It was reported that 

with increasing the concentration of the MgCl2, the 

surface became more hydrophobic. Increasing the 
concentration of the FeCl2 had a contrary effect: the 

surface became hydrophilic. So it was found that the 

obtained surfaces were influenced not only by the 

type of the added salt but also by their concentration. 

The pendant drop method was applied to determine 

the contact angle of whey protein gels. Moreover, the 

surface free energy was determined by hysteresis 

(CAH) and acid-base (LWAB) approaches in order to 

have more info about energetic changes on the 

surface. In CAH approach a decrease of SFE was 

observed with the addition of MgCl2, however with 

the addition of FeCl2 an increase of SFE was found. 
In the other approach (LWAB) the SFE was confined 

only to the dispersion components which increased 

after MgCl2 addition, however a significant decrease 

of electron donor parameter was found. They 

conclude that the difference in SFE is caused by the 

change in surface topography. In a recent publication 

by Terpiłowski et al. [69] the contact angle values 

were assessed to determine the surface wettability 

behavior (hydrophobicity/hydrophilicity) of the ion-

induced whey protein gels deposited on plasma 

activated glass support. For increased contact angles, 
an increase in surface roughness was observed. This 

relationship depended on the type of ion used for the 

gelation induction. Besides, wettability properties 

were affected by the electron donor parameter of 

energy obtained using (LWAB) approach and contact 

angles measurements, which value increased for the 

samples obtained on the plasma activated supports, 

especially the air treated ones. Kokoszka et al. [77] 

studied the wetting properties of whey protein 

isolate/glycerol mixed gels influenced by varying 

theirs proportions. It was found that the surface with 

higher plasticizer content showed more hydrophilic 
behavior. They concluded that the presence of the 

plasticizer decreased the protein-protein interaction 

and increased the chain mobility improving the water 

absorption.  Similar results were obtained by Ramos 

et al. [78], but in this case for the whey protein 

concentrate/glycerol mixed gels, once again, the 

surface became more hydrophilic after the addition of 

glycerol. These results are consistent with the claim 

by Sobral et al. [79], who reported that increasing 

concentrations of glycerol facilitate water absorption 

and transport within the films. 
 

Conclusion 
 

Modification of surface properties of whey 

protein gels can transform this product to a new level 

of application. It could be used as a matrix for an 
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active ingredient release, material for tissue 

engineering, e.g. scaffolds, i.e. temporary structures 

biodegraded in the human organism. Some traditional 

techniques, like microscopy are used for investigation 

of protein gels for many years, but other methods, 
like optical profilometer and contact angle 

measurements reveal other very important properties 

of whey protein gels.  
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5. M. Tomczyńska-Mleko, Structure and Stability 
of Ion Induced Whey Protein Aerated Gels, 

Czech J. Food Sci., 31, 211 (2013). 

6. M. Stading and A.M. Hermansson, Large 

Deformation Properties of Beta-Lactoglobulin 

Gel Structures, Food Hydrocoll., 5, 339 (1991). 

7. J. S. Chen and E. Dickinson, Viscoelastic 

Properties of Heat-Set Whey Protein Emulsion 

Gels, J. Texture Stud., 29, 285 (1998). 

8. J. S. Chen and E. Dickinson, Effect of Surface 

Character of Filler Particles on Rheology of 

Heat-Set, Whey Protein Emulsion Gels, Colloids 

Surf. B Biointerfaces,  
12, 373 (1999). 

9. G. Sala, G. A. Van Aken, M. A. C. Stuart and F. 

van De Velde, Effect of Droplet Matrix 

Interactions on Large Deformation Properties of 

Emulsion Filled Gels, J. Texture Stud., 38, 511 

(2007). 

10. G. Sala, R. A. de Wijk, F. van de Velde and G. 

A. van Aken, Matrix Properties Affect the 

Sensory Perception of Emulsion Filled gels, 

Food Hydrocoll., 22, 353 (2008). 

11. E. Dickinson, Hydrocolloids at Interfaces and the 
Influence on the Properties of Dispersed 

Systems, Food Hydrocoll., 17, 25 (2003).  

