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1  The demand for low-caloric products 
One of the world’s largest health issues nowadays is the increase in people who are 
overweight or obese. In the Netherlands, the number of children (4 to 20 years) and adults 
(20 years or older) that are obese, and adults that are overweight, have been increasing at 
least since 1981, even though a small decrease in overweight children has been observed 
since 2012.[28] Body overweight increases the risk of developing other health problems such 
as cardiovascular diseases and diabetes type II.[97][138] Furthermore, there is an increase in 
the number of people who wish to live and eat healthier.[102][163] These consumers would 
benefit from low-caloric foods to better manage their weight. 

Dairy is one of the main product categories in the Western diet, and is therefore a 
category for which low-caloric products are important. Gouda cheese is an example of such 
a product. To reduce the caloric content of cheese, its fat content may be decreased; another 
starter culture may be used; the process conditions may be altered; stabilizers may be 
added; or fat substitutes may be incorporated.[95][10] However, raising the sensory quality of 
low-caloric cheese to near its full-fat equivalent remains a challenge. Often, low-fat cheeses 
are firmer, and lack the ability to ‘melt in the mouth,’ which is a sensory attribute of 
full-fat cheeses.[22][64] 

The research reported in this thesis is based on the ambition to decrease the caloric 
content of Gouda cheese by increasing its water content, thereby decreasing its fat and 
protein content. Merely adding water will likely soften the cheese or may result in the 
expulsion of water, which is undesired. Therefore, the chosen approach is to incorporate 
particles that can bind at least 90% w/w water, increasing the overall moisture content of 
the cheese. In addition, incorporation of these particles should not negatively affect the 
sensory attributes of the cheese. To prepare these strongly water-binding particles, we 
investigated the use of whey proteins in this thesis.  
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2 Whey prote in  microparticles 
Microparticulated proteins (gelated protein particles that have a maximum size in the 
microscale (1 to 1000 µm)) seem to have promising characteristics as fat replacers and 
water-binding particles. In addition, both the nano- and microstructure of the gels can be 
easily adapted during the microstructuring process.[124] Within this thesis, two structuring 
methods were used to make protein microparticles (MPs): heat- and cold gelation. For both 
methods, whey protein was taken as starting material. 

2 . 1  P r o p e r t i e s  o f  w h e y  p r o t e i n s  

Whey proteins are obtained when caseins in milk are precipitated with rennet enzymes and 
bacteria, during cheese formation or casein production (sweet whey); or with an acid, 
during acidic casein production (acid whey).[81][171] The fluid that is left after precipitation 
of the proteins is whey, and contains about 6% of solids.[81] This solid fraction contains 
lactose, proteins and minerals. After the formation of whey, it is concentrated (e.g., by 
evaporation); minerals and lactose may be removed from it (e.g., by ultrafiltration or 
ion-exchange); and it is dried (e.g., by spray drying), to obtain whey protein concentrate 
(WPC; 35–80% proteins) or the even purer whey protein isolate (WPI; 
≥ 90% proteins).[81][171] The WPI used in this research is made through spray drying sweet, 
purified whey and contains more than 95% globular proteins, which can be present in their 
undenatured state.[37][115][169] WPI consists of several proteins, each with their own 
characteristics (Table 1) that determine the overall characteristics of WPI. 

Table 1. Composition and characteristics of the various proteins in whey protein isolate (WPI).[161][169] 

Protein fraction Concentration 
in WPI 

(% w/w) 

Molecular 
weight 
(kDa) 

pH isoelectric 
point 

(-) 

Cysteine 
 

(mole residues/mole 
protein) 

β-lactoglobulin 70 18.3–36.9 5.2 5 

α-lactalbumin 18 14.2 4.3–5.1 8 

Bovine serum 
albumin 

6 66–69 4.8 35 

Immunoglobulins 6 160 5.5–6.8  
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2 . 2  W h e y  p r o t e i n  g e l a t i o n  

Whey proteins can bind extra water through entrapment in a protein network; 
i.e., a gel.[68][186] There exist various procedures that may be used to make a gel from whey 
proteins, such as applying heat, changing the solvent conditions (pH and ionic strength), or 
applying an enzymatic treatment.[167] These procedures, with the exception of the enzymatic 
treatment, are based on the ability of whey proteins to denature (unfold).[44][61][103] Due to 
denaturation, the hydrophobic part inside the proteins is exposed, increasing the 
hydrophobic interactions between the proteins.[23] These intermolecular interactions induce 
protein aggregation and the formation of a space-spanning network—if and when the 
attractive interactions dominate.[23][61] When the repulsive interactions dominate, or if the 
concentration is too low to form a gel, individual fibrils or aggregates are formed from the 
proteins.[23] Inside the protein gel, interactions between the proteins can be of a 
non-covalent or covalent nature.[145] Both types of interactions act as crosslinks in 
the network (Fig. 1). 

Crosslinks between whey proteins can also be created with the use of an enzyme or a 
chemical crosslinking agent, which may additionally result in the formation of a gel 
(Fig. 1). These crosslinking agents catalyse or initiate a specific chemical reaction between 
certain amino acids. A well-known enzyme that is used for this purpose is 
transglutaminase (Tgase),[8][100][146][176] which catalyses the formation of a covalent bond 
between two amino acids: lysine and glutamine.[73][182] Other examples of 
crosslinking agents for whey proteins are enzymes that catalyse oxidation, such as 
tyrosinase,[144] peroxidase, and laccase.[47] A chemical that induces crosslinking of whey 
proteins is genipin.[121] In contrast to transglutaminase, genipin is not a catalyst, but a 
reactant that can crosslink free amino groups of proteins in a two-step reaction mechanism. 
As a side effect, the protein acquires a bluish colour.[26] Overviews of crosslinking agents 
that can be used for proteins are available from Gerrard (2002)[59] and Buchert et al. 
(2010),[24] among others. 
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Fig. 1. The formation of a protein gel, due to denaturation (upper row), or due to the presence of a 

crosslinking agent (lower row). 

2 . 3  M i c r o s t r u c t u r i n g  o f  w h e y  p r o t e i n s  

In this thesis we made use of two gelation methods to produce MPs: heat- and 
cold gelation. Heat-induced gelation is a frequently used method to create protein gels from 
a  protein  dispersion,  with  a  concentration  above  the  gelation  concentration,  which  is 
11–12% w/w for whey proteins.[7][90] Heating such a dispersion results in the formation of a 
volume-spanning network, if the repulsive forces are sufficiently shielded to allow proteins 
to attract each other.[23][61] With intermediate screening, the proteins attach at their far end, 
resulting in a filamentous structure. Stronger screening of the repulsive forces allows the 
proteins to interact over the whole length of the protein chain, and results in the formation 
of a network of large, spherical aggregates.[23] Heat-gelated microparticles (HG MPs) are 
obtained by first heating and simultaneously mixing a 40% w/w WPI dispersion, resulting 
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in broken gel pieces. These pieces are then dried and milled to micro-sized 
particles.[115][116][118][119] 

Cold gelation is a two-step process in which denaturation and gelation occur 
sequentially, instead of simultaneously as during heat gelation.[3][23] The use of cold 
gelation is preferred when the product may not be (strongly) heated due to the presence of 
heat-sensitive ingredients.[23] The process of forming cold-gelated microparticles (CG MPs) 
starts with heating a protein dispersion with a concentration that is lower than the gelation 
concentration. This leads to the formation of small protein aggregates, provided that the 
repulsive forces are stronger than the attractive forces.[3] Therefore, the solvent should have 
a low ionic strength and a pH that is not too near the isoelectric point (IEP) of the proteins 
(pH 5.2–5.4).[23][58][147] After the formation of reactive aggregates (i.e., aggregates still 
having groups or patches that would allow further binding to other proteins or aggregates), 
the electrostatic repulsion between the aggregates is shielded, allowing the aggregates to 
come together, form strands, and eventually form a gel.[23] This can be induced by reducing 
the pH to the IEP of the proteins,[3][5][150][160] or by the addition of salts.[3][12][72] When a 
polysaccharide is added prior to gelation, phase separation takes place during gel formation, 
which can produce CG MPs.[39][40] [159] [160]  
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3 Protein(structure)–water interactions 

3 . 1  T y p e s  o f  w a t e r  a n d  t h e i r  i m p o r t a n c e  

Protein(structure)–water interactions largely determine the ultimate properties of a 
protein gel, including its ability to bind water.[186] This and other protein gel properties are 
additionally influenced by protein–protein interactions. 

Protein and water interact in a protein gel over length-scales that range from nano-scale 
(1 to 100 nm) to macro-scale (the scale that is visible without use of microscopy).[68] 
Depending on the scale that is observed, there are differences in the strength of 
water-binding. Water near protein molecules, for example, is bound more strongly than 
water that is present in the middle of a big pore. This strongly affects the properties of 
water near the protein molecule, resulting in significant deviation from the properties of 
bulk water. These differences are often used to divide water into different “types” or 
“layers” (Fig. 2 and 3).[30][82][185] However, in reality, the water molecules exchange quickly 
from one water layer to the other (it might take only 10-9 s for a water molecule to exchange 
between free and bound water),[71] implying that water molecules are not truly irreversibly 
bound in a water layer, and that the layers are not stagnant. In literature, a distinction is 
frequently made between constitutional water or structured water, interfacial water 
(consisting of the BET or GAB monolayer, and multilayers), loosely bound water and 
bulk water (Fig. 2).[30][82][185] 

 
Fig. 2. The various types and layers of water that may be present around proteins. 
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Water in any molecular network is retained in the network, due to the attractive interactions 
between the solvent (water) and the matrix. In a network of protein molecules, the 
crosslinks between them prevent the protein molecules from simply dissolving in excess 
water, and also counteract swelling. This balance between a good solvent–network 
interaction and the counteracting of swelling by strained crosslinks is described for 
synthetic polymers by the Flory–Rehner equation.[53][54] It was shown recently that it is 
possible to expand the Flory–Rehner theory to describe the swelling behaviour of 
food materials, despite the fact that this theory is based on a concept in polymer science for 
solvents and crosslinked polymers that have no hydrogen bonding.[111][152][153][154][155][156] 
This theory shows that swelling at low water-activities (!") is predominately governed by 
the interaction between the networked polymer (protein) and the solvent (water) 
(i.e., the hydrophilicity of the proteins), whereas the swelling of a particular gel at high 
!"-values is mostly governed by the crosslink density. However, no remarkable effect on 
the water-binding was found in the !"-range 0 to 0.92 for a series of proteins with different 
structures, especially in comparison with the maximum amount of water that can be bound 
by a protein gel.[30][83] This suggests that the characteristics that have the largest effect on 
the water-binding are those that play a role at !"-values from 0.92 to 1, and which thus 
determine the amount of loosely bound water in the network: the pores in the network, and 
its crosslink density.[30][82]  

3 . 2  M e t h o d s  t o  q u a n t i f y  p r o t e i n ( s t r u c t u r e ) – w a t e r  i n t e r a c t i o n s  

Various experiments exist that can be used to gain insight into the protein(structure)–water 
interactions, depending on the material used and which protein(structure)–water 
interactions are of interest. A good overview of those methods is given by Chou (1979)[30] 
and Kneifel et al. (1991),[84] among others. 

A frequently used method to determine the water-binding capacity (WBC; the amount 
of water that is bound to the MPs after applying an external force to a protein dispersion) 
of protein particles, is to first make a dispersion of the particles in water, and subsequently 
centrifuging it.[1][15][76][115] The weight of the pellet that is obtained after centrifugation is 
used to calculate the WBC, making the assumption that no significant amount of water is 
present between the particles. 

An isotherm (Fig. 3) provides information about the approximate amount of water in 
the structural water layer, monolayer, multilayers, and the loosely bound water layer 
separately. To make an isotherm, samples are subjected to a certain relative humidity, and 
the weight of the water uptake is measured. A rough distinction between the types of water 
can be made via the isotherm, taking into account the !"-ranges in which these types of 
water are present (Fig. 3).[82][83] 
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Fig. 3. The different types and layers of water that may be present in a protein gel at varying 

water-activities (!"). 

Another method that gets increased attention is time domain nuclear magnetic 
resonance (TD NMR).[17][18][21][141] A frequently performed measurement with TD NMR is a 
#$ -relaxation time measurement: first a sample is placed into a magnetic field, which 
induces the 1H protons to align. Then, a radio frequency pulse is applied to the 1H protons, 
resulting in a shift of the proton alignment. As soon as the pulse is removed, the protons 
will return to their equilibrium state (relaxation), and the echo of the proton relaxation is 
recorded. The obtained relaxation decay curve is then subjected to an inverse LaPlace 
transformation to acquire transverse relaxation time (#$)-spectra.[139] #$-spectra show the 
number of water domains that are detected and give an indication of the amount of water in 
those domains. However, the number of domains is influenced by the rate of water 
exchange between the various domains. Fast exchange of water between the different 
domains results in averaging of the #$-peaks.[91] In addition, #$-spectra give an indication 
about the strength of water-binding. Pure water has a large #$ -value, because water 
molecules diffuse relatively quickly and therefore need more time before relaxation occurs. 
The presence of proteins lowers the #$-value, because the mobility of water is decreased 
by its being “bound” to the proteins, resulting in faster relaxation.[104] In case of meat, 
fresh cheese, carrageenan gels and solutions, whey gels, and yogurt, TD NMR provided 
insight into the total water-binding, and the water fractions that affect 
the water-binding.[17][18][21][69][70][141]  
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4 The use  of  structuring to affect the  swell ing properties 
HG MPs are able to swell in water and can bind more water when a dispersion of HG MPs 
is reheated.[116][119] The challenge is to produce MPs that are able to absorb even more 
water, because a water content of ≥ 90% makes the concept presented in Section 1 most 
feasible. In addition, water should be bound sufficiently strongly, thereby preventing 
net exchange with the continuous phase of the product, thus keeping the water in the MPs. 
Structuring the protein at different length-scales can be a tool to alter the swelling capacity 
of protein gels. The potential of micro- and nanostructuring becomes evident when looking 
at synthetic super-absorbing polymer gels (SAPs; > 95% water). The properties of SAPs 
suggest that the following characteristics of the polymer and polymer network determine 
the swelling capacity: the crosslink density[106] and types of crosslinks, the hydrophilicity of 
the polymers,[71][106][107][188] and the pores present in the gel[107] (Fig. 4). These findings are 
consistent with the Flory–Rehner theory, which confirms the importance of the 
crosslink density and the hydrophilicity of polymers, in relation to the swelling ability of 
polymer gels.[152][153] As stated in Section 3, the hydrophilicity only affects swelling at 
low water contents. Hence there seem to be two ways in which the structure of MPs can be 
changed to enhance its ability to bind water (Fig. 4): by decreasing the number of crosslinks 
in the gel (nanostructuring), or by introducing pores (nano- or microstructuring) that can 
bind water via capillary forces. A combination of these parameters will further increase 
the water-binding. 

Normal gel Reduced crosslink density Introduction of pores 

 

Fig. 4. Possible structural changes to protein gels that might result in a larger water-binding capacity. 
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5 Objective  and outl ine  of  the  thesis 
The aim of this thesis was to gain a better understanding of the water-binding properties of 
protein particles, both on nanometer (e.g., crosslink density) and micrometer length-scales 
(e.g., particle size and shape). This understanding is the basis for developing guidelines on 
the requisite characteristics of protein particles that allow them to absorb a lot of 
water (≥ 90%). A schematic overview of this thesis is shown in Fig. 5. 

Chapter 2 shows the effect of changing the parameter that has the greatest influence on 
the swelling capacity of MPs according to the Flory–Rehner theory: the crosslink density. 
HG MPs were made with various crosslink densities, and their effect on the WBC of pellets 
(WBC-P) of these MPs was tested, as well as their effect on swelling of the HG MPs. 

In Chapter 3 the WBC-P of these HG MPs with various crosslink densities was further 
investigated with TD NMR. This provided deeper insight into the factors that affect the 
WBC-P, and demonstrated that TD NMR could provide a more accurate determination of 
the WBC-P. 

The second type of MPs was made via cold gelation. In Chapter 4 their WBC-P 
characteristics were explored. Remarkable differences in the behaviour of CG MPs were 
found, as compared to the HG MPS that were studied in Chapters 2 and 3. 

In Chapter 5, the WBC-P of other proteins was studied as well. This resulted in some 
general principles that play a role in the determination of the WBC via the pellet. 

Finally, Chapter 6 reviews the results that were presented in the previous chapters. It 
evaluates the applicability of MPs as highly water-binding particles. Furthermore, it 
describes the scientific challenges to gaining further insight into the water-binding of 
protein systems. The chapter ends with a risk assessment of the particles that were made in 
this thesis. 
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Fig. 5. A schematic overview of the various chapters in this thesis. 
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Abstract 
The ability of whey protein microparticles (MPs) to bind water and consequently to swell is 
determined by the crosslink density of the MPs, among other properties. The Flory–Rehner 
model states that a decrease in crosslink density should lead to an increase in swelling of 
the MPs. Decreasing the crosslink density of MPs with dithiothreitol (DTT) decreased the 
amount of disulphide bridges and increased the water-binding capacity (WBC) from 
6 to 9 g water/g protein. Increasing the crosslink density with transglutaminase or genipin 
resulted in a decreased number of primary amino groups, although the WBC did not change 
significantly. The WBC of the MPs was determined using a centrifugation method that 
resulted in the formation of a pellet, so water inside and between the MPs was measured 
simultaneously. Therefore, additional microscopy and swelling tests were performed, which 
suggested that an increased WBC of the pellet of MPs was not only related to an increased 
swelling of the MPs, but also to an increased amount of water between the MPs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
T h i s  c h a p t e r  i s  p u b l i s h e d  a s :  

Peters, J. P. C. M., Luyten, H., Alting, A. C., Boom, R. M., van der Goot, A. J. (2015). 
Effect of crosslink density on the water-binding capacity of whey protein microparticles. 
Food hydrocolloids, 44, 277–284.  
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1  Introduction 
Controlling the water-binding properties of protein materials is relevant for various 
applications, including foods. A route to control the water-binding properties of 
proteinaceous materials is through the inclusion of whey protein microparticles (MPs). In 
case the water-binding properties of MPs can be controlled, they can be used to alter the 
water-binding properties of a full product by adding the particles as an additional dispersed 
phase.[115][116] However, the possibilities to control the water-binding properties of MPs are 
not yet well understood. 

The Flory–Rehner model can be used to obtain guidelines on increasing the swelling 
capacity of MPs. Originally, this model was developed to describe the swelling behaviour 
of crosslinked synthetic polymers in apolar solvents.[53][54] Recent research showed that the 
Flory–Rehner model can be adapted to describe the swelling behaviour of much more 
complex biological materials such as meat,[152][153][154] and could be a good model for 
vegetables and fruits.[155] According to the Flory–Rehner model,[62][154] the total 
water-activity (!") of MPs originates from the interaction between the proteins and the 
solvent (first part of the equation) and the elastic contribution of the MPs (second part of 
the equation): 

ln !%  =  ln (1 −  +,-  + +, +  / +,0  + 1 23
4 5  6+,, 7⁄  +90 7⁄  − :;

0 <  (1) 

In this equation, +, is the polymer volume fraction, / is the polymer-solvent interaction 
parameter, = is the elastic modulus, >" is the molar volume of water, and +9 is the volume 
fraction of the gel in the relaxed state. In later contributions,[155] / was made concentration 
dependent and adapted to: 

/  =  /, +  (/9 −  /,-(1 − +,-0  (2) 

where /, is the interaction parameter of the dry system and /9 is the interaction parameter 
of a dilute system with proteins. The elastic contribution of the Flory–Rehner model 
depends on the crosslink density (the number of linkages (covalent and non-covalent) 
between two polymer chains) of the polymer network according to the following formula: 

1
4 5  =  ?@

AB
 (3) 
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where CD is the density of the polymers and EF is the molar weight of the polymeric units 
between the crosslinks,[62][154] which is considered as the inverse of the crosslink density. 
These equations show that the swelling capacity can be influenced by changes to two 
parameters: /, and/or EF. Modelling these two parameters illustrates that /, and EF change 
the water absorption mostly above !" = 0.2 (Fig. 6A and B). In addition, Fig. 6B shows 
that the effect of a change in EF on water absorption decreases for lower 
crosslink densities. 

 
Fig. 6. The isotherm of a polymer, where +0 is the volume fraction of water and !" is the water-activity, as 

affected by (A) hydrophilicity (/,) of the polymers and (B) the molecular weight between the 
crosslinks (EF). The arrows show, in the direction the arrow points, an increase in the 
hydrophilicity (A) and crosslink density (B). 
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In this research, the swelling capacity of MPs was studied by adding ingredients that have 
been reported to change the crosslink density of proteins.[35][133] The crosslink density was 
decreased with dithiothreitol, and increased with genipin and transglutaminase. After the 
formation of various MPs, their water-binding capacity (WBC) was determined using a 
centrifugation method. In addition, microscopy, light scattering and sorption isotherms 
were used to investigate whether the WBC changed as a result of a change in swelling of 
the MPs or a change in the amount of water between the MPs.  
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2 Materials and methods 

2 . 1  M a t e r i a l s  

Whey protein isolate (WPI; BiPRO, lot no. JE 034-7-440; Davisco Food International Inc., 
Le Sueur, MN) was used to produce whey protein microparticles (MPs). WPI has a 
reported protein content of 97.7% on a dry weight basis. The MPs were treated with 
dithiothreitol (DTT), genipin (both from Sigma–Aldrich, Germany) or microbial 
Ca2+-independent transglutaminase (Tgase; Activa WM; activity of 81–135 units g-1 
according to the manufacturer) derived from Streptoverticillium mobaraense (Barentz Raw 
Materials, The Netherlands), to obtain MPs with various crosslink densities. Other 
chemicals used for the analysis of the MPs were 5,5′-dithio-bis-(2-nitrobenzoic acid) 
(DTNB), Bis-Tris, o-phthaldialdehyde (OPA), ethanol, sodium tetraborate decahydrate 
(borax), sodium dodecyl sulphate (SDS), Rhodamine B (all from Sigma–Aldrich, Germany) 
and isopropanol Emplura (Merck, Germany). D-Methionine (Acros Organics, Belgium) was 
used as a standard for the protein content analysis, cysteine hydrochloride monohydrate 
(Sigma–Aldrich, Germany) as a standard for the method to determine the sulphhydryl 
content and L-lysine (Sigma–Aldrich, Germany) as the standard for the OPA method. 
Milli-Q water (resistivity of 18.2 MΩ cm at 25 °C, total oxidisable carbon <10 ppb, 
Merck Millipore, France) was used in all experiments unless stated otherwise. 