12. P. X. Qi, E. M. Brown and H. M. Farrell, ‘New 

Views’ on Structure Function Relationships in 

Milk Proteins, Trends Food Sci. Technol., 12, 

339 (2001).   

13. P. A. Williams and G. O. Phillips, Introduction 

to Food Hydrocolloids in G. O. Phillips and P. 

A. Williams, Editors, Handbook of 
Hydrocolloids, Woodhead Publishing Limited, 

Sawston (2000). 

14. H. Singh and P. Havea, Thermal Denaturation, 

Aggregation and Gelation of Whey in P. F. Fox 

and P. L. H. McSweeney, Editors, Advanced 

Dairy Chemistry, Vol. 1, Part B. Kluwer 

Academic/ Plenum Publishers, New York 

(2003). 

15. J. H. M. Farrel, P. X. Qi, E. M. Brown, P. H. 

Cooke, M. H. Tunick, E.D. Wickham and J. J. 

Unruh, Molten Globule Structures in Milk 

Proteins: Implications for Potential New 
Structure Function Relationships, J. Dairy Sci., 

85, 459 (2002). 

16. A. H. Clark, G. M. Kavanagh and S. B. Ross-

Murphy, Globular Protein Gelation – Theory and 

Experiment, Food Hydrocoll., 15, 383 (2001). 

17. M. A. de la Fuente, H. Singh and Y. Hemar, 

Recent Advances in the Characterization of 

Heat-Induced Aggregates and Intermediates of 

Whey Proteins, Trends Food Sci. Technol., 13, 

262 (2002). 

18. P. Cayot and D. Lorient, Structure Function 
Relationships of Whey Proteins in S. Damodaran 

and A Paraf, Editors, Food Proteins and Their 

Applications, Marcel Dekker, Inc., New York 

(1997). 

19. E. A. Foegeding, J. P. Davis, D. Doucet and M. 

K. McGuffey, Advances in Modifying and 

Understanding Whey Protein Functionality, 

Trends Food Sci. Technol., 13, 151 (2002). 

20. C. V. Morr and E. A. Foegeding, Composition 

and Functionality of Commercial Whey and 

Milk Protein Concentrates and Isolates a Status 

Report, Food Technol., 44, 100 (1990). 
21. A. C. Alting, R. J. Hamer, C. G. de Kruif, M. 

Paques and R. W. Visschers, Number of Thiol 

Groups Rather than the Size of the Aggregates 

Determines the Hardness of Cold Set Whey 

Protein Gels, Food Hydrocoll., 17, 469 (2003).   

22. C. M. Bryant and D. J. McClements, Molecular 

Basis of Protein Functionality with Special 

Consideration of Cold-Set Gels Derived from 

Heat-Denaturated Whey, Trends Food Sci. 

Technol., 9, 143 (1998).  

23. J. J. Resch and C. R. Daubert, Rheological and 
Physicochemical Properties of Derivatives Whey 

Protein Concentrate Powders, J. Food Prop. 

Journal, 5, 419 (2002).   

24. B. Vardhanabhuti, E. A. Foegeding, M. K. 

McGuffey, C. R. Daubert and H. E. Swaisgood, 



Salvador Perez Huertas et al.,    J.Chem.Soc.Pak., Vol. 41, No. 06, 2019 963 

Gelation Properties of Dispersions Containing 

Polymerized and Native Whey Protein Isolate, 

Food Hydrocoll., 15, 165 (2001). 

25. A. H. Brandenburg, C. V. Morr and C. L. 

Weller, Gelation of Commercial Whey Protein 
Concentrates: Effect of Removal of Low 

Molecular Weight Components, J.  Food Sci., 

57, 427 (1992). 

26. K. J. Burgess and J. Kelly, Technical Note: 

Selected Functional Properties of a Whey Protein 

Isolate, J. Food Technol., 14, 325 (1979).  

27. J. N. De Witt, G. Klarenbeek and M. Adamse, 

Evaluation of Functional Properties of Whey 

Protein Concentrates and Whey Protein Isolates. 