2 . 2  M e t h o d s  

2 . 2 . 1  P r o d u c t i o n  o f  s t a n d a r d  w h e y  p r o t e i n  m i c r o p a r t i c l e s  

MPs were made according to Purwanti, van der Veen, van der Goot, and Boom (2013)[119] 
by first dispersing WPI in water to form a 40% w/w dispersion. The dispersion was stirred 
with an overhead mixer at room temperature for at least 2 h, and then mixed at 4 °C with a 
magnetic stirrer overnight. The WPI dispersion was then centrifuged at 1000 rpm and 20 °C 
for 10 min. Centrifugation resulted in the formation of a foam layer on top of the 
dispersion, which was removed manually. Subsequently, the dispersion was placed in a 
bowl mixer (type W50) that was connected to a Brabender Do-corder E330 
(Brabender OHG, Duisburg, Germany) and heated with water at 95 °C from a water bath. 
Within the mixer, the dispersion was mixed at 0 rpm for 5 min, 5 rpm for 5 min and 
200 rpm for 40 min. After mixing, the mixer was cooled with water at 4 °C for 
approximately 5 min, and then the wet gel particles were removed. The wet gel particles 
were placed in an oven at 50 °C for 2 days and subsequently ground with an ultracentrifuge 
mill (Retsch ZM 1000). The mill had a 24-tooth stainless steel rotor to which an 80-μm 
sieve was attached. The rotor was operated at 15,000 rpm for 120 s. After grinding, 
standard MPs were obtained. 
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2 . 2 . 2  P r o d u c t i o n  o f  w h e y  p r o t e i n  m i c r o p a r t i c l e s  w i t h  a n  a l t e r e d  c r o s s l i n k  d e n s i t y  

Variations in crosslink density were induced through the addition of DTT, genipin or Tgase 
in one of the processing steps used to make the MPs. The MPs that were treated with DTT 
or genipin were prepared by adding 25 g of wet gel particles to a 50 mL solution containing 
either 10, 20 or 40 mM DTT; or 0.5, 1, 2, or 4 mM genipin. The dispersion was mixed at 
20 °C for 24 h. Then, the procedure was continued as described for the standard MPs 
(i.e., oven drying at 50 °C and milling). Those particles will be referred to as MPs treated 
with DTT and MPs treated with genipin. 

The preparation of MPs treated with Tgase was performed as follows. A 20% w/w 
Tgase solution was prepared and kept in a fridge (about 4 °C) for 1 week. Before use, the 
Tgase solution was mixed for 10 min and filtered over a 0.45-μm filter. The effect of the 
addition of Tgase on the MPs was investigated, either by incubating the WPI dispersion 
before mixing with Tgase, or by incubating wet gel particles in a Tgase solution. In both 
cases, an enzyme:protein ratio of 1:5 was used. When the WPI dispersion was incubated 
with Tgase before mixing, the required amount of Tgase solution was kept at 50 °C for 
10 min. The WPI dispersion was then mixed with the Tgase solution and further incubated 
at 50 °C for 1, 2, 6 or 24 h. Subsequently, the dispersion was placed in a bowl mixer 
(type W50) and heated at 95 °C, while it was mixed at 0 rpm for 5 min, 5 rpm for 5 min and 
200 rpm for 40 min. After mixing, the mixer was cooled with water of 4 °C and the wet gel 
particles were oven-dried and ground as described for the standard MPs in Section 2.2.1. To 
test the effect of Tgase on the MPs after mixing, 25 g of wet gel particles were incubated in 
a Tgase solution (50 mL preheated for 10 min) at 50 °C for 1, 2, 6 or 24 h. This procedure 
was completed with oven drying and milling as described above for the standard MPs. 
Those MPs will be referred to as MPs treated with Tgase before mixing (incubation of the 
WPI dispersion with Tgase), and MPs treated with Tgase after mixing (incubation of wet 
gel particles in a Tgase solution). All MPs were made in duplicate (called batch 1 
and batch 2). 

2 . 2 . 3  A m o u n t  o f  s u l p h h y d r y l  g r o u p s  

The amount of sulphhydryl groups present on the surface of the standard MPs and of the 
MPs treated with DTT of batch 1, was determined using Ellman's reagent (DTNB).[46] It 
was assumed that all of the DTT had reacted with the MPs, and therefore could no longer 
react with Ellman's reagent. The method described by Alting, Hamer, de Kruif, Paques, and 
Visschers (2003)[4] and Purwanti et al. (2011)[117] was used, with some adaptations. First, a 
dispersion of MPs was made with water (5 g protein L-1). In 10-mL tubes, 5 mL of 50 mM 
Bis-Tris buffer (pH 7) was added, together with 0.5 mL of DTNB solution (1 mg mL-1 
Bis-Tris buffer) and 0.4 mL of MP dispersion. The tubes were wrapped in aluminium foil 
and rotated for 10 min. Subsequently, the dispersion was centrifuged at 4700 g for 1 min 
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and 3 mL of the supernatant was transferred to a cuvette. After 15 min of incubation, the 
absorbance was measured at 412 nm with a spectrophotometer (Genesys 20, 
Thermo Scientific). For the standard series, cysteine hydrochloride monohydrate was used 
instead of the MP dispersions. The MPs were measured in quadruplicate; the standards 
in triplicate. 

2 . 2 . 4  A m o u n t  o f  p r i m a r y  a m i n o  g r o u p s  

The amount of primary amino groups present in batch 1 of the standard MPs; the MPs 
treated with Tgase; and the MPs treated with genipin, was determined using the 
OPA method, as described by Nielsen, Petersen, and Dambmann (2001),[101] with some 
adaptations. First, 10 mg of MPs were mixed with 1 mL of a 10% w/w SDS solution and 
4 mL of a 15.625 mM borax solution for 1 h. After incubation, the tubes were centrifuged 
at 4500 rpm for 15 min. In the meantime, the OPA reagent was prepared by dissolving 
9.53 g of borax and 2.5 g of SDS in 200 mL of water. Then, 200 mg of OPA, dissolved in 
5 mL of ethanol, was added. Subsequently, 220 mg of DTT was mixed into the solution and 
the solution was made up to 250 mL with water. The solution was filtered over a 0.45-μm 
filter and stored in a bottle wrapped in aluminium foil. After preparation of the samples and 
the OPA reagent, the samples were subjected to the reagent. First, 1.5 mL of OPA reagent 
was transferred to a cuvette and measured at 340 nm with a spectrophotometer 
(Genesys 20, Thermo Scientific). The OPA reagent was transferred to an Eppendorf tube, 
200 μL of the supernatant of the sample was added, and the tube was mixed with a vortex. 
After 5 min of incubation, the absorbance was measured again. In addition to the samples, 
different concentrations of an L-lysine solution were measured to obtain a standard curve. 
The MPs were measured at least in quadruplicate; the standards in triplicate. 

2 . 2 . 5  W a t e r - b i n d i n g  c a p a c i t y  o f  t h e  w h e y  p r o t e i n  m i c r o p a r t i c l e s  

The water-binding capacity (WBC) of both batches of all MPs was measured by first 
preparing a 10% w/w dispersion. The dispersion was mixed at 25 °C with a rotor at a speed 
of 16 rpm for 3 h. Every 15 min, the dispersion was mixed with a vortex. Then the 
dispersion was centrifuged at 3000 rpm and 25 °C for 20 min to form a supernatant and 
pellet. The supernatant was decanted and the pellet was dried in an oven at 105 °C for 24 h. 
From the weight difference between the wet pellet and the dry pellet and the protein content 
of the dry pellet, the WBC (g water/g protein) was calculated using the following formula: 

WBC (g water/g protein-  =  TA3UV_XUYYUV Z A[\]_XUYYUV^
A[\]_XUYYUV _`abcde_Faebceb[\]_XUYYUV

 (4) 
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In this formula, E"cb__cffcb is the weight of the wet pellet, Eg`h__cffcb is the weight of the 
dry pellet and protein_contentdry_pellet is the protein content of the dry pellet. 

The effect of reheating on the WBC of MPs was also tested. Therefore, the same 
procedure was used as described above; however, before the dispersion was centrifuged, it 
was heated in a water bath at 90 °C for 30 min. The tube was then put into ice water for 
10 min and placed at room temperature for another 10 min. The WBC of each batch of MPs 
was measured in triplicate, and the average for each treatment was calculated. 

2 . 2 . 6  M i c r o s c o p i c  o b s e r v a t i o n  o f  t h e  p e l l e t s  

The pellets from batch 1 of the unheated standard MPs and of MPs treated with 
40 mM DTT were observed with a confocal laser scanning microscope (CLSM). The same 
procedure was applied to the MPs, as described in Section 2.2.5. Only one drop of a 
2 × 10−3% w/w Rhodamine B solution was added to the 10% w/w MP dispersion before 
hydration, and the tubes were covered with aluminium foil. After centrifugation, the pellet 
was transferred to a chambered cover glass. The pellets were then visualized with a 
LSM 510 microscope (Zeiss, Germany). To induce fluorescent emission of Rhodamine B, 
a 543-nm laser was used for excitation to detect emissions between 600 and 650 nm. 

2 . 2 . 7  S w e l l i n g  o f  t h e  w h e y  p r o t e i n  m i c r o p a r t i c l e s  

To calculate the swelling of the MPs during the WBC experiment, the size distribution of 
the unhydrated (i.e., the MPs as obtained after oven drying and milling and further referred 
to as dry MPs); hydrated; and hydrated and heated standard MPs, and MPs treated with 
40 mM DTT from batch 1; were determined with static light scattering (Mastersizer 2000, 
Malvern Instruments). In the determination of the particle size of the dry MPs, isopropanol 
was used as a carrier fluid, because MPs do not absorb this solvent. The effect of hydration, 
and hydration and heating, was measured using water as a carrier fluid. The stirring speed 
in the vessel containing the carrier fluid was set at 1200 rpm. Refractive indices of 
1.545 (MPs), 1.33 (water) and 1.39 (isopropanol) were used, and the absorption of the MPs 
was set at 0.001.[164] To determine the size of the dry MPs, a 10% w/w dispersion of MPs in 
isopropanol was prepared. The size of the hydrated, and hydrated and heated MPs was 
determined after hydrating a 10% w/w MP dispersion for 3 h (hydrated MPs) and 
subsequently heating, cooling and equilibrating (hydrated and heated MPs) as described in 
Section 2.2.5. The measurements were taken for three dispersions per treatment; the size 
distribution was measured in quintuplicate. From the results, the average particle 
diameter (ij,7) was calculated. 
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2 . 2 . 8  S o r p t i o n  i s o t h e r m s  o f  t h e  w h e y  p r o t e i n  m i c r o p a r t i c l e s  

The water vapour sorption isotherms of the MPs were used to analyse the effect of the 
treatment on their swelling capacity. Sorption isotherms for batch 1 of the standard MPs 
and of MPs treated with 40 mM DTT were obtained by putting 10–15 mg of MPs in a 
stainless steel mesh basket and placing this basket in a Dynamic Vapour Sorption (DVS) 
Advantage apparatus (Surface Measurement Systems NA, Allentown, PA). The 
temperature of the DVS was set at 25 °C. The material was subjected to a full loop 
relative humidity (RH) circle, starting from 30.4% RH, which was the approximate initial 
RH of the MPs. The RH was increased stepwise to approximately 97%, decreased in 
several steps to 0% RH, and increased again to the starting RH. When the mass of the MPs 
did not change by more than 0.002 mg min-1 for 300 min, or the material was subjected to a 
certain RH for a maximum of 1500 min, the program went to the next step. The weight of 
the dry particles obtained from the isotherm at 0% RH was used to calculate the amount of 
water present at each RH point. The measurement of the isotherm for each type of MP was 
performed in duplicate. 

2 . 2 . 9  P r o t e i n  c o n t e n t  

The protein content of the pellets formed during the WBC experiment and the supernatant 
obtained from the solubility experiment was determined using Dumas analysis 
(Nitrogen Analyzer, FlashEA 1112 series, Thermo Scientific, Interscience). A conversion 
factor of 6.38 was used to convert the nitrogen content to the protein content. To calculate 
the protein content of the pellets, the average protein content of three independent samples 
was taken from one batch. For the protein content in the supernatant, the average of all 
supernatants was used. 

2 . 2 . 1 0  S o l u b i l i t y  o f  t h e  p r o t e i n s  

To determine the amount of proteins that solubilized during the incubation of wet gel 
particles in a DTT solution, wet incubated gel particles with supernatant were filtered over 
a sieve (0.090 mm). This resulted in separation of the MPs from the supernatant, though 
some small protein aggregates remained in the supernatant. The supernatant was dried at 
105 °C for 24 h. The protein content of the dried supernatant was determined and the 
solubility of the proteins was calculated.  
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3 Results 

3 . 1  T h e  e f f e c t  o f  d i t h i o t h r e i t o l ,  g e n i p i n  a n d  t r a n s g l u t a m i n a s e  o n  t h e  c o n t e n t  

o f  s u l p h h y d r y l  a n d  p r i m a r y  a m i n o  g r o u p s  

To decrease the crosslink density of MPs, dithiothreitol (DTT)—a reducing agent that is 
able to break disulphide bridges into sulphhydryl groups—was added. However, the 
sulphhydryl groups are able to form new disulphide bridges, which makes the overall effect 
of DTT uncertain.[187] Here, it was found that the number of sulphhydryl groups measured 
scaled linearly with the amount of DTT added (Fig. 7). The high sulphhydryl content on the 
surface of the MPs made with 40 mM DTT might be partly caused by the presence of some 
DTT, still in its reduced form, that had reacted with Ellman's reagent. The increase in 
sulphhydryl groups confirms the breakdown of disulphide bridges and suggests a decrease 
in the crosslink density. 

 

Fig. 7. The concentration of sulphhydryl groups (μmol/g protein) present in the standard whey protein 
microparticles (MPs) (0 mM) and MPs incubated in solutions with various amounts of dithiothreitol 
(DTT). The bars show the standard deviation. The line guides the eye. 

Genipin and transglutaminase (Tgase) were used to increase the crosslink density. Genipin 
is a crosslinker that has been used previously in combination with, for example, 
chitosan[26][184] and the proteins gelatin;[26][174] bovine serum albumin;[26] β-lactoglobulin;[121] 
and casein.[136] Crosslinking of proteins by genipin follows a two-step reaction with the 
primary amino groups of the proteins, resulting in a blue colour.[26] Tgase catalyses the 
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crosslinking of the amino acids glutamine and lysine. The ability of Tgase to react with 
whey proteins has already been shown in several studies.[8][146][176] 

The OPA method was used to determine the number of primary amino groups 
present,[27] which was expected to decrease when genipin or Tgase reacted with the wet gel 
particles or the whey proteins in the whey protein isolate (WPI) dispersion. Fig. 8A and B 
show that the primary amino groups decreased with increased concentration (genipin) and 
incubation time (Tgase). Furthermore, the addition of Tgase after mixing resulted in MPs 
with the highest content of primary amino groups, whereas the MPs to which Tgase was 
added before mixing had the lowest content of primary amino groups—comparing the most 
extreme cases. This suggests that the crosslink density of MPs treated with Tgase before 
mixing was greater than that of MPs treated with genipin, which was, in turn, greater than 
that of MPs treated with Tgase after mixing. 
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Fig. 8. The concentration of primary amino groups (μmol/g protein) present in the standard whey protein 

microparticles (MPs) (0 mM or 0 h) and MPs incubated (A) in solutions with various concentrations of 
genipin or (B) for different times in a transglutaminase (Tgase) solution before mixing (bm) or 
after mixing (am). The bars show the standard deviation. 

3 . 2  W a t e r - b i n d i n g  c a p a c i t y  o f  t h e  w h e y  p r o t e i n  m i c r o p a r t i c l e s  

Fig. 9 shows that the treatment with DTT resulted in an increased water-binding capacity 
(WBC) for both the unheated and heated MPs. In addition, the WBC of the heated MPs was 
larger than the WBC of the unheated MPs, for all concentrations tested. This difference 
decreased with the addition of DTT. 
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Fig. 9. The effect of incubating whey protein microparticles (MPs) after mixing in solutions with several 
concentrations of dithiothreitol (DTT) on the water-binding capacity (WBC) (g water/g protein) of 
unheated and heated MPs. The bars show the standard deviation. 

The treatment with genipin resulted in an increase in the WBC of the unheated MPs 
(Fig. 10), which was unexpected. The WBC of the heated MPs decreased slightly when 
more genipin was used. Therefore, at concentrations of genipin higher than 0.5 mM, the 
effect of heating diminished with the crosslinking by genipin. 

 

Fig. 10. The effect of incubating whey protein microparticles (MPs) after mixing in solutions with several 
concentrations of genipin on the water-binding capacity (WBC) (g water/g protein) of unheated and 
heated MPs. The bars show the standard deviation. 
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The addition of Tgase to the WPI dispersion before mixing resulted in a slight increase in 
the WBC of the unheated MPs after 1 h of incubation, and in a decrease of the WBC with 
longer incubation times (Fig. 11, before mixing). The WBC of the heated MPs increased 
initially as well, but decreased after 2 h of incubation. 

 
Fig. 11. The effect of incubating a whey protein isolate (WPI) solution before mixing (bm) and wet gel particles 

after mixing (am) in a transglutaminase (Tgase) solution for several incubation times on the 
water-binding capacity (WBC) (g water/g protein) of unheated and heated whey protein microparticles 
(MPs). The bars show the standard deviation. 

Wet gel particles were incubated in a Tgase solution for different durations. This resulted in 
a slight increase in the WBC of the unheated MPs, which remained constant at all other 
incubation times tested (Fig. 11, after mixing). The WBC of the heated MPs, however, was 
increased after incubation for 1 h, and decreased again with longer incubation times. The 
WBC of heated MPs incubated for 24 h in a Tgase solution after mixing was even smaller 
than the WBC of the heated standard MPs. 

3 . 3  M i c r o s c o p i c  o b s e r v a t i o n  o f  t h e  p e l l e t s  

The WBC values of the MPs were calculated, based on the amount of water bound by the 
pellet obtained after centrifugation. However, the pellet consists of the water inside the MPs 
and water between the MPs. The confocal laser scanning microscopy (CLSM) images show 
that the pellets of standard MPs and of the MPs treated with 40 mM DTT may contain a 
substantial amount of water between the MPs, visible as black space in Fig. 12. In addition, 
Fig. 12 shows that the pellets of MPs treated with DTT contained smaller particles, 
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probably due to breakage of larger particles. Those smaller particles were also present in 
the pellet of the standard MPs, although they are not visible here. 

Standard MPs MPs + 40 mM DTT 

  

Fig. 12. The morphology of the pellets of standard whey protein microparticles (MPs) and MPs treated with 
40 mM dithiothreitol (DTT) obtained after centrifugation during the water-binding capacity experiment. 

3 . 4  S w e l l i n g  o f  t h e  w h e y  p r o t e i n  m i c r o p a r t i c l e s  

Light scattering was used to investigate the swelling of the MPs. The data should be 
interpreted with caution, because the MPs were assumed to be spherical to calculate the 
curves, which is not true; as can be seen in Fig. 12. Fig. 13 indicates that both the 
standard MPs and the MPs treated with 40 mM DTT swelled, when they were incubated in 
water for 3 h. Heating the MP suspensions caused slight further swelling in the standard 
MPs and the smaller sized (< 80 μm) MPs treated with DTT. 

The light scattering data can be used to estimate the swelling of the MPs and the 
importance of the water around the MPs, even though those values might not be completely 
quantitative given the non-spherical nature of the MPs. Table 2 shows the diameters of the 
hydrated, and the hydrated and heated MPs, when water-binding was caused by particle 
swelling only; as calculated from the average diameter (ij,7) of dry MPs and their WBC. 
These calculated values were higher than the values obtained from the light scattering data, 
which suggests that the swelling is less than expected from the WBC of the pellet; leading 
to the conclusion that a relevant amount of water was present between the MPs. The 
swelling of the unheated and heated MPs was also calculated from the average diameter 
obtained from their size distribution (Table 2). These values indicate that the treatment with 
DTT only had an effect on the swelling of the unheated MPs. Table 2 further shows the 
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ratio of water in the MPs and between the MPs, which indicates the importance of water 
present between the MPs. 

 
Fig. 13. The particle size distribution of dry whey protein microparticles (MPs), MPs hydrated for 3 h, and MPs 

hydrated for 3 h and heated of (A) standard MPs, (B) MPs treated with 40 mM dithiothreitol (DTT). 
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3 . 5  S o r p t i o n  i s o t h e r m s  o f  t h e  w h e y  p r o t e i n  m i c r o p a r t i c l e s  

To see the effect of the crosslink density on the swelling behaviour of the MPs, water 
vapour sorption isotherms were constructed for the standard particles and the MPs treated 
with 40 mM DTT. From these isotherms (Fig. 14), it can be seen that they were nearly 
identical. This might indicate that the crosslink density was only decreased to a very small 
extent, and that the hydrophilicity did not change. Another possibility is that the effect of 
the crosslink density on the swelling was counteracted by a change in the hydrophilicity. 

 
Fig. 14. The isotherms of standard whey protein microparticles (MPs) (squares) and MPs treated with 40 mM 

dithiothreitol (DTT) (triangles), where +0 is the volume fraction of water and !" is the water-activity. 
The bars show the standard deviation.  
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4 Discussion 
Dithiothreitol (DTT), genipin and transglutaminase (Tgase) were used to alter the crosslink 
density in order to affect the water-binding capacity (WBC) of whey protein microparticles 
(MPs). The purpose of using those ingredients was to gain further understanding about the 
role of crosslinking on water-binding of MPs. For direct application in food products, DTT 
and probably genipin will have to be replaced by food-grade alternatives. 

Genipin and Tgase were expected to increase the crosslink density. In both cases, the 
number of primary amino groups decreased (Fig. 8A and B). DTT was used to reduce the 
number of disulphide bridges in the MPs, so that the crosslink density of the MPs would 
decrease. Reducing the number of disulphide bridges is known to cause solubilisation of 
aggregated whey proteins.[134] Here, the solubility of MPs did increase; the remaining 
supernatant after incubation had a protein content of 2.5 ± 0.4% (10 mM DTT), 
3.9 ± 0.6% (20 mM DTT) and 6.3 ± 0.5% (40 mM DTT), which made the supernatants 
more opaque and viscous with increased addition of DTT. DTT also increased the 
concentration of sulphhydryl groups on the surface of the MPs (Fig. 7). It was expected that 
the number of sulphhydryl groups that was measured belonged not only to the proteins that 
formed the particle network, but also to the whey proteins that were detached from the 
network by DTT; remained around the MPs during drying; and solubilized during the 
measurement. The MPs treated with 40 mM DTT almost reached the maximum amount of 
sulphhydryl groups that can be present in whey protein isolate (WPI) when all disulphide 
bridges have been reduced; that is, 248 μmol/g protein (according to the amino acid 
analysis done by the manufacturer).[36] Such a decrease in the amount of disulphide bridges 
could have led to solubilisation of the MPs, although MPs were still found in the pellet 
(Fig. 12). This outcome suggests the importance of non-covalent interactions present 
between the proteins in the MPs. 

The treatment with DTT resulted in an increase in the WBC of both the unheated and 
heated MPs (Fig. 9). This increase in WBC was expected, and might be caused by a 
reduction in the elastic modulus of the MPs. A reduction in the elastic modulus should 
result in greater swelling as indicated by the Flory–Rehner model (Equations 1 and 3). It 
was found in earlier studies on MPs that heat can increase the swelling or WBC of MPs 
even further without aggregation of the MPs.[115][116][128][129] The increase in WBC in the 
heated MPs might be caused by the formation of a slightly more open network, with more 
space for water, due to heat-enhanced rearrangements of the non-covalent and 
covalent bonds. 

Genipin and Tgase increased the crosslink density, although this did not result in a 
clear decrease in the WBC of the MPs (Fig. 10 and Fig. 11). Increasing the 
crosslink density after the formation of wet gel particles had barely any effect on the WBC 
of the unheated MPs made with Tgase; it even resulted in a slight increase in the WBC of 
the unheated MPs treated with genipin. The WBC of the heated MPs, however, decreased 
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in both cases with concentration (genipin) or incubation time (Tgase). This slight effect 
might be caused by a limited diffusion of genipin and Tgase into the MPs. Both 
crosslinking agents are relatively large molecules[121][182] and might have diffused slowly 
into the MPs. In addition, new crosslinks on the outside of the particles might have 
hindered further diffusion of the chemicals, as a result of which the bulk of the MPs 
remained unchanged. 

The addition of Tgase before mixing resulted in the largest decrease in 
primary amino groups. However, the WBC of the unheated MPs was barely affected, 
whereas the WBC of the heated MPs was increased, compared with the standard MPs 
(except after incubation for 24 h). During crosslinking before mixing, relatively more 
intramolecular crosslinks may have been created; during crosslinking after mixing, more 
intermolecular crosslinks may have been formed. The formation of 
intramolecular crosslinks might have resulted in a slightly weaker network that could swell 
more, because the proteins could no longer unfold and link to each other so 
much.[146][174][176] We therefore conclude that not only the amount of crosslinks is important 
but also the position of the crosslinks. 

Regarding  the  effect  of  the  crosslink  density  on  the  swelling  of  the  MPs,  the 
Flory–Rehner model states that a change in the crosslink density has almost no effect on 
swelling at low crosslink densities, but a more pronounced effect at high crosslink densities. 
We expect that the crosslink density of the MPs is relatively high, because whey proteins 
are small polymers, compared with most of the synthetic polymers used to develop the 
Flory–Rehner model. The main proteins in WPI have a molecular weight of 18 kDa 
(β-lactoglobulin)[169] and 14 kDa (α-lactalbumin)[169] and consist of 162 amino acids 
(β-lactoglobulin)[2][142] or 123 amino acids (α-lactalbumin);[142] synthetic polymers 
frequently have a molecular weight of 100 kDa or more. Thus, per kilogram of protein, 
many crosslinks have to be formed to incorporate all proteins in the MPs. Therefore, a 
small change in the crosslink density of the MPs should result in a noticeable change in 
swelling. However, a change in crosslink density had only a minor effect on the WBC of 
the MPs, except when DTT was used. Rough calculations on the sizes of the standard MPs 
and MPs treated with 40 mM DTT after swelling showed that, even with DTT, the MPs 
were not always clearly more swollen (Table 2). Besides, the sorption isotherm of the MPs 
with DTT was barely changed, compared with that of the standard MPs (Fig. 14), which 
implies that the effective crosslink density was not changed remarkably. These results 
suggest that the decrease and increase in crosslink density for all MPs was relatively small, 
compared with the total amount of non-covalent and covalent interactions present in the 
MPs. In addition, it might be that disulphide bridges are just a minor type of crosslinks 
present in whey gels, as previously suggested for whey protein concentrate gels.[66] 

As a consequence, the increase in the WBC of the pellet of MPs treated with DTT 
could not only be ascribed to an increase in swelling of the MPs. Fig. 12 shows that, within 
the pellet, water was present between the MPs, and a rough calculation showed the 
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importance of this fraction (Table 2). It is not completely clear why the amount of water 
between the particles was so high and why it could not be removed by increasing the 
centrifugation speed (a speed of 12,000 rpm barely decreased the value of the WBC). A 
possible explanation could be that the water between the MPs contained either small protein 
particles—which were not visible by confocal laser scanning microscope and light 
scattering—or dissolved proteins. Those small or dissolved proteins might have enhanced 
water-binding by binding the water themselves, and it is also possible that they introduced 
extra repulsive interactions, creating more space for water. Overall, it can be 
concluded that the WBC, measured using the centrifugation method, might not always be 
representative of the WBC of MPs. Complete understanding of the WBC of MPs requires 
further investigation.  
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5 Conclusions 
This study shows the effect of the crosslink density on the water-binding capacity (WBC) 
of whey protein microparticles (MPs). The crosslink density of MPs was altered with 
dithiothreitol (DTT), transglutaminase and genipin. Only the incubation of MPs in DTT led 
to a significant change in the WBC of MPs, which increased up to 9 g water/g protein. 
Further analysis showed, however, that these MPs were not always noticeably more 
swollen. It may be that the swelling of MPs was not influenced significantly by changing 
the crosslink density, because the changes in crosslink density were relatively small, 
compared with the total amount of interactions present in MPs. Because the WBC of the 
pellet could not be attributed to the WBC of the MPs only, it has to be concluded that water 
between the MPs also played an important role during the formation of the pellets. 
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Abstract 
Water-binding capacity (WBC) is commonly measured with a centrifugation method, in 
which a sample is hydrated in excess water, and the pellet weight after centrifugation 
defines the WBC. When a dispersion is being analysed—here containing whey protein 
microparticles (MPs)—the pellet consists of swollen particles and water between the 
particles. These two water domains in MP pellets were distinguished using time domain 
nuclear magnetic resonance (TD NMR). This distinction showed that an increase in WBC 
from 2 to 5.5 g water/g dry matter was mainly due to an increase in water between the MPs. 
Besides, it was found that TD NMR-measurements could be used to provide accurate 
values of the amount of water in both water domains in MP pellets. This makes TD NMR 
therefore a more accurate method to determine the WBC of the whole pellet than weighing 
the pellet after centrifugation. 
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1  Introduction 
An important functional property of proteins is their ability to bind water. Unfortunately, 
this property is not well defined; various definitions and terms are used in the 
literature.[52][84][185] Here, we use the term water-binding capacity (WBC) to describe 
the ability of a protein sample, present in excess water, to bind water when subjected to an 
external force. Several methods can be used to determine the WBC of a protein sample, but 
commonly a centrifugation method is used in which the obtained pellet weight determines 
the WBC. In this method, the protein sample is first placed in excess water to hydrate, and 
then surplus water is separated from the proteins by centrifugation. The WBC is then 
calculated using the following equation: 

WBC (g water/g dry matter)  =  23456_859956 : 3;<=_>?665<@
3;<=_>?665<

 (5) 

where ABCD_ECFFCD is the pellet weight after centrifugation and AGHI_JKDDCH is the weight of 
the dry matter of the particles. 

In this study, water-binding of whey protein microparticles (MPs) is investigated to 
better understand the contribution of swelling of MPs and the water between MPs on the 
WBC. Previous research with MPs (Chapter 2) suggested that the amount of water bound 
by the pellet is not necessarily a measure of the amount of water bound by the MPs, 
because a certain amount of water is bound between the MPs. Therefore, more insight is 
required into the ratio of water inside and between MPs. Because the pellet weight obtained 
after centrifugation is used for other dispersions as well to determine the 
WBC,[1][15][76][143][183] the results of this study will have broader applicability 
and consequences. 

Time domain nuclear magnetic resonance (TD NMR) or relaxometry seemed to be a 
promising method to gain a better understanding of WBC for MP pellets.[60][69][70][96][158] 
TD NMR is a non-destructive method and is used to determine, inter alia, the 
transverse  relaxation  time (LM) of water via the transverse relaxation of 1H protons.[96] 
LM  and the transverse relaxation rate NM (NM  =  1/LM) of every water fraction provide 
insight into the degree of exchange of either water protons with protein protons; or the 
exchange of water between water fractions, such as bulk water with the immobile water 
fraction around the proteins.[91] Since several mechanisms, such as diffusive and chemical 
exchange, and cross-relaxation, affect the LM at the same time, a direct interpretation of the 
TD NMR results is difficult.[91] However, these mechanisms also cause the LM of water in a 
protein sample to be related to the local protein and water concentrations, and the nano- and 
microstructure (e.g., pores and capillaries) of the protein network.[91][104][105] Because both 
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the protein concentration and the protein network structure are different inside and between 
the MPs in a pellet (Chapter 2), we hypothesize that TD NMR can be used to distinguish 
between these two water domains. 

Several studies on meat[17][18][21][141] investigated the applicability of TD NMR to 
measure and gain insight into the WBC and WHC (i.e., the ability of meat to hold water 
under gravitational force). A good correlation was found between LM of the water fraction 
assigned to the weakest bound water in meat and its WBC or WHC. In addition, the 
amplitude of this water fraction had a good correlation with the WBC or WHC. Therefore, 
it was concluded that TD NMR is a suitable method to gain insight into the WBC and 
WHC of meat. In addition to meat, TD NMR was found to be useful to examine the WHC 
of fresh cheeses,[69] carrageenan gels and solutions, whey gels, and yogurt.[70] Although, to 
our knowledge, pellets obtained with the frequently used method of centrifuging 
protein dispersions to measure the WBC of those proteins have not been investigated yet. 

In this study, several modified MPs with different WBCs were made. The WBC of 
these MPs was determined through centrifugation of a dispersion of MPs and determining 
the pellet weight. The MPs and the pellet formed after centrifugation were further 
characterised with light scattering and TD NMR. These results were related to the WBC of 
the pellets to better understand the relationship between the swelling capacity of the MPs, 
the amount of water between the MPs, and the WBC of the pellets of MPs. In addition, a 
method is shown how TD NMR can be used to determine the WBC of MP pellets. 



TD NMR as a method to determine and characterise the WBC of whey protein MPs 

53 

Ch
ap

te
r 

3 

2 Materials and methods 

2 . 1  M a t e r i a l s  

Whey protein isolate (WPI; BiPRO, lot no. JE 034-7-440, Davisco Food International Inc., 
Le Sueur, MN) was used to produce whey protein microparticles (MPs), gels, and solutions. 
WPI has a reported protein content of 97.7% on a dry basis. The water-binding capacity 
(WBC) of the MPs was changed by treatment with dithiothreitol (DTT), 
N-ethylmaleimide (NEM), genipin (all from Sigma–Aldrich, Germany), HCl, or microbial 
Ca2+-independent transglutaminase (Tgase; Activa WM; activity of 81–135 units g−1 
according to the manufacturer) derived from Streptoverticillium mobaraense 
(Barentz Raw Materials, the Netherlands). Isopropanol Emplura (Merck, Germany) was 
used as a carrier fluid in static light scattering measurements. Potassium 
acetate   (CH3CO2K), potassium carbonate (K2CO3), and potassium sulphate (K2SO4) 
(synthesis grade; Sigma–Aldrich, Germany) were used to make saturated salt solutions. 
Milli-Q water was used (resistivity of 18.2 MΩ cm at 25 °C, total oxidisable carbon 
<10 ppb; Merck Millipore, France) in all experiments, unless stated otherwise. 

2 . 2  M e t h o d s  

2 . 2 . 1  F o r m a t i o n  o f  s t a n d a r d  w h e y  p r o t e i n  m i c r o p a r t i c l e s  

Standard MPs were made as described in Chapter 2. WPI was dissolved in water to obtain 
a 40% w/w solution. This solution was mixed using an overhead mixer at 100 rpm and 
room temperature for at least 2 h, and then mixed further with a magnetic stirrer at 4 °C 
overnight. The solution was centrifuged at 1000 rpm and 20 °C for 10 min. After removing 
the foam layer manually, the solution was mixed in a bowl mixer (type W50) connected to 
a Brabender Do-corder E330 (Brabender OHG, Duisburg, Germany). The mixer was heated 
with water at 95 °C using a water bath. The mixer settings were as follows: 5 min at 0 rpm, 
5 min at 5 rpm, and 40 min at 200 rpm. After mixing, the mixer was cooled with water 
from a 4 °C water bath for approximately 5 min. The wet gel particles were taken out of the 
mixer and placed in an oven at 50 °C for 2 days. The dried gels were milled with an 
ultracentrifuge mill (Retsch ZM 1000) equipped with a 24-tooth stainless steel rotor. An 
80-μm sieve was attached to the rotor, which operated at 15,000 rpm for 120 s. The 
particles obtained after milling were the standard MPs. 
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2 . 2 . 2  F o r m a t i o n  o f  w h e y  p r o t e i n  m i c r o p a r t i c l e s  w i t h  a l t e r e d  w a t e r - b i n d i n g  c a p a c i t i e s  

MPs with an altered WBC were made by adapting the standard procedure (Section 2.2.1). 
MPs treated with DTT, a combination of DTT and NEM, or genipin were made by adding 
25 g of wet gel particles to a 50-mL solution containing the chemicals. Concentrations of 
10, 20, or 40 mM DTT were used with or without 15 mM NEM, or 0.5, 1, 2, or 4 mM of 
genipin. The dispersions were incubated and mixed at 20 °C for 24 h. Part of the wet gel 
particles with DTT were washed after incubation by placing the particles under running tap 
water for 3 min, followed by a washing step using approximately 1 L of Milli-Q water. All 
wet gel particles incubated in DTT and NEM were washed in the same way. 
After  those  treatments, the wet gel particles were oven dried and milled as described 
above (Section 2.2.1). 

MPs treated with Tgase were made as follows. A 20% w/w Tgase solution was 
prepared and placed in a fridge at 4 °C for 1 week. Before use, the Tgase solution was 
mixed for 10 min and filtered over a 0.45-μm filter. Tgase was added either to the WPI 
solution used to make the MPs or to the wet gel particles. In both cases, an enzyme to 
protein ratio of 1:5 was used. When added to the WPI solution, the Tgase solution was first 
incubated at 50 °C for 10 min and then mixed with the WPI solution. Subsequently, the 
solution was incubated at 50 °C for 1, 2, 6, or 24 h. After incubation, the protein samples 
were heated and mixed in a bowl mixer, oven dried, and milled as described for the 
standard MPs (Section 2.2.1). To obtain MPs incubated in a Tgase solution after mixing, 
25 g of wet gel particles was added to 50 mL of Tgase solution (preheated for 10 min at 
50 °C). This dispersion was further mixed at 50 °C for 1, 2, 6, or 24 h, and then oven dried 
and milled as described in Section 2.2.1. 

The pH of the WPI solution was lowered before mixing with 1 M HCl, to obtain MPs 
made at pH 5.8. The WPI solution was then heated and mixed, oven dried, and milled as 
described above for the standard MPs (Section 2.2.1).  

2 . 2 . 3  F o r m a t i o n  o f  w h e y  p r o t e i n  m a c r o  g e l s  

WPI macro gels and heated WPI solutions (Section 2.2.4) were made using similar 
conditions to those of the MPs as much as possible. The macro gels were regarded as a 
model material for the MPs (i.e., the gel was considered as a large MP), because MPs were 
obtained by drying small gel particles. Drying and rehydrating the macro gels would have 
mimicked the MPs even better, though then we would not have a large homogenous 
sample. The macro gels were used to create a calibration curve that related the 
dry matter content to the transverse relaxation rate R2, so the dry matter content present in 
each water fraction of the MP pellet could be estimated. To obtain WPI macro gels, 
solutions of various WPI concentrations were made as described in Section 2.2.1. Then, the 
solutions were centrifuged to remove air bubbles and carefully transferred to Teflon tubes 
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(diameter 20 mm, length 100 mm). The tubes were heated at 95 °C for 50 min, after which 
they were cooled with running tap water for 5 min. The gels obtained were wrapped in 
plastic foil and placed in the fridge prior to analysis, which was done within 24 h. 

WPI macro gels were also made at pH 5.8 and some of the gels were incubated in a 
DTT solution. The same procedure was used as for the standard WPI macro gels, with some 
small modifications. To obtain gels made at pH 5.8, the pH of the solutions was lowered 
with 1 M HCl before heating. Gels that had reacted with DTT were made by cutting the 
gels into pieces of 20 mm in diameter and weighing approximately 2 g. The gels were 
placed in 25 mL of a 40 mM DTT solution and incubated at 20 °C for 24 h. 

2 . 2 . 4  F o r m a t i o n  o f  u n h e a t e d  a n d  h e a t e d  w h e y  p r o t e i n  s o l u t i o n s  

A 10% w/w solution of WPI was made by dissolving WPI in water and mixing the solution 
at room temperature for 1 h. This solution was then diluted with water to obtain unheated 
WPI solutions at various concentrations, which were analysed further. Heated whey protein 
solutions were made from the unheated WPI solutions, by keeping the unheated solutions at 
4 °C overnight, and heating them in a water bath at 95 °C for 50 min the next day. 
Subsequently, the samples were cooled using running tab water for 5 min, and analysed 
when they were at room temperature. 

Heated WPI solutions at pH 5.8 were made using a 10% w/w solution, prepared as 
described in Section 2.2.1. The pH of the solution was brought to pH 5.8 with 1 M HCl, 
after which the solution was further diluted with water to obtain WPI solutions at various 
concentrations, and centrifuged to remove the air bubbles. After dilution, the pH of the 
solutions was still 5.8. The solutions were heated at 95 °C for 50 min, cooled under running 
tap water for 5 min, and placed in the fridge until they were analysed within 24 h. 

2 . 2 . 5  T h e  w a t e r - b i n d i n g  c a p a c i t y  o f  w h e y  p r o t e i n  m i c r o p a r t i c l e s  

The WBC of MPs was determined by preparing 10% w/w dispersions of the MPs. These 
dispersions were mixed with a vortex until the MPs were hydrated and then mixed with a 
rotator at a speed of 16 rpm at 25 °C for 3 h. Every 15 min, the dispersions were mixed 
with a vortex again. After hydration, the dispersions were centrifuged at 3000 rpm and 
25 °C for 20 min to obtain a pellet and supernatant. The supernatant was decanted from the 
pellet; the weight of the pellet was determined and the WBC of the pellets was calculated 
using Equation 5. The average dry matter content of the MPs (95%) was used to calculate 
the dry matter weight of the MPs. 

In addition, the MPs were reheated to create pellets with altered WBCs by reheating the 
dispersions after hydration at 90 °C for 30 min. Subsequently, the dispersions were cooled 
in ice water for 10 min and equilibrated at room temperature for an additional 10 min. 
Then, the dispersions were centrifuged as described for the unheated MP pellets. 
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The WBC of the pellets used for the calculations on swelling (Section 2.2.7) was measured 
in triplicate. The WBC of the pellets used for TD NMR analysis (Section 2.2.8.1) was 
measured once because the results were shown to be reproducible. 

2 . 2 . 6  B i n d i n g  o f  w a t e r  w i t h i n  t h e  w h e y  m i c r o p a r t i c l e s  

MPs were placed in desiccators for equilibration at various relative humidities (RHs). 
Saturated salt solutions were made from CH3CO2K, K2CO3, and K2SO4. Approximately 
0.2 g of MPs were spread over a plate and placed in the desiccator. The desiccator was set 
under a vacuum and the samples were kept there for 12 days before they were analysed. 
The water-activity (PB) of the samples in the desiccator with a CH3CO2K saturated salt 
solution was 0.25 (25 °C), 0.46 (25 °C) in a K2CO3 saturated salt solution, and 0.95 (25 °C) 
in a K2SO4 saturated salt solution. This was measured with an Aqualab 4 TE 
water-activity meter (Decagon Devices Inc., Pullman, WA). 

2 . 2 . 7  S w e l l i n g  e x p e r i m e n t s  

The swelling of MPs in water was determined for hydrated MPs, and hydrated and reheated 
MPs, prepared as described in Section 2.2.5. After hydration, or hydration and reheating, 
the size of the MPs was determined with static light scattering (Mastersizer 2000, 
Malvern  Instruments). Also the size of the unhydrated MPs (i.e., MPs obtained after oven 
drying and milling and referred to as dry MPs) was determined. Therefore, a 10% w/w 
dispersion was made with isopropanol, a solvent in which the MPs do not swell. During the 
measurements, water was used as a carrier fluid for the hydrated MPs and isopropanol for 
the dry MPs. The rotation speed of the vessel of the carrier fluid was set at 1200 rpm. 
Refractive indices of 1.545 (MPs), 1.33 (water), and 1.39 (isopropanol) and an absorption 
of 0.001 (MPs) were used for the calculations.[164] The measurements were done for 
three dispersions per type of MP; the size distribution was measured in quintuplicate. The 
size of the dry MPs was measured in triplicate. From the measurements, the average 
particle diameter QR,T (volume mean diameter) was calculated assuming that the MPs were 
spherical. The average diameter (QR,T) was used to calculate the average volume of the 
dry MPs and the volume increase when hydrated, or hydrated and reheated. The amount of 
water inside and between the MPs was calculated from the WBC of the pellets, assuming 
that the proteins did not dissolve, that the density of dry MPs[119] was 1.3 g cm−3, and that 
the density of water was 1 g cm−3. 
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2 . 2 . 8  1 H  r e l a x o m e t r y  

1H relaxometry was performed with a Maran Ultra NMR spectrometer (at 30.7 MHz proton 
resonance frequency; Resonance Instruments Ltd., Witney, United Kingdom). 
LM-relaxation     decay     curves     were     recorded     by    means     of     a     standard    
Carr–Purcell–Meiboom–Gill (CPMG) pulse sequence. The CPMG decay train consisted of 
16,384 echoes with an echo time of 1 ms. Experiments were averaged over 16 scans with a 
repetition time of 30 s. 

LM-spectra of relative intensity as a function of LM were determined by 
numerical inverse Laplace transformation of the data, as implemented in CONTIN.[113] The 
regularization parameter in CONTIN was set to the same, rather conservative, value for all 
spectra, to facilitate comparison of the results. This is justified by the fact that the 
signal-to-noise ratio was comparable for all measurements. LM-spectra were subsequently 
analysed by determining peak positions (the top of the peaks was used to determine the 
LM-values of the various water fractions in the samples) and areas to determine the 
relative area using IDL (ITT Visual Information Solution, Boulder, CO). 

For decays with a clear mono-exponential character, the Levenberg–Marquardt 
non-linear least squares algorithm, implemented in SPLMOD,[114] was used to analyse the 
data. These decays were measured to obtain LM-values for calibration purposes. The 
rationale for using SPLMOD instead of CONTIN in those cases is that SPLMOD fits both 
the amplitude and LM-relaxation time of a discrete sum of exponentials. CONTIN, on the 
other hand, determines amplitudes given a distribution of fixed LM-values. In the latter, an 
extra unnecessary step is needed to obtain average LM-values. 

Every sample was measured once because extra experiments performed on a number of 
samples showed good reproducibility. This allowed us to measure a broader range 
of samples. 

2 . 2 . 8 . 1  1 H  r e l a x o m e t r y  o f  w h e y  p r o t e i n  m i c r o p a r t i c l e  p e l l e t s  

Pellets were made as described in Section 2.2.5. After decanting the supernatant from the 
pellet, the bottoms of the Eppendorf tubes were cut off so the samples were disturbed as 
little as possible before analysis (scooping the pellet from the tube affected the results). The 
tips of the tubes were used for further analysis. The resulting transverse decay curves were 
all multi-exponential and analysed with CONTIN. 

To estimate the absolute amount of water present inside and between the MPs, the 
amount of water present, according to the WBC of the pellets, was divided over those two 
fractions according to the ratio of these areas in the CONTIN LM-spectra. Using the 
LM-values for the top of the two fractions, the dry matter content inside and between all the 
various MP pellets was calculated from the standard calibration curves 
(Appendix A-Fig. S1A). The calibration curve, obtained for solutions and gels made at 
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pH 5.8 (Appendix A-Fig. S1A), was used only for the MPs made at pH 5.8. From the 
amount of dry matter that was present between the MPs, the percentage of dry matter 
dissolved from the MPs was calculated. Although, if the mass balance was used, the 
solubility would be lower or larger than calculated via the WBC, LM-values and the 
calibration curves. The relative area under the peaks was determined by dividing either the 
area of the peak attributed to water inside the MPs, or between the MPs, over the sum of the 
total area. 