2. Effects of Processing History and 

Composition, Neth. Milk Dairy J., 40, 41 (1986). 

28. J. N. De Witt, E. Hontelez-Backx and M. 
Adamse, Evaluation of Whey Protein 

Concentrates and Whey Protein Isolates. 3. 

Functional Properties in Aqueous Solution, Neth. 

Milk Dairy J., 42, 155 (1988).  

29. M. Mohammadian, M. Salami, Z. Emam-

Djomeh, S. Momen and A. A. Moosavi-

Movahedi, Gelation of Oil-in-Water Emulsions 

Stabilized by Heat-Denatured and 

Nanofibrillated Whey Proteins through Ion 

Bridging or Citric Acid-Mediated Cross-Linking, 

Int. J. Biol. Macromol., 120, 2247 (2018). 
30. C. O. Ferreira, C. A. Nunes, I. Delgadillo and J. 

A. Lopes-da-Silva, Characterization of 

Chitosan–Whey Protein Films at Acid Ph, Food 

Res. Int., 42, 807 (2009). 

31. W. Quan, C. Zhang, M. Zheng, Z. Lu, H. Zhao 

and F. Lu, Effects of Small Laccase from 

Streptomyces Coelicolor on the Solution and Gel 

Properties of Whey Protein Isolate, LWT Food 

Sci. Technol., 101, 17 (2019). 

32. K. Liu, Q. M. Li, L. H. Pan, X. P. Qian, H. L. 

Zhang, X. Q. Zha and J. P. Luo, The Effects of 

Lotus Root Amylopectin on the Formation of 
Whey Protein Isolate Gels, Carbohydr. Polym., 

175, 721 (2017). 

33. K. Liu, Q. Li, X. Zha, L. Pan, L. Bao, H. Zhang 

and J. Luo, Effects of Calcium or Sodium Ions 

on the Properties of Whey Protein Isolate-Lotus 

Root Amylopectin Composite Gel, Food 

Hydrocoll., 87, 629 (2019). 

34. S. Ikeda and V. J. Morris, Fine-Stranded and 

Particulate Aggregates of Heat-Denatured Whey 

Proteins Visualized by Atomic Force 

Microscopy, Biomacromolecules, 3, 382 (2002). 
35. S. Ikeda, V. J. Morris and K. Nishinari, 

Microstructure of Aggregated and 

Nonaggregated K-Carrageenan Helices 

Visualized by Atomic Force Microscopy, 

Biomacromolecules, 2, 133 (2001). 

36. 36 V. J. Morris, A. R. Kirby and A. P. Gunning, 

Atomic Force Microscopy for Biologists, 

London: Imperial College Press. (1999). 

37. S. Ikeda, Heat-Induced Gelation of Whey 

Proteins Observed by Rheology, Atomic Force 
Microscopy and Raman Scattering Spectroscopy, 

Food Hydrocoll., 17, 399 (2003). 

38. F. Alavi, S. Momen, Z. Emam-Djomeh, M. 

Salami and A. A. Moosavi-Movahedi, Radical 

Cross-Linked Whey Protein Aggregates as 

Building Blocks of Non-Heated Cold-Set Gels, 

Food Hydrocoll., 81, 429 (2018). 

39. S. Jiang, M. A. Hussain, J. Cheng, Z. Jiang, H. 

Geng, Y. Sun, C. Sun and J. Hou, Effect of Heat 

Treatment on Physicochemical and Emulsifying 

Properties of Polymerized Whey Protein 

Concentrate and Polymerized Whey Protein 
Isolate, LWT Food Sci. Technol., 98, 137 (2018). 

40. A. G. Marangoni, S. Barbut, S. E. McGauley, M. 

Marcone and S. S. Narine, On the Structure of 

Particulate Gels the Case of Salt-Induced Cold 

Gelation of Heat-Denatured Whey Protein 

Isolate, Food Hydrocoll., 14, 61 (2000). 