2 . 2 . 8 . 2  1 H  r e l a x o m e t r y  o f  s u p e r n a t a n t s  

The spectra of the supernatant of standard MPs, unwashed MPs incubated in 40 mM DTT, 
and MPs made at pH 5.8, were obtained by making pellets and supernatants first, as 
described in Section 2.2.5. After decanting the supernatant from the pellet, 125 μL was 
added to the NMR tube and analysed. The resulting transverse decay curves were assumed 
to be mono-exponential and analysed with SPLMOD. 

The SPLMOD results for the supernatants were used to calculate the dry matter content 
of the supernatants. For that, only the solution part of the calibration curve was used 
(Appendix A-Fig. S1B). For the supernatant of the standard MPs and the unwashed MPs 
incubated in 40 mM DTT, the calibration curve of the standard solutions was used; for the 
MPs made at pH 5.8, the curve for the solutions made at pH 5.8 was used. 

2 . 2 . 8 . 3  1 H  r e l a x o m e t r y  o f  m a c r o  g e l s  

After the formation of the macro gels, as described in Section 2.2.3, the gels were cut with a 
biopsy punch into small cylinders and analysed. The curves obtained were all assumed to 
be mono-exponential and analysed with SPLMOD. 

2 . 2 . 8 . 4  1 H  r e l a x o m e t r y  o f  u n h e a t e d  a n d  h e a t e d  w h e y  p r o t e i n  i s o l a t e  s o l u t i o n s  

Unheated and heated WPI solutions, which were made according to Section 2.2.4, were 
analysed using TD NMR by pipetting 125 μL of the solution into the NMR tubes. The 
resulting curves were analysed with SPLMOD because of the mono-exponential character 
of the decay curves.  

2 . 2 . 8 . 5  1 H  r e l a x o m e t r y  o f  w h e y  p r o t e i n  m i c r o p a r t i c l e s  h y d r a t e d  i n  d e s i c c a t o r s  

After hydration of the MPs in the desiccators (Section 2.2.6), the hydrated MPs were placed 
in an NMR tube and analysed. The curves obtained were assumed to be mono-exponential 
and analysed with SPLMOD. 
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2 . 2 . 9  D r y  m a t t e r  c o n t e n t  

The dry matter content of the gels, solutions, and MPs was determined by drying the 
samples in an oven at 105 °C for 24 h. 
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3 Results and discussion 
The following sections describe the steps that were taken to gain insight into the 
water-binding capacity (WBC) of whey protein microparticles (MPs). First, the WBC of the 
MPs was determined, and then the value was compared to the swelling of the MPs as 
calculated from the light scattering data. Subsequently, the pellets were analysed with 
time domain nuclear magnetic resonance (TD NMR). To be able to further interpret these 
TD NMR results, swollen MPs were mimicked by MPs subjected to certain 
relative humidities (RHs) and whey protein gels, and also analysed with TD NMR. In 
addition, the dry matter and water concentrations in both water fractions were calculated 
and compared with the light scattering results. Finally, the water fractions obtained were 
assigned to the two water domains in the MP pellets (water inside and between the MPs), 
and the contribution of both water domains to the WBC of the pellet was investigated. 

3 . 1  A n a l y s i s  o f  t h e  s w e l l i n g  o f  w h e y  p r o t e i n  m i c r o p a r t i c l e s  i n  a  p e l l e t  w i t h  

l i g h t  s c a t t e r i n g  

To determine the WBC of MPs, the MPs were hydrated in excess water, after which the 
dispersions were centrifuged to obtain a pellet and supernatant (Fig. 15). The pellet, 
containing swollen MPs and water between the MPs, was weighed to determine the WBC, 
assuming that the amount of water between the MPs was negligible as an initial hypothesis. 
However, the importance of water between the MPs is investigated in this study. That is 
why the term WBC-P (WBC of the pellet) is introduced to distinguish the WBC of the MPs 
themselves (WBC-MPs) from the WBC of the pellet that includes water between the MPs 
as well. 
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Fig. 15. The various water domains formed after centrifuging whey protein microparticles (MPs) that were 

hydrated in an excess amount of water: (A) supernatant, (B) water between the MPs, and (C) water 
inside the MPs. 

The WBC-P of the unwashed MPs treated with 40 mM DTT and the MPs made at pH 5.8 
differed most from the WBC-P of standard MPs from all tested MPs. Therefore, those three 
types of MPs were analysed in more detail. The unwashed MPs treated with 40 mM DTT 
had a much larger WBC-P than the standard MPs, whereas MPs made at pH 5.8 had a much 
lower WBC-P (Table 3). However, it is not clear whether this WBC-P can be translated to 
the WBC-MPs directly or that the water between the MPs contributed to the WBC-P as 
well. A first route to estimate the relative importance of water inside and between the MPs 
is to consider the swelling of the MPs. Calculations based on the average particle diameter 
QR,T (volume mean diameter) of these MPs (see Section 2.2.7) suggested that the unheated 
MPs treated with DTT contained more water than the standard MPs, whereas both the 
unheated and reheated MPs made at pH 5.8 contained less water than the standard MPs 
(Table 3). Although these results are merely indicative (among other reasons, because the 
particles were not spherical (Chapter 2)), they strongly suggest that swelling of the MPs 
only cannot explain the WBC-P. In all cases, the water content inside the swollen MPs was 
significantly lower than the total amount of water present in the pellets (WBC-P). This 
implies that a certain amount of water was present between the MPs since the pellet 
consists of water inside and between the MPs. The WBC-MPs is therefore most probably 
lower than the WBC-P. 
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3 . 2  A n a l y s i s  o f  p e l l e t s  o f  w h e y  p r o t e i n  m i c r o p a r t i c l e s  w i t h  t i m e  d o m a i n  

n u c l e a r  m a g n e t i c  r e s o n a n c e  

Time domain nuclear magnetic resonance (TD NMR) was used to further analyse the 
water distribution in the pellets. CONTIN transverse relaxation time (LM)-spectra for the 
pellets of standard MPs, unwashed MPs treated with 40 mM DTT, and MPs made at pH 5.8 
showed two main peaks and one small peak around LM = 1 s (Fig. 16A), indicating the 
presence of three different water fractions. The fraction with the largest 
transverse relaxation time (LM,T) was assigned to expelled water that was present after 
cutting the tube with the pellet. This assignment was done based on the fact that the 
supernatant obtained after centrifugation (domain A in Fig. 15) also showed a LM-fraction 
around 1 s (Fig. 16B). Therefore, the water fraction appearing around LM = 1 s seems to be 
related to water that is not bound within the pellet. The LM-value of both the supernatant and 
expelled water fraction was lower than the LM-value of free water, which was measured to 
be around 2.4 to 2.7 s, suggesting the presence of proteins in the supernatant and 
expelled water. 

The other two fractions are therefore ascribed to water present inside the pellets. The 
LM-values of the fractions with the smallest transverse relaxation time (LM,U) were different 
for the three samples. A smaller WBC corresponded to a smaller LM,U-value, suggesting a 
larger dry matter content in that water fraction. The second fraction (LM,M) had a LM-value 
around 0.1 s, which was similar for all three pellets. The ratio of the areas of the LM,U and 
LM,M  peaks differed between the pellets, as depicted in Fig. 16A. The unwashed MPs treated 
with 40 mM DTT had a larger area for the LM,M-fraction than for the LM,U-fraction; the areas 
for these fractions were nearly the same for the MPs made at pH 5.8. 

For further insight into the WBC-P, the pellets of all the other MPs (MPs treated with 
DTT, washed and unwashed; MPs treated with DTT and N-ethylmaleimide; MPs treated 
with genipin; and MPs treated with transglutaminase (Tgase) by addition of Tgase to the 
WPI solution or the wet gel particles), both unheated and reheated, were analysed with 
TD NMR. The CONTIN LM-spectra of all MP pellets showed at least the two 
water fractions LM,U and LM,M. Fig. 17A shows that LM,U increased from WBC-P 
2  to  5.5  g  water/g  dry  matter, after which it tends to deviate from the trend. No clear 
relationship was found between LM,M and the WBC-P (Fig. 17B), because all pellets had a 
LM,M-value around 0.12 (±0.02). The relative area2,2 was almost linearly related to the 
WBC-P (Fig. 17C). Therefore, these results suggest that an increase in WBC-P is caused by 
both an increase in the amount of water in water fraction LM,U  (LM,U  increased with an 
increase in the WBC implying an increase in the water content), and in water fraction LM,M 

(the relative area2,2 increased with an increase in WBC). 
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Fig. 16. The CONTIN LM-spectra of (A) pellets and (B) supernatant formed during the water-binding 

experiment with standard whey protein microparticles (ST MPs) (solid line), unwashed MPs treated 
with 40 mM DTT (DTT MPs) (dashed line), and MPs made at pH 5.8 (pH MPs) (dotted line). 
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Fig. 17. Relationship between the water-binding capacity (WBC-P) (g water/g dry matter) of the unheated 
(filled diamond) and reheated (open diamond) pellets and (A) LM,U (s), (B) LM,M (s), and (C) the 
relative area2,2 (-). 
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3 . 3  A s s i g n m e n t  o f  w a t e r  f r a c t i o n s  o b t a i n e d  w i t h  t i m e  d o m a i n  n u c l e a r  

m a g n e t i c  r e s o n a n c e  t o  t h e  w a t e r  d o m a i n s  i n  w h e y  p r o t e i n  m i c r o p a r t i c l e  

p e l l e t s  

It is likely that LM,U  and LM,M  can be assigned to the two water domains within the pellet: the 
swollen MPs and water between the MPs. The exchange rate of protons and the 
water/protein ratio are probably larger inside the MPs (domain C in Fig. 15) than between 
the MPs (domain B in Fig. 15). Therefore, it can be hypothesized that LM,U represents water 
inside the MPs and LM,M the water between the MPs. However, from the TD NMR results of 
the pellets only it is not clear if this assignment can be done instantly, or that water in the 
pellet was divided over two water peaks for other reasons. Therefore, it would be the best to 
analyse swollen MPs and water between the MPs separately. Since it would be hard to 
separate both fractions from the pellet, here it was tried to mimic swollen MPs to get to 
know if LM,U could be assigned to this water domain. 

To get hydrated MPs without water between the MPs, MPs were placed in a desiccator 
with controlled RHs for 12 days. A TD NMR analysis of those MPs resulted in spectra with 
mainly one fraction, as illustrated in Fig. 18A for the standard MPs. Smaller LM-values were 
found when less water was present. The LM-value of the MPs at RH 95% was still one order 
smaller than the LM,U-value of the pellet spectra. This relatively large difference corresponds 
to the isotherm of these MPs, which shows a strong increase in moisture content from 
PV 0.95 to 1 (Chapter 2). 
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Fig. 18. The CONTIN LM-spectra of (A) the standard microparticles incubated in a desiccator with RH 25% 

(dotted line), 46% (dashed line), and 95% (solid line); and (B) whey protein isolate (WPI) gels with a 
WPI concentration (w/w) of 19% (solid line), 30% (dashed line), and 39% (dotted line). 

In addition, whey protein isolate (WPI) macro gels were analysed with TD NMR, because 
macro gels were considered as a model material for MPs without surrounding water but 
with a large moisture content. Fig. 18B shows that all the spectra for WPI macro gels 
contained one main fraction in the same range as the LM,U-fraction of the pellets (Fig. 16A). 
Mono-exponential behaviour for WPI and whey protein concentrate gels with a 
protein concentration of 6 to 36% w/w has also been found by others.[33][87][109] As expected, 
the LM-value of the gels decreased when the WPI concentration of the gel increased 
(Fig. 18B), because an increase in the protein content increases the total interaction with 
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water and reduces the transverse relaxation time.[105] The spectra of the WPI macro gels and 
MPs hydrated in a desiccator both suggest that one fraction (LM,U) within the pellet spectra is 
associated with water inside the MPs, and that therefore LM,M can be assigned to water 
between the MPs. 

Another method to check whether LM,U can be assigned to water inside the MPs and LM,M 
to water between the MPs, is by calculating the water and dry matter concentrations within 
those domains, and comparing those concentrations to the light scattering data. Therefore, a 
standard calibration curve relating the dry matter content to the transverse 
relaxation  rate  NM (NM  =  1/LM) was drawn (Appendix A-Fig. S1A).[33][87][104][105] A 
separate calibration curve was made for the MPs at pH 5.8, because those samples showed 
a different relationship between NM and the dry matter content (Appendix A-Fig. S1A). The 
dry matter content in the supernatant of the standard MPs and MPs made at pH 5.8 could be 
estimated well (Table 4), indicating the validity of the calibration curves. The supernatant 
values obtained for the MPs treated with 40 mM DTT show some discrepancy between the 
measured and calculated dry matter content. These samples seem to be a special case, as 
they also deviate from the trend in Fig. 17A. The dry matter content inside the MPs 
estimated from the TD NMR data and the calibration curves (Table 4) compares well with 
the light scattering data for the standard MPs, the unwashed MPs incubated in 40 mM DTT, 
and the MPs made at pH 5.8 (Table 3). So, it was concluded that LM,U can be assigned to 
water inside the MPs and LM,M to water between the MPs. 
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3 . 4  C o n t r i b u t i o n  o f  w a t e r  i n s i d e  a n d  b e t w e e n  t h e  w h e y  p r o t e i n  m i c r o p a r t i c l e s  

t o  t h e  w a t e r - b i n d i n g  c a p a c i t y  o f  t h e  p e l l e t s  

The next step is to estimate the contribution of water inside and between the MPs to the 
WBC-P. Therefore, the total amount of water present in the pellets is divided into two 
water fractions, according to the ratio between the areas under the curve of those two 
fractions. This division shows that the amount of water present inside the MPs increased 
slightly in the WBC-P ranging from 2 to 5.5 g water/g dry matter (Fig. 19). It seems that the 
increase in LM,U with increasing WBC-P was less important than the decrease in the 
relative area2,1 with increasing WBC-P. The increase in the WBC-P appears to be mainly 
related to an increase in the amount of water between the MPs. A consequence of that 
reasoning is that the contribution of water between the MPs cannot be neglected in the 
WBC-P, and that the WBC-MPs cannot be determined via the WBC-P.  

 
Fig. 19. Relationship between the water-binding capacity of the pellets (WBC-P) (g water/g dry matter) and the 

amount of water (g water/g dry matter) present inside (filled diamond) and between (open diamond) the 
whey protein microparticles (MPs). 

The contribution of water between the MPs to the WBC-P seems to be large. At a WBC of 
5.5 g water/g dry matter, 80% of the water was present between the MPs, which implies 
that water-binding in this fraction in the pellet probably consisted of more than water 
inclusion by the MPs only. A remarkable observation for all MP pellets is that they had 
nearly the same LM,M  (Fig. 17B), which suggests a similar dry matter content between the 
MPs. Consequently, it seems that dissolved proteins originating from the MPs are a 
determining factor for the WBC-P. If it is assumed that the LM of water is caused by 

0

1

2

3

4

5

6

7

8

0 1 2 3 4 5 6 7 8

W
ei

gh
t w

at
er

 (g
 w

at
er

/g
 d

ry
 m

at
te

r)

WBC-P (g water/g dry matter)

Inside MPs

Between MPs



TD NMR as a method to determine and characterise the WBC of whey protein MPs 

71 

Ch
ap

te
r 

3 

dissolved proteins only, the LM,M-values suggest the presence of around 11 to 15% 
dry matter between the MPs. Although a certain amount of dry matter was expected due to 
the fact that the supernatant contains proteins as well (Fig. 16B and Table 4), this high 
dry matter content was unexpected. The suggested higher dry matter content between the 
MPs could be related to small, highly swollen protein aggregates that were dragged down 
upon centrifugation. The protein content suggested by the LM,M-value could also explain the 
binding of water between the MPs, because this concentration might have led to the 
formation of a (particle) gel, or an increased viscosity at least, upon centrifugation. Without 
such effect, more water would be expelled during centrifugation. Rough calculations show 
that the volume fraction of standard MPs in a pellet is around 0.5 only, which is clearly 
lower than the maximum packing density of randomly packed monodisperse spheres 
(around 0.65), while polydisperse systems could have an even higher packing density.[166] 
Nevertheless, the possibility that LM,M  was influenced by other interactions and/or 
capillary pressures cannot be excluded. In that case, the actual protein concentration is 
somewhat lower than indicated by LM,M, but still much larger than the protein content in 
the supernatant.  

Fig. 19 also shows the different behaviour of the unwashed DTT treated particles 
(the particles with a WBC-P larger than 5.5 g water/g protein), compared to the other MPs. 
The differences are probably due to the fact that no clear distinction can be made between 
water inside and between those particular MPs, due to overlapping water peaks in the 
TD NMR spectra. This seems likely, because the area of LM,U for the unwashed MPs 
incubated in 40 mM DTT was small compared with the area of LM,U  for the other MPs 
(Fig. 16A). It may be that those MPs incubated in 40 mM DTT partly solubilized, leading 
to a nearly equal dry matter and water content inside and between the MPs. 

After the division of water according to the ratio of the areas, the WBC-P was 
calculated from the concentrations obtained via calibration curves. A comparison between 
the WBC-P calculated from the TD NMR data and the measured WBC-P shows that the 
WBC-P measured from the TD NMR data was mostly larger than the measured WBC-P 
(Fig. 20). This is probably caused by the way the WBC-P was determined when using the 
pellet weight after centrifugation. This method does not consider the solubilisation of 
dry matter, and therefore it can overestimate the dry matter content, and consequently 
underestimate the WBC. A 10% smaller dry matter content can explain the difference 
between the measured WBC-P and the calculated WBC-P from the TD NMR data, as 
shown in Fig. 20 with the dotted line. With TD NMR, on the other hand, the pellet obtained 
after centrifugation was used for analysis and the water concentration was obtained from 
measuring 1H protons. This has probably resulted in more accurate values for the dry matter 
and water concentrations within both water domains in the pellets, and a more 
accurate WBC-P. 
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Therefore, it can be concluded that with TD NMR a distinction between water present 
inside and between the MPs in a pellet can be made. In addition, TD NMR is a more exact 
method to determine the WBC-P and the dry matter and water concentrations in the 
water fractions of the pellet, than the use of the pellet weight obtained after centrifugation 
of a MP dispersion. 

 

Fig. 20. The measured water-binding capacity of the pellets (WBC-P) (g water/g dry matter) and the WBC-P 
calculated from time domain nuclear magnetic resonance (TD NMR data) of the unheated 
(filled diamond) and reheated (open diamond) MPs. The WBC-P was calculated from the ratio between 
the areas of water inside (LM,U) and outside (LM,M) the MPs from the CONTIN LM-spectra and the protein 
concentrations obtained from the calibration curves. The solid line shows the relation if the measured 
WBC-P was the same as the TD NMR WBC-P. The dashed line shows the relation in case the 
dry matter content of the pellets was actually 10% higher than used to calculate the measured WBC-P. 
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4 Conclusions 
The water-binding capacity (WBC) of protein samples is frequently determined from the 
pellet weight obtained after centrifuging a dispersion of this sample, assuming that water 
between the sample particles can be neglected. However, we have demonstrated in this 
paper that the amount of water between the particles cannot be neglected. For pellets made 
of whey protein microparticle (MP) dispersions, with time domain nuclear 
magnetic resonance (TD NMR) a distinction was made between water inside and between 
the MPs. It was shown that an increase in WBC of the pellet (WBC-P) from 
2 to 5.5 g water/g dry matter was partly caused by a slight increase in swelling of the MPs, 
but to a larger extent by an increase in the amount of water between the MPs. The latter 
could account for as much as 80% of the water being kept in a pellet with a WBC of 
5.5 g water/g dry matter. Therefore, it is concluded that the WBC-P is not a measure for the 
WBC of MPs (WBC-MPs); the outcomes of the centrifugation method should be 
interpreted cautiously when used to determine the WBC-MPs. We hypothesize that this 
relatively large amount of water between the MPs could be present because small highly 
swollen protein structures co-sedimented between the MPs during centrifugation. The 
presence of such structures can also explain the remarkable result of a nearly constant 
LM-value at all WBC-Ps, which suggest the presence of 11 to 15% of dry matter in the 
water fraction of water between the MPs. The results presented in this paper demonstrate 
that TD NMR is a better method to determine the WBC-MP, the amount of water between 
the MPs and the overall WBC-P, than using the pellet weight after centrifugation. We 
therefore conclude that TD NMR used in the manner proposed is a useful additional tool to 
understand WBC of a dispersed particle system.  
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Abstract 
Whey protein microparticles (CG MPs) were made with a cold gelation method. Without 
shearing or mixing during gelation, spherical CG MPs formed, while shearing or mixing 
resulted in smaller irregularly shaped CG MPs. The water-binding capacity of pellets 
(WBC-P; comprising water within and between CG MPs) that was obtained after 
centrifugation of CG MP dispersions, was remarkably large (11 to 18 g water/g dry matter), 
but decreased at larger centrifugation speeds.  

Microscopy images clearly showed the presence of two water domains, while just one 
main peak was found for all CG MPs in !"-spectra: water had diffused from one water 
domain to the other within the measuring time. A fast two-state exchange model showed 
that, in most of the CG MPs pellets, a significant amount of water was present between the 
CG MPs. The amount of water that could be held between CG MPs seemed to be defined 
by the amount of particle–particle interactions that were present. Unsheared and unmixed 
CG MP pellets had a significantly smaller WBC-P than sheared and mixed CG MP pellets, 
because more water could be included between the smaller irregularly shaped CG MPs, due 
to increased particle–particle interactions. The significance of water inclusion for the 
WBC-P was also shown by blocking sulphhydryl groups on CG MPs, which resulted in less 
water inclusion and a lower WBC-P. This showed that water between CG MPs, and 
particle–particle interactions are important, if not determining, factors for the overall 
WBC-P of dispersed protein microparticles. 
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1  Introduction 
The water-binding capacity (WBC; “the ability of a protein sample present in excess water 
to bind water when subjected to an external force” (Chapter 3)) of protein particles is an 
important property of the particles giving insight into the ability of the particles to interact 
with water. Often, the WBC is determined by centrifuging a particle dispersion and 
calculating the WBC from the pellet weight. This results in one value that shows both the 
ability of the particles to swell and to include water between them. It is hypothesized that 
the amount of water bound by the particles is governed by their internal network, while 
water inclusion between particles is determined by particle–particle interactions. 
Time domain nuclear magnetic resonance (TD NMR) was shown to be a useful tool to 
better understand the WBC of protein particle pellets (WBC-P), because a distinction could 
be made between water inside the particles and water between the particles, using 
TD NMR (Chapter 3). 

Here, we studied the WBC-P of pellets, obtained from dispersions that contained 
whey protein microparticles made via cold gelation (CG MPs). Cold gelation is a 
two step-process. In the first step, whey proteins are turned into reactive aggregates by 
mildly heating a protein solution with a concentration lower than the critical gelation 
concentration (11–12%),[7][90] at low ionic strength; and a pH above or below its 
isoelectric point (pH 5.2–5.4).[58][147] This results in the formation of protein aggregates with 
a hydrodynamic diameter of about 80 nm.[5][6] Repulsive forces between the aggregates 
prevent further aggregation and gelation, yielding a stable solution of these aggregates. The 
second step in this process is therefore to induce gelation of the protein aggregate 
suspension, which can be accomplished by reducing the repulsive forces between the 
aggregates through reducing the pH. Often, glucono–delta–lactone (GDL) is used to form a 
regular gel by gradually decreasing the pH.[5] The addition of a polysaccharide prior to 
addition of GDL results in phase separation during gelation, and the creation of a 
water-in-water emulsion with protein being the dispersed phase, which may result in the 
formation of CG MPs.[39][40][159][160] 

CG MPs are investigated because we hypothesize that CG MPs have the potential to 
swell to a larger extent than directly heat-gelated whey protein gels, which might lead to a 
larger and maybe distinct WBC-P range. This is suspected because a protein solution with a 
lower protein concentration was used during cold gelation than during heat gelation. 
Increased swelling of protein gels can be achieved by creating a gel with a reduced 
crosslink density,[63] by utilizing a lower protein concentration so there is less interaction 
between the proteins; i.e., covalently and non-covalently.[78]  

In addition, CG MPs were investigated because previous research performed on 
CG MPs showed that the degree of particle–particle interactions could be influenced by the 
size and shape of the CG MPs.[159] Van Riemsdijk, et al. (2011)[159] changed the size and 
shape of CG MPs by applying a simple shear flow during gelation. Shear influences the 
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cold gelation process by affecting the stresses in the fluids. Using this, the tendency to 
phase separate can be enhanced, and anisotropy can be induced, which influences the size 
and the shape of the phases that are formed.[25] Wolf, Scirocco, Frith, & Norton (2000)[178] 
showed that the application of shear yielded spherical particles, long extended particles, 
thread-like particles or irregularly shaped particles (depending on the viscosity ratio 
between the two biopolymer phases and the shear applied). In case of CG MPs, smaller 
spherical particles were obtained at larger shear rates. A further increase of the shear rate 
(54 s-1 and 108 s-1) resulted in smaller and irregularly shaped particles. The viscosity of 
dispersions of these CG MPs increased when the particle size was smaller. This was 
explained by increasing particle–particle interactions when the CG MPs became smaller 
and more irregular, resulting in more water inclusion between the particles and therefore a 
higher viscosity. Thus, by applying shear, the size and shape of CG MPs can be altered as 
well as the interaction with water, without changing the composition of the CG MPs. 
Another route van Riemsdijk et al. (2011)[159] utilized to control particle interaction was 
through the addition of a sulphhydryl blocking agent during gelation. It was found that the 
viscosity of the resulting dispersion of CG MPs was significantly lower than without the 
addition of the sulphhydryl blocking agent. 

In this study, the effect of shearing and mixing on the size and shape of CG MPs and 
the water-binding properties is investigated. Therefore, the water-binding properties are 
studied by measuring the weight of the CG MP pellet obtained after centrifugation, and 
examining the pellets with microscopy and TD NMR. Then, the size and shape are linked to 
the ability of the CG MPs to bind water in a pellet, both within and between the CG MPs. 
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2 Materials and methods 

2 . 1  M a t e r i a l s  

Whey protein isolate (WPI; BiPRO, lot no. JE 034-7-440 (Davisco Food International Inc., 
Le Sueur, MN) was used to prepare cold-gelated whey protein microparticles (CG MPs). 
WPI has a reported protein content of 97.7% on dry basis. In the preparation process of 
CG MPs, locust bean gum (LBG; Danisco Holland BV, The Netherlands) was used as 
polysaccharide, and glucono–delta–lactone (GDL; Sigma–Aldrich, Germany) was used as 
acidifier. N-ethylmaleimide (NEM; Fluka, The Netherlands) was used to block the 
sulphhydryl groups of the proteins and Rhodamine B (Sigma–Aldrich, Germany) was used 
to visualize the proteins with confocal laser scanning microscopy (CLSM). Milli-Q water 
(resistivity of 18.2 MΩ cm at 25 °C, total oxidisable carbon <10 ppb, Merck Millipore, 
France) was used in all experiments, unless stated otherwise. 

2 . 2  M e t h o d s  

2 . 2 . 1  P r e p a r a t i o n  o f  c o l d - g e l a t e d  w h e y  p r o t e i n  m i c r o p a r t i c l e s  

For the preparation of the CG MPs the same method was used as described by 
van Riemsdijk et al. (2011)[159] with some additions. First, WPI- and LBG stock solutions 
were prepared. To make a WPI stock solution, 9% w/w WPI was dissolved in water and 
mixed with an overhead mixer at room temperature for at least 2 h. The solution was then 
heated at 68.5 °C for 2.5 h to obtain reactive aggregates. The aggregate solution was cooled 
under tap water for 2 to 3 min, placed in ice-water for 10 min, and further cooled at 
room temperature until it reached room temperature. 

A LBG stock solution was made by dissolving 1% w/w LBG in water. This solution 
was heated in a water bath of 80 °C for 1 h. Then the solution was cooled in the same way 
as the WPI stock solution. 

To prepare the CG MPs, the WPI stock solution; LBG stock solution; GDL; and water 
were added together, such that a 3% w/w WPI; 0.45% w/w LBG; and 0.2% w/w GDL 
solution was obtained, and subsequently mixed. Part of this solution was placed in an 
in-house made Couette shear device, while another part was placed in a mixing device. The 
Couette shear device has two cylinders: a stationary inner- and a rotating outer cylinder 
with diameters of respectively 40 and 42 mm. The bottom of the shear device has a 
cone/plate geometry with an angle of 2.75°. To mix the solution during incubation, a 
200 mL double-walled glass vessel was used with an anchor stirrer. The vessel was closed 
with a clasp to prevent evaporation. During acidification and gelation in those two devices, 
the rotational speed of the cylinder and the stirrer was set at 0, 50, 100 or 300 rpm, 
corresponding to a shear rate in the Couette shear device of 0, 107, 215 or 644 s-1 

respectively, while the devices were heated with water of 25 °C from a water bath. 
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In addition, CG MPs were made in the Couette shear device at 25 rpm (54 s-1). This was not 
done in the mixer due to a practical limitation: it cannot rotate at this speed. CG MPs 
formed at 0 rpm (static conditions) in the Couette   shear   device were called 
unsheared CG MPs, and CG MPs formed at 0 rpm in the mixing device were called 
unmixed CG MPs. Every kind of CG MP was made twice. The addition of GDL caused a 
gradual lowering of the pH from 7.1 (± 0.0) to 5.2 (± 0.0) after 16 h, for all samples. 

After 16 h of incubation, the CG MP dispersion was diluted 1:1 and centrifuged at 
2000 g for 15 min. The formed supernatant was discarded, while the pellet was re-dispersed 
in an amount of water equal to the amount of discarded supernatant, and centrifuged at 
2000 g for another 15 min. Part of the pellet was then re-dispersed, resulting in a 6.5% w/w 
pellet dispersion. This dispersion and the rest of the pellet were analysed within one day.  

To test the effect of blocking of the sulphhydryl groups on the size and shape of 
CG MPs and the water-binding capacity of a pellet of these CG MPs (WBC-P), the same 
procedure was used as described above, with the difference that 30 min before incubation, 
NEM was mixed into the reactive protein aggregates (2.25 mM). During incubation, the 
solution was sheared at 50 rpm. 

2 . 2 . 2  S i z e  a n d  s h a p e  o f  c o l d - g e l a t e d  w h e y  p r o t e i n  m i c r o p a r t i c l e s  a n d  p e l l e t s  f o r m e d  

d u r i n g  t h e  w a t e r - b i n d i n g  c a p a c i t y  e x p e r i m e n t  

The size and shape of the CG MPs present in the dispersions obtained after gelation, the 
6.5% w/w pellet dispersion of CG MPs, and the pellets of CG MPs obtained after the 
WBC-P test (Section 2.2.3) were examined with CLSM. To visualize the dispersions, 
20 µL of a 2 × 10-3% w/w Rhodamine B solution was added to a 780 µL dispersion, and 
500 µL of this mixture was visualized with a LSM 510 microscope (Zeiss, Germany). To 
visualize the pellets, 200 µL of water was replaced with a 2 × 10-3% w/w Rhodamine B 
solution. To induce fluorescent emission of Rhodamine B, a 543 nm laser was used for 
excitation and this was detected between 600 and 650 nm. The area fraction of the CG MPs 
and water between the CG MPs was determined with Image-J (ImageJ 1.49o, 
National Institute of Health, USA), using 5 images per treatment. The area fraction 
obtained from an image is assumed to be equal to the volume fraction,[126] so the 
area fraction was used to calculate the WBC (g water/g dry matter) of the CG MPs, 
assuming that the density of water was 1000 kg m-3 and that of the dry matter 1300 kg m-3, 
and that no dry matter was present between the CG MPs. 

2 . 2 . 3  W a t e r - b i n d i n g  c a p a c i t y  o f  c o l d - g e l a t e d  w h e y  p r o t e i n  m i c r o p a r t i c l e  p e l l e t s   

The WBC-P of CG MPs was determined by first adding 0.5 g of water to 0.5 g of pellet that 
was obtained after the last centrifugation step during washing of the CG MPs 
(Section 2.2.1), and mixing it with a vortex until a homogenous dispersion was obtained. 
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The dispersion was mixed with a rotator, rotating at 16 rpm at 25 °C for 30 min. After 
mixing, the dispersions were centrifuged at 1000, 3000, 6000 or 12,000 rpm at 25 °C for 
20 min, which corresponds to 94, 845, 3381 or 13,523 g respectively. The supernatant was 
decanted from the pellet, and the pellet was weighed. Then the pellet was dried in an oven 
at 105 °C for 24 h and weighed again. From the weight difference between the dried and 
the wet pellet the WBC-P was calculated, using the following formula: 

WBC&'((') +g water/g dry_matter7  =  9:;<=_><??<= @ :ABC_><??<=D
:ABC_><??<=

 (6) 

with EF')_&'((') as the weight of the pellet obtained after centrifugation and EGHI_&'((') as 
the dry matter weight of the pellet after drying in the oven. The WBC-P of the unsheared 
and sheared CG MPs was measured in duplicate per batch. The WBC-P of the unmixed and 
mixed CG MPs was determined in triplicate per batch. To calculate the WBC-P of each 
treatment, the average was taken from the two batches. 

Furthermore, a dispersion of unsheared CG MPs was centrifuged at 12,000 rpm 
(13,523 g), the supernatant was discarded and the pellet was centrifuged again (every time 
for 20 min) until no additional supernatant was formed, to remove as much water as 
possible from between the CG MPs. In addition, a dispersion of unsheared CG MPs was 
centrifuged at 15,000 rpm (21,130 g) for 180 min to remove as much water as possible 
from between the CG MPs. 

2 . 2 . 4  1 H  r e l a x o m e t r y  

1H NMR measurements of the transverse relaxation time !" , and the 2-dimensional 
correlated diffusion coefficient J  and !"  were performed with a Maran Ultra NMR 
spectrometer (Resonance Instruments Ltd., Witney, United Kingdom) at 30.7 MHz proton 
resonance frequency. 

2 . 2 . 4 . 1  1 H  r e l a x o m e t r y  o f  t h e  t r a n s v e r s e  r e l a x a t i o n  t i m e  

!"-relaxation     decay     curves     were     obtained     by     applying     a    standard    
Carr–Purcell–Meiboom–Gill (CPMG) pulse sequence. !"-spectra of relative intensity as a 
function of !" were determined by numerical inverse Laplace transformation of the data as 
implemented in CONTIN.[113]. Relaxation decay curves of the CG MP pellets were obtained 
by first making pellets according to the method described in Section 2.2.3. Then, the tip of 
the tubes in which the pellets were present was cut off and placed in the NMR tube, as this 
method disturbed the pellets as little as possible (Chapter 3). A CPMG pulse was applied 
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that consisted of 2048 echoes, with an echo time TE of 1 ms and five data points each. 
Experiments were averaged over 16 scans with a repetition time TR of 15 s. From every 
batch two samples were analysed for the mixed CG MPs and one sample for the sheared 
CG MPs. The average !" -value of the two batches of CG MPs made was used as the 
!"-values of a certain treatment. 

Relaxation decay curves of the supernatant of unsheared CG MP pellets obtained after 
the WBC-P-experiment (Section 2.2.3) and Milli-Q water were made by pipetting 125 μL 
into the NMR tubes. A CPMG pulse was applied that consisted of 16,384 echoes, with an 
echo time TE of 1 ms and five data points each. Those experiments were averaged over 
16 scans with a repetition time TR of 30 s. The spectrum for the supernatant was measured 
once and the spectra of Milli-Q water in triplicate. 

2 . 2 . 4 . 2  D i f f u s i o n  c o e f f i c i e n t  i n  t h e  p e l l e t  o f  c o l d - g e l a t e d  w h e y  p r o t e i n  m i c r o p a r t i c l e s  

The 2-dimensional correlated transverse relaxation time (!") and diffusion coefficient (J) 
measurement on an unsheared CG MP pellet centrifuged at 845 g consisted of a pulsed field 
gradient stimulated echo NMR pulse sequence (PFG-STE) to measure diffusion, combined 
with a CPMG pulse sequence[157] to measure !" . This sequence is also referred to as 
DRCOSY (Diffusion Relaxation COrrelation SpectroscopY).[122] This sequence was 
analysed using a 2D numerical inverse Laplace transform 2D spectrum, showing the 
correlation between !" and J.[74][137][162] Parameters related to the determination of D were a 
diffusion encoding time K of 20 ms, and a PFG duration L of 2 ms. The experiment was 
repeated 22 times with different PFG gradient strengths ranging from 0 to 1.21 T/m with 
32 repetitions to improve signal-to-noise, and a repetition time TR of 5 s, resulting in an 
experiment time of approximately 1.5 h. For the !"  determination, the CPMG echo train 
consisted of 4096 echoes with an echo time TE of 0.5 ms. The 2D datasets were processed 
in IDL (ITT Visual Information Solution, Boulder, CO USA) and analysed with MATLAB 
(The MathWorks, Inc., Natick, MA USA) to obtain DRCOSY spectra. This measurement 
was performed twice. 

The diffusion coefficient (J) from the DRCOSY spectra and the diffusion encoding 
time (K) were used to calculate the root–mean–square displacement of water with the 
Einstein–Smoluchowski equation for free diffusion in three dimensions:[32][79] 

〈N〉  =  √6 J K (7) 

For this calculation it was assumed that water diffused isotopically with a Gaussian 
distribution.
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3 Results 

3 . 1  S i z e  a n d  s h a p e  o f  c o l d - g e l a t e d  w h e y  p r o t e i n  m i c r o p a r t i c l e s  

Table 5 shows the size and shape of the cold-gelated whey protein microparticles 
(CG MPs) obtained after 16 h of incubation. Washing and centrifuging the CG MPs, and 
making a 6.5% w/w pellet dispersion of the pellets that were obtained after the second 
washing step, seemed to have barely affected the size and shape of the CG MPs (Table 5). 
Spherical unsheared and unmixed CG MPs were obtained when static conditions of 0 rpm 
were used. Shearing or mixing of the WPI–LBG–GDL (whey protein isolate 
aggregates-locust bean gum-glucono–delta–lactone)-solution during gelation, resulted in 
the formation of irregularly shaped CG MPs that were smaller than the spherical unsheared 
and unmixed CG MPs. Confocal laser scanning microscopy (CLSM) images of the 
CG MPs did not reveal clear differences in size and shape when the shearing or mixing 
rates were increased during incubation (Table 5). Size distributions of the 6.5% w/w 
CG MP pellet dispersions obtained with static light scattering showed a decrease in size of 
the main peak at larger shearing and mixing rates, with the exception of CG MPs that were 
sheared at 100 rpm during incubation (Appendix B-Fig. S2A and B). Differences in size, as 
measured with static light scattering, are caused by an actual difference in size between the 
CG MPs themselves, but might also be caused by a difference in ability to form clusters.[159] 
CLSM images of the CG MPs show small differences in size and shape between sheared 
and mixed CG MPs (Table 5). The unmixed CG MPs were noticeably larger than the 
unsheared CG MPs. Size distributions of the 6.5% w/w pellet dispersions of CG MPs 
showed that, on average, the sheared CG MPs were smaller than the mixed CG MPs 
(Appendix B-Fig. S2A and B). The difference between the sheared and mixed CG MPs 
was expected to be more explicit, because the forces applied to the dispersions were 
different. It is probable that the conditions during gelation were not dissimilar, as the forces 
applied in both cases were relatively large. 

CLSM  images of pellets obtained during the water-binding capacity experiment 
(Section 2.2.3) show differences in the effect of the centrifugation speed on the CG MPs 
(Table 5). In case of unsheared and unmixed CG MPs, an increased centrifugation speed 
forced the CG MPs together and to start to overlap, but they stayed intact. Sheared and 
mixed CG MPs tended to fuse when larger centrifugation speeds were used. However, the 
CG MPs were quite small, so it may also be that the CG MPs were pressed closer to 
each other. 
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Blocking the sulphhydryl groups before gelation with N-ethylmaleimide (NEM), resulted in 
a more even distribution of CG MPs over the dispersion and fewer particle clusters, when 
comparing to the 6.5% w/w pellet dispersions (Table 5). In addition, CLSM images show 
more dense particles within the 6.5% w/w pellet dispersions of CG MPs that were treated 
with NEM than in the dispersions of CG MPs for which that was not the case. 
Size distributions of the 6.5% w/w pellet dispersions revealed that the NEM treatment 
resulted in smaller particles, cluster sizes, or both (Appendix B-Fig. S2C). 
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3 . 2  T h e  w a t e r - b i n d i n g  c a p a c i t y  o f  p e l l e t s  o f  c o l d  g e l a t e d  w h e y  p r o t e i n  

m i c r o p a r t i c l e s  

The water-binding capacity of pellets (WBC-P) of CG MPs was remarkably large at 94 g, 
but decreased with larger centrifugation speeds (Fig. 21A and B). The WBC-P was similar 
for all CG MPs at a centrifugation speed of 13,523 g. All WBC-P-values taken together 
show that the sheared and mixed CG MP pellets had, on average, a larger WBC-P than the 
unsheared and unmixed CG MP pellets at centrifugal speeds of 94, 845 and 338 g. The 
sheared CG MPs had, on average, a slightly larger WBC-P than the mixed CG MPs. 

CG MPs treated with NEM had a significantly lower WBC-P at 94 g than CG MPs that 
were not treated with NEM (Fig. 21C). The average WBC-P of NEM-treated CG MPs 
became larger when centrifuged at 845 g, though the WBC-P was slightly lower than the 
WBC-P of CG MPs that were not treated with NEM. When the NEM-treated CG MP 
dispersions were centrifuged at higher speeds, their WBC-P decreased; at 3381 g their 
average WBC-P was smaller than the WBC-P of the regular CG MPs and they equalized 
at 13,523 g.  
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Fig. 21. The water-binding capacity (WBC-P) (g water/g dry matter) of (A) sheared and (B) mixed cold-gelated 
whey protein microparticle (CG MP) pellets made with a shearing or mixing speed during incubation of 
0 (open diamond), 25 (cross), 50 (open square), 100 (open triangle) or 300 rpm (open circle) at various 
centrifugation speeds (g). (C) The WBC-P (g water/g dry matter) of CG MPs made with a shear rate of 
50 rpm during incubation with (filled squares) and without (open squares) N-ethylmaleimide (NEM) at 
various centrifugation speeds (g). Error bars are based on the standard deviation of the WBC-P of two 
batches of CG MPs of which the WBC-P was measured two (sheared) or three (mixed) times per batch. 
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3 . 3  W a t e r  d o m a i n s  i n  c o l d - g e l a t e d  w h e y  p r o t e i n  m i c r o p a r t i c l e  p e l l e t s  

All CG MP pellets had at least two peaks in their CONTIN !"-spectra. The peak with the 
lowest !"-value, which was around 0.01 s, is labelled !",S The second peak at around 0.1 s 
is labelled !",". Some spectra also showed a small peak on the right side of peak !",", which 
was labelled !",T  (see Fig. 22 for an example of !" -spectra). Probably, this latest peak 
relates to water present on the pellet after cutting the pellet, and it was therefore not taken 
into account for further analysis. For all CG MP pellets, the !","-peak was predominant and 
the !",S-peak was minor. 

 
Fig. 22. CONTIN !" -spectra of unsheared (0 rpm used during incubation) cold-gelated whey protein 

microparticle pellets centrifuged at 94 (solid black line), 845 (dashed line), 3381 (dotted line) and 
13,523 g (dashed-dotted line). 

The !",S -value decreased when the centrifugation speed increased for sheared CG MP 
pellets (Fig. 23A). The !",S-values of mixed CG MP pellets showed a small increase in the 
!",S-value first, after which it decreased (Fig. 23B). There was no clear difference in the 
!",S-values between the unsheared and sheared, and unmixed and mixed CG MP pellets at 
all centrifugation speeds tested. The average !",S -values of CG MPs treated with NEM 
(Fig. 23C) were smaller than the values found for the CG MPs not treated with NEM. 
However, !",S  was larger for the CG MPs treated with NEM than without NEM at the 
highest centrifugation speed. When the results of the TD NMR-measurements were 
compared to the WBC-P results, it was found that the !"," correlated better with the WBC-P 
than !",S (Fig. 23G and H). However, the WBC-P is the water-binding capacity of the total 
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pellet, while the !" is related to a specific water domain within this pellet. These two values 
do not necessarily have to show the same trends, because the characteristics of the smallest 
water domain within the pellet might shrink into insignificance compared to those of the 
larger water domain, which therefore dominate the total water-binding capacity of 
the pellet. 