41. S. Uzun, H. Kim, C. Leal and G. W. Padua, 

Ethanol-Induced Whey Protein Gels as Carriers 

for Lutein Droplets, Food Hydrocoll., 61, 426 

(2016). 

42. J. Chen, T. Moschakis and L. A. Pugnaloni, 
Surface Topography of Heat-Set Whey Protein 

Gels by Confocal Laser Scanning Microscopy, 

Food Hydrocoll., 20, 468 (2006). 

43. K. Ako, D. Durand, T. Nicolai and L. Becu, 

Quantitative Analysis of Confocal Laser 

Scanning Microscopy Images of Heat-Set 

Globular Protein Gels, Food Hydrocoll., 23, 

1111 (2009). 

44. C. Soukoulis, S. Cambier, T. Serchi, M. 

Tsevdou, C. Gaiani, P. Ferrer, P. S. Taoukis and 

L. Hoffmann, Rheological and Structural 

Characterization of Whey Protein Acid Gels Co-
Structured with Chia (Salvia Hispanica L.) or 

Flax Seed (Linum Usitatissimum L.) Mucilage, 

Food Hydrocoll., 89, 542 (2018). 

45. Y. Cheng, O. D. Prince, X. Ren, J. Wu, K. 

Agyemang, I. Ayim and H. Ma, Effect of 

Ultrasound Pretreatment with Mono-Frequency 

and Simultaneous Dual Frequency on the 

Mechanical Properties and Microstructure of 

Whey Protein Emulsion Gels, Food Hydrocoll., 

89, 434 (2018). 

46. A. Kharlamova, C. Chassenieux and T. Nicolai, 
Acid-Induced Gelation of Whey Protein 

Aggregates: Kinetics, Gel Structure and 

Rheological Properties, Food Hydrocoll., 81, 

263 (2018). 



Salvador Perez Huertas et al.,    J.Chem.Soc.Pak., Vol. 41, No. 06, 2019 964 

47. W. N. Ainis, C. Ersch, C. Farinet, Q. Yang, Z. J. 

Glover and R. Ipsen, Rheological and Water 

Holding Alterations in Mixed Gels Prepared 

from Whey Proteins and Rapeseed Proteins, 

Food Hydrocoll., 87, 723 (2019). 
48. N. Athanasios and T. Moschakis, On the 

Reversibility of Ethanol-Induced Whey Protein 

Denaturation, Food Hydrocoll., 84, 389 (2018). 

49. A. N. Hassan, J. F. Frank, M. A. Farmer, K. A. 

Schmidt and S. I. Shalabi, Formation of Yogurt 

Micro Structure and Three-Dimensional 

Visualization as Determined by Confocal 

Scanning Laser Microscopy, J. Dairy Sci., 78, 

2629 (1995).  

50. J. A. Lucey, C. T. Teo, P. A. Munro and H. 

Singh, Microstructure, Permeability and 

Appearance of Acid Gels Made from Heated 
Skim Milk, Food Hydrocoll., 12, 159 (1998).  

51. M. E. van Marler, Structure and Rheological 

Properties of Yoghurt Gels and Stirred Yoghurts. 

PhD Thesis, University of Twente, Netherlands. 

(1998).  

52. B. E. Brooker, Imaging food systems by 

Confocal Laser Scanning Microscopy in E. 

Dickinson, Editor, New Physico-Chemical 

Techniques for the Characterization of Complex 

Food Systems, Blackie Academic and 

Professional, Glasgow (1995).  
53. M. Tomczyńska-Mleko, Structure and Rheology 

of Aerated Whey Protein Isolate Gels Obtained 

at Different Ph, J. Food Nutr. Res., 52, 61 

(2013).   

54. S. Ikeda, E. A. Foegeding and T. Hagiwara, 

Rheological Study on the Fractal Nature of the 

Protein Gel Structure, Langmuir, 15, 8584 

(1999).  

55. J. S. Chen and E. Dickinson, Surface Texture of 

Particle Gels. A Feature in Two Dimensions or 

Three Dimensions, Chem. Eng. Res.  Des., 83, 

866 (2005).  
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