The unsheared and unmixed CG MPs, as well as the sheared and mixed CG MPs, show 
a decrease in their !","-values upon increasing the centrifugation speed (Fig. 23D and E). In 
most cases, the CG MPs made under static conditions featured the smallest average 
!","-value. The !","-values of the pellets of CG MPs made with different shearing or mixing 
rates became nearly equal at higher centrifugation speeds. NEM-treated CG MPs had 
smaller average !","-values than the CG MPs without NEM treatment up to 3381 g, but 
were similar when a centrifugation speed of 13,523 g was used (Fig. 23F). This all 
contributed to a linear relation between !"," and the WBC-P (Fig. 23H), which can be used 
to determine the WBC-P via the !"," of CG MP pellets. 
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Fig. 23. The relaxation time !",S  (s) of sheared (A) and mixed (B) cold-gelated whey protein microparticle 
(CG MP) pellets made at various centrifugation speeds (g) and (C) pellets of sheared CG MPs made 
with (closed square) and without (open square) N-ethylmaleimide (NEM) at 50 rpm. The relaxation 
time !"," (s) of sheared (D) and mixed (E) CG MP pellets made at various centrifugation speeds (g) and 
(F) pellets of sheared CG MPs made with and without NEM at 50 rpm. Error bars are based on the 
standard deviation of the !" -values of two batches of which the !" -values were measured once 
(sheared) or twice (mixed) per batch. 
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Fig. 23. (cont.) The relaxation times !",S (s) (G) and !"," (s) (H) correlated to the water-binding capacity of the 

pellets (WBC-P) (g water/g dry matter) of the various CG MPs made without NEM (open diamonds) 
and with NEM (closed diamonds). The relation of !",S  without the CG MPs made with NEM is  
U =  0.0002 N +  0.0055 and R2 is 0.5186; and the relation of !","  is U =  0.0105 N +  7E@^  and 
R2 is 0.9335. Error bars are based on the standard deviation of the !"-values of two batches of which 
the !"-values were measured once (sheared) or twice (mixed) per batch, and the standard deviation of 
the WBC-P of two batches of CG MPs of which the WBC-P was measured two (sheared) or three 
(mixed) times per batch. 
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4 Discussion 

4 . 1  W a t e r - b i n d i n g  c a p a c i t y  o f  c o l d - g e l a t e d  w h e y  p r o t e i n  

m i c r o p a r t i c l e  p e l l e t s  

Cold-gelated whey protein microparticles (CG MPs) were made according to the two-step 
process as described above. Water-binding capacities of pellets (WBC-Ps) of all various 
CG MPs were measured by re-dispersing CG MPs in excess water and subsequently 
centrifuging these dispersions. The weight of these pellets was used to calculate the 
WBC-P. The WBC-P of CG MPs was remarkably large compared to the WBC-P of, for 
example, heat-gelated whey protein isolate (WPI) microparticles and the WBC of a 
heat-gelated WPI macro gel: 11 to 14 g water/g dry matter (Fig. 21A and B) at 845 g for 
CG MPs, compared to 3.7 g water/g dry matter and around 5 g water/g protein at 845 g for 
heat-gelated WPI microparticle pellets and a heat-gelated WPI gel respectively (Chapters 2 
and 3).[85] Most likely, this is related to the protein concentration used during preparation 
and the resulting crosslink density of the gels. Remarkably, the protein concentration inside 
CG MPs was, according to our rough calculations, above the gelation concentration 
(Table 6), despite the fact that the protein concentration of the solution used to make 
CG MPs was below the gelation concentration before gelation.  

Fig. 21A and B also show that the WBC-P of all CG MPs decreased with larger 
centrifugation speeds. Furthermore, the WBC-P was almost equal at a centrifugation speed 
of 13,523 g for all CG MPs. This coincides with images made of the pellets with confocal 
laser scanning microscopy (CLSM) (Table 5). In case of unsheared and unmixed CG MPs, 
an increased centrifugation speed forced the CG MPs together and they started to overlap, 
but stayed intact. This probably led to the expulsion of water present between the CG MPs, 
but possibly also to water squeezing out of the CG MPs themselves. Some shrinkage of 
CG MPs seems to be visible in the pellets of both the unsheared and unmixed CG MPs 
(Table 5), and rough calculations based on their CLSM images seem to support this. These 
calculations showed that the fraction of water present between the CG MPs barely 
decreased for the pellets made at 94 to 3381 g, despite some decrease in WBC-P (Table 6). 
Notably, about 33% of the area still was water present between the CG MPs (black space in 
the images; Table 6) when the CG MP dispersions were centrifuged at 13,523 g. It is likely 
that part of this water was reabsorbed by the pellet just after removal of the centrifugal 
force, because a significant increase in the weight of the pellets was observed when the 
supernatant was not directly removed after centrifugation. However, those gaps might also 
be air pockets, because the handling of the pellets became more difficult at larger 
centrifugation speeds: the pellets were smaller, more brittle and could not be spread 
out well. 
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Faster centrifugation also decreased the WBC-P of sheared and mixed CG MPs (Fig. 21A 
and B). Here, it seems that CG MPs tended to fuse when larger centrifugation speeds were 
used, though it might also be that the CG MPs are pressed closer to each other (Table 5). In 
pellets of mixed and sheared CG MPs made at 13,523 g some gaps were found between the 
protein structures. Here too, it is unclear if these signify water or air pockets. 
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4 . 2  C h a r a c t e r i s t i c s  o f  w a t e r  d o m a i n s  i n  c o l d - g e l a t e d  w h e y  p r o t e i n  

m i c r o p a r t i c l e  p e l l e t s  

Table 5 shows that pellets of CG MPs consisted of two water domains: water within and 
between CG MPs. However, with time domain nuclear magnetic resonance (TD NMR) 
only one main peak was found for all CG MP pellets, labelled !"," (see for an example 
Fig. 22). In a naive approach, the presence of one peak suggests that one predominant type 
of water was observed to be present in the pellet by TD NMR. Fast diffusional exchange of 
water between the water domains can explain the finding of just one peak. If the 
diffusivity (J) is fast compared to the relaxation rate _" (_"  =  1/!"), the peaks of two 
water domains will average, leading to one peak in the !"-spectrum.[92] The diffusional 
exchange is said to be fast when: 

 `
a bca

d  ≪  1 (8) 

in which f is the size of the water domain, and K_" is the difference between the relaxation 
rates of the two domains. The pellet of unsheared CG MPs formed at 845 g showed a clear 
diffusivity peak that could be related to the !","-peak in a DRCOSY measurement (Fig. 24), 
yielding a value for the diffusion coefficient of water of 2 × 10-9 m2 s-1. With this diffusivity 
coefficient, water is able to diffuse over a distance of approximately 15 µm within the 
DRCOSY-measurement time. All sheared and mixed CG MPs were smaller than 15 μm, 
and the unsheared and unmixed CG MPs had quite a lot of particles that were smaller than 
15 μm as well (Table 5). In conclusion, fast diffusion explains the presence of just one 
peak. In addition, the large diffusion coefficient of water suggests that the particles had a 
rather open particle structure. 



Chapter 4 

98 

Ch
ap

te
r 

4 

 

Fig. 24. The relation between !"  (s) and the diffusion coefficient ( J ) (m2 s-1) of a pellet of unsheared 
cold-gelated whey protein microparticles made with a centrifugation speed of 845 g as measured with a 
DRCOSY experiment.  

To explain the behaviour of water diffusivity and the water division within the CG MP 
pellets the following model is proposed. Within the pellet three types of structure–water 
interactions play a role (Fig. 25): (A) water bound to the aggregates (building blocks of the 
CG MPs; nanoscale), (B) water within the micro-pores of the CG MPs and (C) water 
included between the CG MPs due to the particle interactions between the CG MPs. The 
fast diffusion between water within and between the CG MPs shows that the CG MPs have 
a relatively open structure. The !","-peak therefore probably is an average of the amount of 
water that is present within the CG MPs (B), and water that is present between the 
CG MPs (C). Water that is bound to the aggregates (A) might be represented by 
the !",S-peak (Fig. 22). 
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Fig. 25. Proposed representation for the water-protein (structure) interactions in a cold-gelated whey protein 

microparticle (CG MP) pellet. Herein, water is associated with the building blocks of the CG MPs 
(the aggregates) (A), water is present within the micro-pores of the CG MPs (B) and water is included 
between the CG MPs due to particle–particle interactions (C). 

An estimation of the water division within and between the CG MPs can be obtained using 
a model for this system. Because water quickly diffuses between these two water domains 
(B and C), a fast exchange model can be used to determine the relative weight-fractions of 
water in the pellet, according to the following equation:[92] 

S
ga,ahij

 =  ka,al
ga,al

 +  ka,ai
ga,ai

 (9) 

Here, !","mno  is the observed overall !","  of water within and between the CG MPs; 
p","q  is the weight-fraction of water within the CG MPs that has a !" -value of !","q ; 
and p","n  ( p","n =  1 r  p","q ) is the weight-fraction, representing water between the 
CG MPs that has a !"-value of !","n. 
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A !"-value has to be estimated for each water domain, to calculate the weight-fraction of 
each of the two domains in every pellet measured. An initial assumption is that the amount 
of water bound within the MPs is independent of the centrifugation speed used. This was 
based on the fact that the application of a centrifugation speed of 13,523 g led to similar 
WBC-P-values for all CG MP pellets of around 5 to 6.5 g water/g dry matter. This value is 
interesting, because the WBC-P as reported for standard HG MP pellets also lies within this 
range (Chapter 2).[116][119] Therefore it seems that whey protein microparticle pellets have a 
general minimum WBC-P, irrespective of the process or conditions used. Similar 
conclusions were reported for soy aggregates.[149] 

This WBC-P-value of the CG MPs could be decreased under more extreme conditions. 
When the CG MP dispersion of unsheared CG MPs was centrifuged at 21,130 g for 
180 min, the WBC-P was further decreased to 4 g water/g dry matter (!"  = 0.031 s). 
A value of only 3 g water/g dry matter (!" = 0.025 s) was achieved when CG MPs were 
centrifuged at 13,523 g and the supernatant was removed every 20 min until no additional 
supernatant was formed. This value is comparable with the WBC of the CG MPs, as 
roughly calculated from the CLSM images (Table 6). It is possible that these extreme 
centrifugation treatments resulted in a lower WBC than that would correspond to fully 
swollen intact CG MPs, because either water was squeezed out of the CG MPs, breakage or 
changes in pore structure inside the CG MPs occurred, or both, so less water could 
be bound. 

The properties of water between the MPs were further analysed with the TD NMR 
response of the supernatants that were obtained after centrifuging a dispersion of CG MPs. 
The !"-value of the supernatant obtained after centrifuging unsheared CG MPs at 94 g was 
equal to that of Milli-Q water (Fig. 26). A continued centrifugation at 13,523 g, of the pellet 
that belonged to the supernatant, resulted in a supernatant with the same !" -value as 
Milli-Q water as well. It can therefore be postulated that water between the CG MPs does 
not contain any proteins, implying that all proteins are captured in the CG MPs. The 
WBC-P of CG MPs, represented by !"," , therefore comprises two water domains: water 
present within the network of the CG MPs and water without proteins between 
the CG MPs. 
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Fig. 26. CONTIN !"-spectra of a supernatant obtained after centrifuging a dispersion of unsheared CG MPs at 

94 g (solid line) and a supernatant obtained when the pellet was centrifuged further at 13,523 g 
(dashed line). The vertical line at !" = 2.28 s is the !"-value of Milli-Q water. 

With the assumptions made as mentioned above, !","q  was chosen to be 0.031 s 
(the !"-value of unsheared CG MPs centrifuged at 21,130 g for 180 min) and !","n was 
deduced to be 2.28 s (the !"-value of Milli-Q water). Subsequently, it was calculated that 
the fraction of water present between the CG MPs increased when the WBC-P increased 
from 5 to 10 g water/g dry matter, and levelled off at larger WBC-Ps (Fig. 27A). The 
fraction of water bound within the CG MPs decreased, when the WBC-P increased from 
5 to 10 g water/g dry matter, and levelled off at larger WBC-Ps. 

Overall, due to the assumptions made, the water division resulted in a nearly constant 
amount of water that was present within the CG MPs, of around 2.7 g water/g dry matter 
(Fig. 27B). It was expected that the centrifugation speed had an influence on the amount of 
water that was present within the CG MPs; however, this effect cannot be extracted from 
this data and model. Fig. 27B shows, furthermore, that in nearly all pellets the WBC-P was 
predominantly determined by the amount of water that was present between the CG MPs, 
which is related to the !","q-value that was ascribed to the CG MPs themselves. The CLSM 
images of the pellets allow a similar conclusion, especially at lower centrifugation speeds. 
In conclusion, the amount of water between the CG MPs is very important, especially at 
high WBC-Ps, indicating that the WBC-P is not the same as the WBC of the 
CG MPs themselves.
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Fig. 27. (A) The weight fraction of water within cold-gelated whey protein microparticles (CG MPs) (p","q) 

(closed diamond) and water between CG MPs (p","n) (open diamond), and (B) the resulting amount of 
water (g water/g dry matter) within (closed diamond) and between (open diamond) the CG MPs for 
CG MPs with various water-binding capacities of their pellets (WBC-P) (g water/g dry matter). 
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4 . 3  T h e  i m p o r t a n c e  o f  p a r t i c l e - p a r t i c l e  i n t e r a c t i o n s  o n  t h e  

w a t e r-b i n d i n g   c a p a c i t y  o f  p e l l e t s  

The amount of water between the CG MPs is an important factor for the overall WBC-P. 
We hypothesize that this is defined by the amount of particle–particle interactions, which 
affect water inclusion. All WBC-P-values taken together show that the sheared and mixed 
CG MP pellets had a larger WBC-P than the unsheared and unmixed CG MP pellets, at 
centrifugal speeds of 94, 845 and 3381 g (Fig. 21A and B). We hypothesized that sheared 
and mixed CG MPs had more particle–particle interactions, because they were smaller and 
more irregularly shaped (Table 5 and Appendix B-Fig. S2A and B), leading to higher water 
inclusion between the CG MPs. This corresponds to the finding of 
van Riemsdijk, et al. (2011),[159] who showed that dispersions of unsheared CG MPs had a 
lower viscosity compared to sheared CG MPs. The interactions between the particles were 
not very strong, because water could be easily expelled by applying a higher 
centrifugation speed (Fig. 21A and B).  

The sheared CG MPs had, on average, a slightly larger WBC-P than the mixed 
CG MPs (Fig. 21A and B). This difference in WBC-P might be caused by the size of the 
CG MPs as well. The sheared CG MPs were somewhat smaller than the mixed CG MPs, 
according to their size distributions (Appendix B-Fig. S2A and B). Therefore, the sheared 
CG MPs possibly had a larger total surface area with which water and other CG MPs could 
interact, leading to greater water inclusion. 

To further investigate the effect of particle–particle interactions on the WBC-P of the 
CG MPs, the sulphhydryl groups of the protein aggregates were blocked with 
N-ethylmaleimide (NEM). This affected both the amount of disulphide bridges within and 
between the CG MPs. The NEM treatment resulted in small irregularly shaped CG MPs, 
just like the CG MPs without the addition of NEM (Table 5). However, NEM-treated 
CG MPs showed less clustering of CG MPs (Table 5 and Appendix B-Fig. S2C). These 
observations suggest that there were fewer particle–particle interactions between the 
NEM-treated CG MPs than between the regular CG MPs. Fewer particle–particle 
interactions between NEM-treated CG MPs were also reported based on CLSM images 
made by van Riemsdijk, et al. (2011),[159] who additionally showed that the viscosity of a 
dispersion, containing CG MPs treated with NEM, was lower than a dispersion of CG MPs 
without NEM treatment. A reduced amount of particle–particle interactions between 
NEM-treated CG MPs might explain the lower water inclusion and, consequently, the 
lower WBC-P-values of NEM-treated CG MPs, as compared to the WBC-P of regular 
CG MPs (Fig. 21C). Less interaction between the NEM-treated CG MPs might also explain 
why a significant amount of material ended up in the supernatant after centrifugation, 
during the washing step of NEM-treated CG MPs. In addition, it was not possible to form a 
clear pellet and supernatant at 94 and 845 g; part of the CG MPs remained present in the 
supernatant (Table 7). NEM-treated CG MPs most likely behaved like separate CG MPs, 
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which required higher centrifugation speeds to sediment, while regular CG MPs, which 
form clusters, need a lower centrifugation speed.[168] Overall, it seems that the addition of 
NEM had limited effect on the particle formation process of CG MPs, but it did lead to a 
particle dispersion with reduced particle interaction and thus a lower water inclusion. 
Therefore, NEM-treated CG MP pellets confirmed that water between the CG MPs and 
particle–particle interactions are important, if not determining, factors for the overall 
WBC-P of dispersed protein microparticles. 

Table 7. Pictures of the pellets and supernatants obtained after centrifuging dispersions of cold-gelated 
whey protein microparticles, treated with N-ethylmaleimide at 94, 845, 2281 and 13,523 g. 

Centrifugation speed (g) 

94 845 3381 13,523 
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5 Conclusions 
Cold-gelated whey protein microparticles (CG MPs) with different morphologies were 
made by shearing or mixing a WPI–LBG–GDL (whey protein isolate aggregates-locust 
bean gum-glucono–delta–lactone)-solution. Without shearing or mixing during gelation, 
spherical particles were formed, while shearing or mixing resulted in smaller irregularly 
shaped particles. Dispersions of these CG MPs were centrifuged, resulting in the formation 
of a pellet of CG MPs that was used to calculate the water-binding capacity of the pellets 
(WBC-P). The CG MP pellets had a remarkably large WBC-P, ranging 
from 11 to 18 g water/g dry matter when centrifuged at 94 g, which decreased when larger 
centrifugation speeds were used. 

Confocal laser scanning microscopy (CLSM) images of the pellets showed that the 
pellets had two water domains (water within and between the CG MPs), though only one 
main water peak was found with time domain nuclear magnetic resonance (TD NMR). The 
presence of one main peak was caused by the fast diffusional exchange of water between 
both domains, suggesting that the CG MPs had a relatively open structure. In addition, 
using TD NMR we found that water that was present between the CG MPs did not contain 
any proteins; hence, all proteins had been captured in the CG MPs. 

A fast two-state exchange model was used with this information, resulting in a division 
of water in the pellet, which implied that in most pellets the WBC-P was mainly determined 
by the amount of water between the CG MPs. This showed that the WBC-P was unequal to 
the WBC of the CG MPs themselves. The amount of water that could be held between the 
CG MPs seemed to be related to the amount of particle–particle interactions that were 
present. Smaller and more irregularly shaped CG MPs had larger WBC-Ps, which might 
have been caused by a greater number of particle–particle interactions, leading to the 
formation of more clusters in which water could be included. CG MPs treated with 
N-ethylmaleimide strengthened this hypothesis. Here, the disulphide bridge formation was 
inhibited, which seemed to result in less particle–particle interactions and a lower WBC-P. 
This implies that water between the CG MPs, driven by particle–particle interactions, is an 
important, if not determining factor for the overall WBC-P of dispersed 
protein microparticles. 
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Abstract 
The water-binding capacities (WBCs) of pea protein isolate, soy protein isolate, lupin 
protein concentrate and vital wheat gluten particles were investigated by hydrating them in 
excess water, centrifuging these dispersions, and calculating the WBCs from the weight of 
the pellets. It was found that, except for pea proteins, the pellet consisted of protein 
structures with a noticeable amount of interstitial water between these structures. 
Additionally, in some cases a protein network was formed that did not represent the WBC 
of particles anymore. Consequently, it was concluded that the WBC of the pellet (WBC-P) 
differs from the WBC of the particles. Therefore, the characteristics of the particles and 
their pellets were further investigated with, among others, time domain nuclear magnetic 
resonance (TD NMR). TD NMR turned out to be a useful tool to do this, and has the 
potential to give an indication of the amount of water present in each water domain. From 
the information obtained about the characteristics of the particles and their pellets, it could 
be concluded that variations in the WBC-P were the result of differences in the toughness 
of the particles (i.e., their capabilities to swell and to withstand the centrifugal force, which 
are determined by their crosslink density and pores), and their ability to bind 
water interstitially. 
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1  Introduction 
An important property of proteins is their ability to interact with water. This affects various 
functional properties such as their ability to gel, to dissolve, to swell, and to act as stabilizer 
in emulsions.[30][185] A way to describe the interaction of proteins with water is by their 
water-binding capacity (WBC). Unfortunately, not only are several definitions utilized for 
this term in literature, but other terms than the WBC are used as well.[185] A further 
complication is that various methods are utilized to determine the WBC. A frequently 
employed technique to determine the WBC of proteinaceous particles is to make a 
dispersion of the particles in excess water and centrifuge it.[15][75][175][183] The supernatant is 
then discarded and the WBC of the pellet (WBC-P) is determined via the weight of the 
pellet, with, for example, the following formula: 

WBC$%&&%' )g water/g dry matter4  =  6789:_<9==9:  >  7?@A_<9==9:B
7?@A_<9==9:

 (10) 

in which CD%'_$%&&%' is the weight of the pellet obtained after centrifugation, and CEFG_$%&&%' 
the weight of the material after drying the pellet. In this way, the WBC is defined as the 
ability of a protein sample to bind water when subjected to an external force. 
 Previous research performed with whey protein microparticles showed that the weight 
of their pellets was a combination of water bound internally (within the particles) and 
interstitially (between the particles) (Chapters 3 and 4). Actually, measurements performed 
with time domain nuclear magnetic resonance (TD NMR) revealed that interstitial water 
was an important contributor to the WBC-P. This means that the WBC-P was unequal to 
the WBC of the particles themselves.  
 The results shown in Chapters 3 and 4 may have consequences for interpreting the 
WBC of other proteinaceous powders as well. That is why the WBC-Ps of several 
protein-rich particles were investigated in this paper. These WBC-P values were compared 
to the values obtained via TD NMR data. In addition, swelling of the particles was studied 
and the morphology of the pellets examined with microscopy. These techniques allowed an 
estimation of the contribution of internal and interstitial water to the WBC-P. This 
information, together with the diffusivity of water in the pellet, was used to gain more 
insight into the microstructure–protein–water interactions in the pellets and to conclude 
whether water-binding by particles in pellets is governed by any general principles. 
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2 Materials and methods 

2 . 1  M a t e r i a l s  

Pea protein isolate (PPI; Nutralys F85M, Roquette, Lestrem, France), soy protein isolate 
(SPI; Supro EX 37 IP, Solae, St. Louis, Missouri, USA), lupin protein concentrate (LPC; 
Fralu-Con, Barentz B.V., Hoofddorp, The Netherlands) and vital wheat gluten (VWG; 
Barentz B.V., Hoofddorp, The Netherlands) were used. These powders have a protein 
content of 72% (± 2), 78% (± 2), 41% (± 1), and 70% (± 1) respectively, according to 
Dumas analysis (N × 5.7). To visualize the proteins with a confocal laser scanning 
microscope (CLSM), Rhodamine B (Sigma–Aldrich, Germany) was used as a staining 
agent. Milli-Q water was used (resistivity of 18.2 MΩ cm at 25 °C, total oxidisable carbon 
<10 ppb, Merck Millipore, France) in all experiments. 

2 . 2  M e t h o d s  

2 . 2 . 1  W a t e r - b i n d i n g  c a p a c i t y  o f  p r o t e i n - r i c h  p a r t i c l e  p e l l e t s  

The water-binding capacity of the protein-rich particle pellets (WBC-P) was measured 
using the following procedure. First, an excess amount of water was added to the particles, 
so a 10% w/w dispersion of each of the various materials was obtained in 1.5 mL 
Eppendorf tubes. The dispersion was mixed with a vortex until the sample was thoroughly 
wetted. Subsequently, the dispersion was mixed with a rotator at 16 rpm and 25 °C for 3 h 
(further referred to as hydrated for 3 h). Every 15 min, the dispersion was again mixed with 
the vortex. Next, the tube was centrifuged in an Eppendorf centrifuge at 3000 rpm (845 g) 
for 20 min. The supernatant was discarded and the pellet weighed. Afterwards, the pellet 
was dried in an oven at 105 °C for 24 h and weighed again. The weight difference between 
the wet and dried pellet was divided over the weight of the dry pellet to calculate the 
WBC-P, according to Equation 10.  
 The 10% w/w dispersion was also centrifuged immediately after thoroughly wetting 
(further referred to as hydrated for 0 h) to investigate the effect of the hydration time on the 
WBC-P of the sample. After centrifugation, the sample was weighed and dried in an oven 
at 105 °C for 24 h. For both hydration times, the WBC-P was measured in quadruplicate.
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2 . 2 . 2  D i s s o l u t i o n  o f  p r o t e i n - r i c h  p a r t i c l e s  

The supernatants that were obtained after centrifuging the protein-rich particle dispersions 
after 0 h and 3 h of hydration (Section 2.2.1) were dried at 105 °C for 24 h, to determine the 
amount of material that dissolved during the WBC-P experiments. This was performed four 
times for each hydration time per material. The dry matter concentration of the supernatants 
was calculated with the following equation: 

HEI_J )%4 = Mdm_s
Ms

 100  (11) 

in which Mdm_s is the weight of the remaining dry matter after drying the supernatant and 
Cs the weight of the amount of supernatant before drying. The solubility of the material 
was calculated using Equation 12: 

Solubility )%4 = Mdm_s
Mdpp

 100  (12) 

in which Mdpp is the weight of the material used to make a 10% w/w dispersion of the 
material (Section 2.2.1). The dry matter content of the supernatant and solubility of SPI 
hydrated at 0 h was not given, because the supernatant was enveloped by the pellet.  

2 . 2 . 3  S i z e  a n d  s h a p e  o f  d r y  p r o t e i n - r i c h  p a r t i c l e s  

The size and shape of the unhydrated protein-rich particles (further referred to as dry 
samples) were analysed with a high-resolution field emission scanning electron microscope 
(SEM; Phenom G2 Pure, Phenom-World BV, Eindhoven, the Netherlands). Carbon tabs 
were used to fix the samples on aluminium pin mounts. 
 In addition, the size of the dry particles was measured with static light scattering 
(Mastersizer 2000, Malvern Instruments). This was done with a Scirocco 2000 dry 
dispersion unit (Malvern Instruments, Malvern, UK), connected to the Mastersizer. From 
the measurements, the average particle diameter WX,Z  (volume mean diameter) was 
calculated, whereby the assumption was made that the particles were spherical. The size of 
the dry particles was measured at least in triplicate. 
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2 . 2 . 4  S i z e  a n d  s h a p e  o f  t h e  p r o t e i n - r i c h  p a r t i c l e s  i n  t h e i r  p e l l e t s  

The size and shape of the protein-rich particles in their pellets were examined with CLSM, 
using pellets obtained after a hydration time of 3 h (Section 2.2.1). In this case, however, 
200 μL of Milli-Q water was replaced by 200 μL of a 2 × 10-3% w/w Rhodamine B 
solution, and the samples were covered with aluminium during hydration. After 
centrifugation, the pellets were visualized with a LSM 510 microscope (Zeiss, Germany). 
Fluorescent emission of Rhodamine B was induced with a 543 nm laser for excitation and 
detected between 600 and 650 nm. 
 The area of water between the protein-rich particles in a pellet in the images was 
determined with Image-J (ImageJ 1.49o, National Institute of Health, USA), using 5 images 
per treatment. It is assumed that the area fraction obtained from an image is equal to the 
volume fraction.[126] To roughly calculate the WBC of the particles themselves, the volume 
of the pellet was first estimated with Equation S2 (Appendix C). Next, this volume was 
multiplied by the area fraction of the hydrated protein particles, to obtain the total volume 
of all hydrated protein particles. Subsequently, the amount of dry matter between the 
particles, the WBC of the particles themselves, and the ratio of water inside and between 
the protein particles were approximated with Equations S3, S4, and S5 (Appendix C). 
Then, the dry matter content of the hydrated particles was estimated with the WBC of the 
particles in the pellet. For these calculations, it was assumed that the density of proteins was 
1330 kg m-3 and the density of water 1000 kg m-3, and that the dry matter concentration 
within the supernatant was equal to the dry matter concentration between the particles. 

2 . 2 . 5  D y n a m i c  a d s o r p t i o n  i s o t h e r m s  

Dynamic water vapour adsorption isotherms for all four kinds of particles were obtained by 
using an automatic multi-sample moisture sorption analyser SPSx-11μ 
(Projekt Messtechnik, Ulm, Germany). The relative humidity (RH) within the climate 
chamber of the moisture sorption analyser was controlled by mixing a dry nitrogen gas flow 
with a water-saturated gas flow. A dew point analyser and a microbalance 
(WXS206SDU Mettler–Toledo, Greifensee, Switzerland) were present in the moisture 
sorption analyser to monitor the RH and weight respectively. The variations in weight of a 
sample (measured at time intervals of at least 10 min), caused by the change in 
environmental RH, were measured to determine the water sorption. 
 Before the start of a dynamic water vapour sorption experiment, the samples were dried 
above P2O5 for at least 3 days. The sorption measurement procedure started with initially 
drying at 25 °C and RH 0% during 500 min, followed by an increase with steps of 10% 
from 0% up to 90% RH, and a final increase of 5% to 95% RH at 25 °C. Equilibrium was 
assumed to be established when there was no weight change greater than 0.001% over a 
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period of 60 min, or when the sample was subjected to that RH for a maximum period of 
50 h. Adsorption isotherms were made twice for every kind of material, and averaged.  
 The dynamic sorption isotherm can be analysed with various models, of which some 
result in values that have a physical meaning.[13] Here, the adsorption isotherms were 
evaluated in light of the underlying theory of the Flory–Rehner equation,[53][54] assuming 
that the role of ions was negligible: 

[D'\'  =  [Dsorption [D9=^_:`a (13) 

with [D'\' as the total water-activity, [Dsorption as the water-activity due to sorption, and 

[D9=^_:`a  as the water-activity due to the elastic contribution. In the Flory–Rehner equation, 
the sorption term is affected by the interaction between the proteins and water (b), which is 
regulated by the hydrophilicity of the protein-rich particles. The elastic term is influenced 
by the molar weight of the polymeric units between the crosslinks (Cc), or in other words, 
by the crosslink density. In studies on vegetables it was found that in the lower [D-region 
([D < 0.8), the hydrophilicity dominates, whereas the crosslink density dominates in the 
higher [D-region ([D  > 0.8).[111][156] The predominant effect of the crosslink density on 
swelling in the higher [D-region was also derived from the equations (Chapter 2). 

2 . 2 . 6  R e l a x o m e t r y  b y  1 H  t i m e  d o m a i n  n u c l e a r  m a g n e t i c  r e s o n a n c e  

A Maran Ultra NMR spectrometer (Resonance Instruments Ltd., Witney, United Kingdom) 
at 30.7 MHz proton resonance frequency was used for the 1H NMR measurements of the 
transverse relaxation time de  and the two-dimensional correlated diffusion coefficient f 
and de. 

2 . 2 . 6 . 1  R e l a x o m e t r y  b y  1 H  t i m e  d o m a i n  n u c l e a r  m a g n e t i c  r e s o n a n c e  o n  t h e  p e l l e t s  a n d  

p r o t e i n - r i c h  p a r t i c l e  d i s p e r s i o n s  

To obtain de-spectra of the protein-rich particle pellets, pellets of protein-rich particles were 
prepared first, according to Section 2.2.1. The tip of the Eppendorf tubes, in which the 
pellets were present, was cut off and placed in an NMR-tube, because this method least 
disturbed the samples (Chapter 3). A standard Carr–Purcell–Meiboom–Gill (CPMG) pulse 
sequence was applied to obtain de -relaxation decay curves of the pellets. This pulse 
consisted of 16,384 echoes, with an echo time of 1 ms (five data points each). In total, 
16 scans were made with a repetition time of 30 s, and averaged. Then the data were 
subjected to a numerical inverse Laplace transformation, as implemented in CONTIN,[113] 
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to get de -spectra that showed the relative intensity as a function of de . Pellets of both 
conditions (hydrating for 0 h and 3 h) were analysed in duplicate. The average of the 
de-values of the peak of the highest curve was used in the calculations. 
 Curves, relating the relaxation rate ( ge  =  1/de ) to the dry matter content 
(further referred to as calibration curves), of PPI and LPC particles were made by first 
making particle dispersions with various concentrations. These dispersions were hydrated 
by mixing them at 100 rpm at room temperature, for at least 3 h. Dispersions that were too 
difficult to mix at 100 rpm were mixed at 200 rpm. Then, 125 µl of the dispersions was 
placed in an NMR tube. Samples with a viscosity that was too high to be transferred to the 
NMR tubes by pipet were placed in a cut-off Eppendorf tip and subsequently in a NMR 
tube. Then, de-relaxation decay curves were obtained, using the same settings as for the 
pellets. Each concentration was measured at least in duplicate, and their dry matter content 
was determined in triplicate, by drying the dispersions in an oven at 105 °C for 24 h. For 
SPI and LPC, the de-relaxation decay curves of Dekkers et al. (2016)[41] were used. All 
these decay curves were analysed with CONTIN to obtain de-graphs. From those graphs 
the average de-values were calculated from the devalues of the highest peak of the samples. 

2 . 2 . 6 . 2  D i f f u s i o n - r e l a x a t i o n  c o r r e l a t i o n  s p e c t r o s c o p y  o n  t h e  p r o t e i n - r i c h  p a r t i c l e  p e l l e t s  

Pellets of protein-rich particles were made by adding excess water and hydrating the 
particles for 3 h and centrifuging them (Section 2.2.1). These pellets were used for 
the 2-dimensional correlated transverse relaxation time (de) and diffusion coefficient (f) 
measurement. This measurement consisted of a pulsed field gradient stimulated echo NMR 
pulse sequence (PFG-STE) to measure diffusion, combined with a CPMG 
pulse  sequence[157] to measure de ; also referred to as DRCOSY (Diffusion Relaxation 
COrrelation SpectroscopY).[122] A 2D numerical inverse Laplace transform spectrum was 
used to analyse these sequences, resulting in a correlation between de and f.[74][137][162] For 
the f-measurement, a diffusion encoding time of 20 ms was used, and a 2 ms duration for 
the PFG sequence. The experiment was performed 22 times with varying PFG gradient 
strengths, ranging from 0 to 1.21 T/m, to improve the signal-to-noise ratio. Each PFG 
gradient strength was repeatedly applied 32 times, with a repetition time of 5 s. The CPMG 
pulse that was applied for the de  determination consisted of 4096 echoes with an echo time 
of 0.5 ms. The 2D datasets were processed in IDL (ITT Visual Information Solution, 
Boulder, CO USA) and analysed with MATLAB (The MathWorks, Inc., Natick, MA USA) 
to obtain DRCOSY spectra. This measurement was performed twice for each kind of 
protein pellet.  
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3 Results 

3 . 1  W a t e r - b i n d i n g  c a p a c i t y  o f  p r o t e i n - r i c h  p o w d e r  p e l l e t s  v i a  w e i g h i n g  

The water-binding capacities of pellets (WBC-P) of pea protein isolate (PPI), soy protein 
isolate (SPI), lupin protein concentrate (LPC), and vital wheat gluten (VWG), show that the 
WBC-P of SPI was the largest, followed by PPI, LPC, and VWG, for both hydration times 
(Table 8). We hypothesized that a longer hydration time could increase the swelling of the 
proteins, resulting in a larger WBC-P. However, this effect of time was not very clearly 
observed (Table 8), suggesting that all materials absorbed water quickly. A larger hydration 
time only caused a decrease in the WBC-P of SPI. This may have been caused by more 
effective packing of the particles and therefore less water being present between them, due 
to mixing during hydration. 
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3 . 2  D i s s o l u t i o n  o f  p r o t e i n - r i c h  p a r t i c l e s  

During the WBC-P experiments, a certain amount of the material ended up in the 
supernatant, due to the partial dissolution of the material. Table 9 shows that VWG 
dissolved least, as calculated via either the solubility of the material or the amount of 
dry matter in the supernatant. Both calculations showed that PPI dissolved most after 3 h, 
and LPC after 0 h of hydration. Overall, a hydration time of 3 h resulted in more material in 
the supernatant and a larger solubility than a hydration time of 0 h. 

Table 9. Comparison of the solubility (%) and amount of dry matter (%) in the supernatant of 
pea   protein   isolate   (PPI), soy protein isolate (SPI), lupin protein concentrate (LPC) and 
vital wheat gluten (VWG) after the protein-rich particles were hydrated for 0 h or 3 h. 

Material Solubility material (%)  Dry matter content supernatant (%) 

t = 0 h t = 3 h  t = 0 h t = 3 h 

PPI 8.5 (2.4) 26.3 (0.6)  1.9 (0.5) 5.0 (0.2) 

SPI n.d.* 7.8 (1.1)  n.d.* 4.0 (0.3) 

LPC 18.7 (0.2) 22.3 (0.2)  2.6 (0.1) 3.2 (0.1) 

VWG 4.4 (0.1) 5.9 (0.2)  0.6 (0.0) 0.8 (0.0) 

The standard deviation is given within parentheses and is based on four measurements. 

* not determined (as described in Section 2.2.2) 

3 . 3  S i z e  a n d  s h a p e  o f  p r o t e i n - r i c h  p a r t i c l e s  a n d  t h e i r  p e l l e t s  

All dry protein-rich particles were irregularly shaped and had a wide size distribution 
(Table 10 and Fig. 28). LPC consisted of the smallest particles. The size of the bulk volume 
of SPI particles was somewhat larger than that of LPC particles (Fig. 28). However, some 
particles had a remarkably larger volume, resulting in an average size (WX,Z) comparable to 
that of PPI particles. The VWG particles had an average size (WX,Z) that was smaller than 
the SPI particles, and the PPI particles were the largest (Fig. 28). Furthermore, the LPC and 
VWG particles were solid, whereas voids were frequently found within the SPI and PPI 
particles (Table 10). In addition, the surface of the SPI and PPI particles was coarser than 
that of the LPC and VWG particles (Table 10). 
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Fig. 28. Size distributions of the dry particles of (A) pea protein isolate (PPI) (solid line), (B) soy protein isolate 

(SPI) (dashed line), (C) lupin protein concentrate (LPC) (dotted line), and (D) vital wheat gluten 
(VWG) (dashed-dotted line). 

Images of the pellets that were formed after centrifuging the hydrated protein-rich particles 
showed that not all water was removed upon centrifugation (Table 10; black space)—
though we cannot exclude the possibility that part of the black space is air. With most 
pellets, the individual particles were no longer clearly visible. The one exception is in case 
of the LPC pellet. Therefore, we will use the term “protein structures” for all fully hydrated 
protein-rich materials. There are some differences between structures and particles, which 
we will elaborate on later in the discussion. Furthermore, it was found that these pellets 
exhibited, roughly speaking, two kinds of morphologies (Table 10): protein structures 
suspended in water, or a protein network with water bound in its pores. The PPI pellet 
consisted of a fully packed system of swollen protein structures with some pores. However, 
it may have also been a protein-rich continuous network with some pores and separate 
protein structures. The SPI pellet was made of swollen protein structures, surrounded by 
water. It may be that some structures were also aggregated, or that a semi-continuous 
network was formed. In addition, relatively large pores were found within the structures. In 
the LPC pellet, small protein structures were visible, surrounded by water. The VWG pellet 
was a continuous network, with suspended pores filled with water. In this network the 
VWG particles could no longer be distinguished, which was also found by Cumming & 
Tung (1975)[34] and Roccia, Ribotta, Pérez, & León (2009)[125] when they added water 
to VWG.  
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Table 10. The size and shape of the dry particles of pea protein isolate (PPI), soy protein isolate (SPI), 
lupin protein concentrate (LPC), and vital wheat gluten (VWG). In addition, the microstructure of 
pellets made from these particles, obtained after hydrating them for 3 h in an excess amount of water 
and subsequent centrifugation; the area fraction of protein-rich structures in these images of 
the pellets (-); and the resulting dry matter content in the protein-rich structures in the pellet (%). 

Material Image particles Image pellets Area fraction 
protein-rich 
structures 

 
(-) 

Dry matter 
content 

protein-rich 
structures 

(%) 

PPI 

z   

0.98 (0.01) 15 

SPI 

  

0.57 (0.09) 15 

LPC 

  

0.59 (0.17) 39 

VWG 

  

0.78 (0.06) 43 

 

200 µm 

200 µm 

200 µm 

200 µm 
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The area fraction of water and the protein structures in the pellets was estimated from the 
images of the pellets (Table 10). With this information, the WBC of the protein-rich 
structures themselves was approximated (Table 8). This resulted in similar amounts of 
water being bound by the SPI and PPI protein structures, and by the LPC and VWG 
structures. The swelling of the structures was also estimated by determining the size of the 
structures after swelling (Appendix C). However, the curves seemed to be significantly 
affected by either dissolution of the material or by aggregation, or both, and are therefore 
not taken into account here. 

3 . 4  D y n a m i c  a d s o r p t i o n  i s o t h e r m s  

The dynamic adsorption isotherms of the protein particles (Fig. 29) show that until 
[D = 0.6, the water sorption of all protein particles overlap. A possible explanation may be, 
based on the Flory–Rehner theory, that the differences in crosslink density and 
hydrophilicity of the various particles resulted in a similar water uptake. However, 
Paudel,   et   al. (2015)[111] state that the effect of crosslink density is negligable 
below [D = 0.8. Therefore, this overlap may also mean that the protein–water interaction 
parameter b was similar for the various materials; in other words: the hydrophilicity of the 
materials was similar. 
 At [D = 0.7, VWG started to deviate from the other materials, because it absorbed less 
water than the other particles (Fig. 29). At larger [D-values, VWG also bound the least 
amount of water. Differences in the amount of water absorbed by the other particles were 
found at [D = 0.9 and 0.95 (Fig. 29). LPC absorbed the largest amount of water, followed 
by PPI and SPI. Differences in this region can be explained by differences in the 
crosslink density of the materials. The higher its crosslink density, the less water is 
absorbed by the material, and the less it is able to swell at high [D-values. As a side note, 
the effect of pores on swelling is not taken into account with the Flory–Rehner theory. 
However, pores also affect the adsorption isotherm over the whole [D-range (small pores at 
lower [D-regions and larger pores in the larger [D-regions).[80][86] 
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Fig. 29. Dynamic adsorption isotherms of pea protein isolate (PPI) (open square), soy protein isolate (SPI) 

(open  triangle), lupin protein concentrate (LPC) (open circle), and vital wheat gluten (VWG) 
(open diamond). The standard deviation is based on two measurements. 

3 . 5  R e l a x o m e t r y  b y  1 H  t i m e  d o m a i n  n u c l e a r  m a g n e t i c  r e s o n a n c e  o n  t h e  p e l l e t s  

o f  p r o t e i n - r i c h  p a r t i c l e s  

Pellets of the protein-rich particles were investigated with time domain nuclear magnetic 
resonance (TD NMR). PPI pellet spectra showed two peaks when hydrated for 0 h and 3 h 
(Fig. 30A): one main peak and a smaller peak to the left of the main peak. The pellets of the 
particles which were hydrated for 3 h had a narrower main peak with a slightly higher 
de-value, whereas the small peak had a slightly lower de-value. 

SPI pellets showed a main peak and a smaller peak to its left (Fig. 30B). When SPI was 
hydrated for 3 h instead of for 0 h, the main peak shifted to the left, while the small peak 
did not change. 

The LPC spectra show a main peak with a shoulder on its left when the proteins were 
hydrated for 0 h (Fig. 30C). This shoulder became more pronounced after 3 h of hydration. 
In addition, the main peak shifted to the right after 3 h of hydration. 

VWG pellet spectra also showed a main peak (Fig. 30D). In addition, a single smaller 
peak to the left of the main peak, with its own shoulder on its left, was present when gluten 
was hydrated for 0 h. The pellet, obtained from VWG that was hydrated for 3 h, showed a 
main peak and three smaller peaks: one peak on the left side of the main peak, and two 
peaks to the right. The de-value of the top of the main water peak did not change when 
hydrated for either 0 h or 3 h. 
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Fig. 30. The CONTIN de-spectra of pellets of (A) pea protein isolate (PPI), (B) soy protein isolate (SPI), 

(C) lupin protein concentrate (LPC), and (D) vital wheat gluten (VWG). Pellets were obtained from the 
water-binding capacity experiment, in which excess water was added to the protein-rich particles and 
the particles were hydrated for 0 h (solid line) and 3 h (dashed line). 
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3 . 6  R e l a x o m e t r y  b y  1 H  t i m e  d o m a i n  n u c l e a r  m a g n e t i c  r e s o n a n c e  o n  

p r o t e i n - r i c h  p a r t i c l e  d i s p e r s i o n s  

Calibration curves were made from all protein-rich powders that relate ge (ge  =  1/de) to 
the dry matter content, by using the largest peak in the de-spectra (Fig. 31A). For PPI, LPC 
and VWG, this calibration curve shows a non-linear correlation, while for SPI an almost 
linear correlation was obtained. A non-linear correlation between the dry matter 
concentration and ge was also described for both undenatured and denatured bovine serum 
albumine dispersions (0 to 60% w/w dry matter).[104][105] Linear correlations were reported 
for whey protein concentrate, egg white powder, and soybean 7S globulin, in a 
concentration range of 6 to 18% w/v dry matter.[87] Linear correlations for our protein 
samples were also found in every calibration curve at certain concentration ranges, the 
length of which was dependent upon the material tested (Fig. 31B, C, D and E). 
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Fig. 31. (A) Calibration curves that correlate the relaxation rate ge (s-1) with the dry matter content (% w/w) of 

pea protein isolate (PPI) (open square), soy protein isolate (SPI)* (open triangle) lupin protein 
concentrate (LPC) (open circle), and vital wheat gluten (VWG)* (open diamond). Calibration curves of 
PPI (B), SPI (C), LPC (D) and VWG (E) in which the linear regimes are denoted with a solid line. 

 * Data obtained from Dekkers, et al. (2016)[41] 
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The calibration curves of PPI, SPI and LPC overlapped at low concentrations, up to 
approximately 15% w/w (Fig. 31A). At concentrations above 15% w/w, PPI and LPC 
showed similar behaviour; unlike SPI, whose ge–dry matter content correlation increased 
more sharply. The VWG calibration curve could only be measured from 20% w/w onwards, 
because, at lower concentrations, water was no longer absorbed by the clumped gluten. The 
addition of extra water just added to the amount of bulk water (compare pouring water in a 
glass with a marble in it). The VWG calibration curve actually showed the same trend as 
PPI and LPC (i.e., a non-linear correlation), just starting at a higher ge-value and dry matter 
content. However, the VWG calibration curve increased more gradually in the beginning of 
the curve than was found for the other materials.  

The main peaks found in Fig. 30A, B, C, and D and the calibration curves of Fig. 31A, 
were used to calculate the WBC-P (Table 8). Remarkably, Table 8 shows that a 
significantly lower WBC-P was obtained when the WBC-P was calculated from the 
TD NMR data for PPI, SPI and VWG. The WBC-P of LPC was similar, regardless of when 
it was calculated from the weight of the pellet or from TD NMR. 

3 . 7  D i f f u s i o n - r e l a x a t i o n  c o r r e l a t i o n  s p e c t r o s c o p y  o n  t h e  p r o t e i n - r i c h  

p a r t i c l e  p e l l e t s  

Differences between the various samples were found when measuring the diffusivity 
of   water in the pellet (Fig. 32). PPI and SPI pellets both showed one clear 
diffusion coefficient (f)-peak, with a slightly lower f-value for the PPI pellet. The LPC 
pellet had one main f-peak (which had a lower f-value than PPI) with a small shoulder on 
the left-hand side (thus indicating an even lower f-value). The VWG pellet showed a main 
diffusion coefficient peak, which had the lowest f-value among all pellets tested, as well as 
a smaller peak with a larger diffusion coefficient. Overall, a larger WBC-P correlated with 
a larger f-value of the main peak. 



Chapter 5 

126 

Ch
ap

te
r 

5 

Materials hi–j correlation j-distribution 

PPI 

  

SPI 

  

LPC 

  

VWG 

  

Fig. 32. The de– f (diffusion coefficient) correlation and the f-distribution of pellets from pea protein isolate 
(PPI), soy protein isolate (SPI), lupin protein concentrate (LPC), and vital wheat gluten (VWG), as 
made by adding an excess amount of water and hydrating the protein-rich particles for 3 h. 
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4 Discussion 
In this research, we investigated the water-binding properties of pellets originating from 
four kinds of plant protein particles: pea protein isolate (PPI), soy protein isolate (SPI), 
lupin protein concentrate (LPC) and vital wheat gluten (VWG). To obtain pellets of these 
materials, excess water was first added to the particles. The resultant dispersion was 
hydrated and immediately centrifuged (referred to as hydrated for 0 h), or left for 3 h of 
hydration and then centrifuged. Centrifugation of the dispersions resulted in the formation 
of supernatant with some dissolved material (Table 9) and a pellet. Within the pellet, water 
was either bound internally (within the structures or network) or interstitially (between the 
structures or within the pores of the network) (Table 10; Fig. 33). To determine the general 
underpinnings of the water-binding by protein structures in pellets, the water-binding of 
each type of pellet will be discussed first. Thereafter, the general trends will be extracted 
from this information. 

 

Fig. 33. The two kinds of pellet microstructures that can be obtained after centrifuging a dispersion of protein 
particles: (A) The pellet consists of protein structures that contain internal water. These structures are 
dispersed in interstitial water; (B) The pellet consists of a (semi-)continuous network that contains 
internal water. The network’s micropores contain additional interstitial water. 

4 . 1  W a t e r - b i n d i n g  i n  p e a  p r o t e i n  i s o l a t e  p e l l e t s  

The PPI pellet consisted of swollen protein structures (or a network) with barely any 
interstitial water (Table 10). This coincides with the PPI pellets’ f -distribution, which 
showed one f-peak with a f-value lower than that of bulk water (Fig. 32; f-value of 
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bulk  water is approximately 2.5 × 10-9 m2 s-1),[120][127] implying the presence of a 
homogeneous pellet structure in which water was slightly restricted in its mobility. In 
addition, only one main de-peak was found in the de-spectra of the pellet, which also points 
to the presence of a single water domain (Fig. 30A). The isotherm of PPI suggests that PPI 
can swell relatively well, because it contained the second largest amount of water at 
[D >0.8 (Fig. 29). This all indicates that the WBC-P of PPI was predominately determined 
by the relatively large swelling capacity of PPI.  
 In addition, it seems that the PPI structures were weak and deformable, which may 
have caused interstitial water to be easily expelled and the structures to press together or 
even coalesce, resulting in a homogeneous structure after centrifugation (Table 10). This 
also seems to be a viable explanation for the discrepancy between the water-binding 
capacities of the pellets (WBC-Ps), as calculated via the weight of the pellet and TD NMR 
(Table 8). The only difference between the treatments of the samples used for the 
calibration curve and the pellets is the centrifugation step. This suggests that the interaction 
between the protein structures and water changed due to centrifugation. Both PPI and SPI 
particles contained large voids (Table 10) that may have weakened their structure, and 
showed a discrepancy in the WBC-Ps, as calculated via both methods (Table 8). In contrast, 
the LPC particles were more solid (Table 10), and their WBC-P was similar for both 
methods (Table 8). However, it is not completely clear from the images of the pellets 
whether coalescence, collapse, or both, of the PPI and SPI structures did indeed occur 
(Table 10). A second possibility is that air, present within the voids of the PPI and SPI 
particles, increased the de-values of the dispersions.[165] This air may have been removed 
from the sample during centrifugation, resulting in a lower de -value of the pellets as 
compared to that of a dispersion with the same concentration, and a lower WBC.  

4 . 2  W a t e r - b i n d i n g  i n  s o y  p r o t e i n  i s o l a t e  p e l l e t s  

The pellet of SPI contained the largest amount of water (Table 8): a combination of water 
bound within the SPI structures (and its pores), and between the structures (Table 10). 
Although two or three water domains were visible in the images of the SPI pellet 
(Table 10), only one main peak was found in the de-spectra (Fig. 30B). This discrepancy is 
thought to be caused by a fast exchange of water between the various domains; the f-value 
of water in the SPI pellet had a similar f-value to bulk water (Fig. 32), resulting in an 
average de-peak for the water domains.[92] We hypothesize that water exchanged quickly in 
the SPI pellet, because all structures were relatively open: the dry SPI particles comprised 
voids, and the SPI pellet contained large water domains outside, and sometimes within, the 
SPI structures (Table 10). 

Swelling of the SPI structures seems to have played an important role on the overall 
water-binding by the pellet. The swollen SPI structures contained, according to rough 
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calculations based on the CLSM images, the same amount of water as the PPI structures 
(Table 8). In addition, a significant amount of water was visible between the protein 
structures and within the pores of the protein structures (Table 10). It is likely that this 
water contained proteins, either dissolved or as highly swollen structures, because the 
supernatant of SPI contained some dry matter (Table 9). Therefore it may be that interstitial 
water was bound by some highly swollen structures that were dragged down during 
centrifugation, or by dissolved proteins (as suggested for water-binding between 
heat-gelated whey protein microparticles (Chapters 2 and 3)). It also may be that 
interstitial water was bound due to capillary forces, or particle–particle 
interactions,   or   a   combination thereof (as reported for cold-gelated whey protein 
microparticles (Chapter 4)). 
 We speculate that the difference in the manner of water-binding in the SPI pellet, 
compared to in the PPI pellet, may be partly caused by the strength of the swollen SPI 
structures. According to the isotherm of the SPI pellet, less water was bound by SPI than by 
PPI at the same water-activity (Fig. 29), suggesting that the SPI particles contained more 
crosslinks than the PPI particles did. Hence it is possible that the SPI particles and their 
pellet were less deformed by centrifugation and that less water was expelled. 

4 . 3  W a t e r - b i n d i n g  i n  l u p i n  p r o t e i n  c o n c e n t r a t e  p e l l e t s  

The LPC pellet had the second lowest WBC-P among the tested materials (Table 8). The 
following results suggest that the LPC structures were not able to swell much, which was 
also found for lupin protein isolate.[16] First of all, images of the LPC pellet show that the 
LPC structures were still relatively small (Table 10), resulting in a rather small WBC for 
the LPC structures themselves (Table 8). Secondly, it was expected that the LPC structures’ 
small size would lead to one de-peak in their de-spectra, being an average of both internal 
and interstitial water. Averaging of the de-peaks will occur in case of a combination of 
small structures; small difference in relaxation rate (ge) between the domains; and fast 
diffusion of water between the domains.[92] However, a shoulder (at 0 h of hydration) and a 
smaller peak (at 3 h of hydration) were visible to the left of the main peak (Fig. 30C). This 
means that the difference in ge (kge) between internal and interstitial water was rather 
large, or the diffusion in water was limited, or a combination of both caused a limited water 
exchange. A considerable amount of material is expected to be present within the 
interstitial water that increased the ge-value, because the solubility of LPC was relatively 
large (Table 9). Therefore, to reach a sufficiently large difference between the ge-values, 
the ge-value of internal water must have been even larger. This could only have occurred 
when the LPC structures absorbed a limited amount of water. The f-distribution of the 
LPC pellet suggested the presence of two water domains, as shown by the main peak with 
shoulder (Fig. 32); which can be explained by the presence of dense LPC structures, and 
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interstitial water with a lower dry matter content. Only the isotherm of LPC is in 
contradiction with the idea that LPC particles did not swell much, because it showed that 
LPC particles contained the largest amount of water at [D > 0.8 among all tested particles 
(Fig. 29). This large water-binding may have been caused by the presence of carbohydrates 
in LPC. It is known that hygroscopic components like carbohydrates can bind a large 
amount of water in the higher [D-region and may cause additional water-binding via liquid 
bridges.[112] However, the isotherm was not measured at [D > 0.95, which is the expected 
[D  of structures when swollen. Up to [D = 0.95, the total amount of bound water was only 
0.46  g  water/g  dry matter (Fig. 29), which is an order of magnitude smaller than 
water-binding in excess water conditions (Table 8).  
 Besides swelling, the presence of interstitial water also seems to be a significant factor 
that contributes to the WBC-P, according to the ratio of water inside and between the 
protein structures (Table 8). The ability to calculate the WBC-P via the de-value of the 
main curve (Table 8), which is likely to be related to water between the LPC structures, 
also implies that interstitial water played a significant role. The manner in which water is 
bound between the LPC structures is not yet clear, though it is possible that inclusion is due 
to (a possible combination of) capillary forces, interactions between structures, the presence 
of highly swollen protein structures, or swollen proteins. Additionally, water may have 
been bound by carbohydrates. 

4 . 4  W a t e r - b i n d i n g  i n  v i t a l  w h e a t  g l u t e n  p e l l e t s  

VWG seems to be a special case in comparison with the other proteins that were tested. Its 
ge–dry matter content calibration curve deviated significantly from the curves obtained by 
the other proteins (Fig. 31A). In addition, the de-spectra of the VWG pellet had one main 
peak and several smaller peaks (Fig. 30D). From our results it is not clear why VWG 
behaved so differently, though it is known that VWG has unique properties.[38] 

It seems that the WBC-P of VWG was predominantly determined by the 
(relatively small) amount of water that could be bound by VWG, because the WBC-P was 
similar to the WBC of VWG (Table 8). This is remarkable, because interstitial water was 
present in the pellet (Table 10). However, this amount of water did not decrease the amount 
of water bound by VWG, because the amount of water in the pellet was relatively small; 
lowest among all materials tested (Table 8). The isotherm of VWG also showed that VWG 
swelled the least of all tested particles (Fig. 29). This may be caused by the hydrophobic 
nature of VWG.[38] However, its adsorption isotherm did not bear out that VWG is more 
hydrophobic than the other particles. 
 This hydrophobicity may also have caused the hydrophobic groups to drive water from 
their vicinity towards hydrophilic parts of VWG, resulting in a very strong water-binding 
by these parts: the f-value of the main peak is relatively small, suggesting water to be 
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rather restricted in its mobility (Fig. 32). The two peaks in the f-distribution (Fig. 32), 
as well as the main peak with several smaller peaks in the de-spectra (Fig. 30D), show that 
the VWG pellet is heterogeneous: water is bound in several distinct water domains; more 
than we could distinguish in the image of the pellet (Table 10). Previous research on 
gluten–water systems,[19] showed that the peaks were related to the –CH, –NH, –OH or –SH 
protons (peaks to the left of the main peak); gluten sheets (main peak) that reacted with 
water; and water expelled by gluten (peak to the right of the main peak). We consider this 
division in water domains plausible, even though these water-domains are not visible in the 
images of the pellet (Table 10). 

4 . 5  W a t e r - b i n d i n g  c a p a c i t y  o f  p r o t e i n - r i c h  p a r t i c l e  p e l l e t s  

The information above shows that there are some general principles that are valid when the 
WBC of protein particles is determined via their pellet, when the special case of VWG is 
not taken into account. First of all, images of the pellets show that both internal and 
interstitial water domains were present within the pellets (Table 10). Only the PPI pellet 
contained barely any interstitial water. Consequently, a lower WBC was found for the 
structures of SPI and LPC than for their pellets, when calculated from the 
protein area-fraction of the image of the pellet, whereas a similar WBC was found for 
PPI structures and pellets (Table 8). In addition, it may be that PPI formed a new network; 
and that SPI structures partly coalesced or formed a semi-continuous network, while 
determining the WBC-P (Table 10). Such pellets most likely no longer represent the 
interaction of particles with water, and may therefore be used to explain why the WBC-P 
was only partly correlated with the WBC of the constituent particles (Table 8), and why it 
could not be predicted from the sorption isotherms (Table 8 and Fig. 29). However, it may 
also be that swelling is not always the determinant factor for the WBC-P. In light of the 
above, we conclude that the WBC-P is unequal to the WBC of the particles themselves. 
 Furthermore, it can be surmised from the information in the previous sections that the 
amount of water that is bound within the pellets is determined by two factors: the toughness 
of the particles (i.e., their ability to swell and to resist disintegration and expulsion of water 
during centrifugation—which is likely to be influenced by the crosslink density of the 
particles and the presence of pores), and their ability to bind interstitial water (Fig. 34). This 
toughness determines which of the two roughly distinguished microstructures the pellet 
contains: that of particles suspended in water, or of a protein network with water inside its 
pores (there may also be an intermediate structure present: partly coalesced particles) 
(Fig. 33). This toughness also seems to determine in which way TD NMR can be used to 
provide information about the WBC-P and the amounts of water in the different 
domains (Fig. 34). 
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In case the particles are very tough (i.e., possessing a high crosslink density and a small 
amount of pores), as is the case with LPC particles and heat-gelated microparticles 
(Chapter 3), they are unable to absorb a large amount of water, and will remain present as 
particles in the pellet, surrounded by water. It is expected that the amount of water in both 
water domains, as well as the WBC-P, can be determined with TD NMR, due to the high 
density of the particles (Fig. 34). 
 When particles are able to swell sufficiently, they remain present as particles in their 
pellet, if they are also tough enough to withstand the centrifugal force (like SPI and 
cold-gelated microparticles (Chapter 4)). In that case water will, most likely, exchange 
quickly between the two water domains, allowing the use of a fast exchange model to 
estimate the water division in the pellet and the WBC-P (Fig. 34). However, if particles are 
too weak to withstand the centrifugal force, a new structure (network) will be created 
(as seems to be the case for PPI). This network will probably contain an insignificant 
amount of pores, since the proteins would not be able to maintain them. In this case, 
TD NMR may be used to determine the WBC-P directly from the pellet, if the effect of 
centrifugation on the protein–water interactions is known (Fig. 34). 
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Fig. 34. Schematic representation of the effect of the toughness of protein particles on the swellability of the 

particles; the microstructure of the formed pellet; and the ability to obtain more information about the 
pellet and its water domains, using time domain nuclear magnetic resonance (TD NMR). 
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5 Conclusions 
The water-binding capacity (WBC) of proteinaceous particles is commonly calculated from 
the pellet weight that is obtained after centrifuging a dispersion of these particles. 
Generally, it is not taken into account whether a significant amount of water is present 
between the particles. Soy, lupin, and gluten protein particles all formed a pellet that 
consisted of protein structures with a noticeable amount of interstitial water. Only the pea 
proteins formed a pellet that contained barely any interstitial water. In addition, it was 
found that the pellets formed, roughly speaking, two kinds of microstructures: particles 
suspended in water, or a protein network that additionally bound water in its pores. Such 
networks probably no longer represent the interaction of particles with water, resulting in 
other particle–water interactions. Consequently, the WBC of the pellet (WBC-P) differed 
from the WBC of the particles themselves. That is why the protein(structure)–water 
interactions of the protein particles and their pellets were further investigated with 
time domain nuclear magnetic resonance (TD NMR), among other tools. TD NMR turned 
out to be a good additional tool for this purpose, and has the potential to give an indication 
of the amount of water that is present in each water domain. From the information about the 
protein(structure)–water characteristics of the particles and their pellets, it was finally 
concluded that variations in the WBC-P were the result of differences in the toughness of 
the particles (i.e., their ability to swell and to resist disintegration and expulsion of water 
during centrifugation, which is likely influenced by the crosslink density of the particles 
and the presence of pores), and their ability to bind water interstitially. 
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1  Introduction 
The aim of this thesis is to gain a better understanding of the water-binding properties of 
protein microparticles (MPs). These are particles with a maximum size in the micro-range 
(1 to 1000 µm) that were obtained either by making them ourselves or via the industry. 
Insight in their water-binding properties is needed to eventually create protein particles that 
can absorb ≥ 90% w/w water and bind this water tightly. These particles can potentially be 
used in (dairy) products to decrease their caloric content, by increasing the total water 
content, without affecting sensory perception. Overall, we conclude that pellets of 
microparticles can indeed bind ≥ 90% w/w of water.  
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2 Main  f indings and conclusions 
The water-binding capacity (WBC) is an important property of proteins, which quantifies 
the protein(structure)–water interactions. A frequently used method to determine the WBC 
of protein particles consists of first making a dispersion of the particles and centrifuging it, 
which leads to the formation of a pellet (i.e., a cake of protein particles) and supernatant. 
Pellets studied in this thesis had roughly two kinds of microstructures: that of particles 
suspended in water, or of a (semi-)continuous protein network with interstitial water in its 
pores (Fig. 35). The weight of the pellet is often considered as a good measure for the WBC 
of particles, thereby neglecting the amount of interstitial water. 

 
Fig. 35.  The two kinds of pellet microstructures that can be obtained after centrifuging a dispersion of protein 

particles. (A) The pellet consists of protein particles that contain internal water. These particles are 
dispersed in water (interstitial water). (B) The pellet consists of a (semi-)continuous network that 
contains internal water. The network’s micropores contain additional interstitial water. 

In this research we investigated the WBC of two types of whey protein MPs: heat-gelated 
whey protein microparticles (HG MPs) (Chapters 2 and 3) and cold-gelated MPs 
(CG MPs) (Chapter 4). In addition, the WBCs of pea protein isolate (PPI), soy protein 
isolate (SPI), lupin protein concentrate (LPC) and vital wheat gluten (VWG) particles were 
explored (Chapter 5). HG MPs were made by heating and simultaneously mixing a 
40% w/w whey protein isolate (WPI) solution. The resulting broken gel pieces were dried 
and milled, providing HG MPs. CG MPs were made in a two-step process, of which the 
first step consisted of making aggregates by heating a 9% w/w WPI solution. Subsequently, 
an acidifier was added to reduce the charges on the aggregates, inducing gelation at 
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room  temperature. A locust bean gum solution was added prior to gelation of the 
aggregates, which resulted in phase separation and the formation of CG MPs. 

In Chapter 2, the Flory–Rehner model was used to ascertain which characteristics 
would increase the swelling capacity of MPs in water. This model showed that the 
crosslink density would be the most important factor for our research. To investigate this, 
the crosslink density of HG MPs was both increased and decreased (a type of 
nanostructuring). However, only a decrease in the crosslink density resulted in a significant 
change of the WBC of the pellet (WBC-P) (increasing from 6 to 9 g water/g dry matter). It 
is hypothesized that HG MPs already had a very high crosslink density; for that reason the 
overall crosslink density was not significantly affected by creating additional crosslinks. 
Although a decrease in the crosslink density resulted in a considerably increased WBC-P, 
the swelling of the individual HG MPs was not greatly enhanced. This implies that a 
significant amount of interstitial water remained between the HG MPs (Fig. 36; 
image pellet, and as in Fig. 35A), revealing that the WBC-P is not a measure for the WBC 
of HG MPs themselves. 

To investigate the importance of internal and interstitial water to the overall WBC-P of 
HG MPs, their pellets were further analysed with time domain nuclear magnetic resonance 
(TD NMR) in Chapter 3. The resulting spectra showed two peaks that were related to 
internal and interstitial water (Fig. 36; !"-spectrum), revealing that the WBC-P of HG MPs 
was primarily determined by the amount of interstitial water, and only to a small extent by 
the amount of internal water. This demonstrates that the WBC-P is unequal to the WBC of 
the HG MPs themselves. In addition, it was found that an increase in the WBC-P was 
predominantly caused by an increase in interstitial water. A very remarkable and not well 
understood observation was that the protein concentration of interstitial water was similar 
for all particles investigated. We theorized that this may have been caused by small, highly 
swollen protein aggregates that ended up between the HG MPs during centrifugation. 
Furthermore, this research revealed that the WBC-P could be accurately measured 
with TD NMR. 

In Chapter 4, the WBC-P and WBC of CG MPs were investigated. We influenced the 
WBC-P by applying a shearing or mixing force during gelation, which resulted in a change 
in size and shape of the CG MPs. Spherical CG MPs were obtained when no shearing or 
mixing force was applied (unsheared and unmixed particles), while smaller irregularly 
shaped CG MPs were formed otherwise (sheared and mixed particles). All these MPs had a 
remarkably large WBC-P (ranging from 11 to 18 g water/g dry matter), with the largest 
WBC-P for the sheared and mixed CG MPs. This observation was explained by increased 
particle–particle interactions, resulting in more water inclusion between the smaller 
(sheared and mixed) CG MPs than between the larger (unsheared and unmixed) CG MPs. 
The significance of particle–particle interactions was confirmed by blocking the thiol 
groups of the CG MPs, which resulted in a lower WBC-P. This was ascribed to the 
presence of fewer particle–particle interactions. 
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TD NMR spectra of all the CG MP pellets showed one main peak (Fig. 36; !"-spectrum), 
although the pellet images showed two water domains (internal and interstitial water, as in 
Fig. 35A and Fig. 36; image pellet). This was caused by fast diffusional exchange of water 
between these domains, implying that the CG MPs and their pellets had a more open 
structure than the HG MPs and their pellets (Fig. 36; !"–# correlation). A two-state 
fast diffusional exchange model was therefore used to estimate the amount of water present 
in each of the two water domains. We assumed that no proteins were present in the 
interstitial water, based on the observation that the supernatant, obtained after centrifuging 
the pellets, had a relaxation time equal to that of water without proteins. The model implied 
that the WBC-P was here mainly determined by the amount of interstitial water in the pellet 
as well. 

The behaviour of MPs in a pellet suggested that water-binding by protein particles is 
based on a few general principles. That is why, in Chapter 5, we investigated the WBC-P 
of PPI, SPI, LPC and VWG particles. The pellets of these materials could be divided into 
the two kinds of pellet microstructures mentioned above (Fig. 35A and B). In all pellets, 
except for PPI, a significant amount of interstitial water was present. This reinforced the 
idea that the WBC-P is unequal to the WBC of the protein particles themselves; either 
because interstitial water was present between the particles, due to the formation of a new 
structure (i.e., a (semi-)continuous network), or both.  

The WBC-Ps of pellets originating from these particles ranged from 
1.5  to  9.2  g  water/g  dry matter, which was hypothesized to be caused by variations in 
toughness of the particles (i.e., their ability to swell and to resist disintegration and 
expulsion of water during centrifugation, which is influenced by the crosslink density of the 
particles and the presence of pores) and the ability to bind interstitial water. With a 
combination of TD NMR, microscopy and adsorption isotherms, we were able to gain a 
better understanding of the properties of these pellets and their constituent particles, 
providing information about the water-binding characteristics, the microstructure of the 
particles and pellets, and the diffusivity of water. 

Overall, we found that it is possible to create pellets of protein particles that possess the 
required WBC of ≥ 9 water/g dry matter. However, the WBC-P is determined by the 
summation of the amounts of internal and interstitial water, and is therefore higher than the 
WBC of all individual protein particles together. In closing, we have found that TD NMR is 
a viable additional tool to improve the understanding of the WBC of the protein particles 
and their pellets. 
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3 Evaluation of  the approaches 

3 . 1  M a t e r i a l  

Whey proteins were used to make whey protein microparticles (MPs). For the purpose of 
reaching a better understanding of the water-binding properties of MPs, and for the 
flexibility of changing the micro- and nanostructure of the protein particle matrix, whey 
proteins were a good choice in case of dairy proteins. Just a simple heat treatment leads to 
novel structures in whey proteins on various length scales. Macroscopically, these changes 
can result in the formation of a gel. In addition, the micro- and nanostructure of this 
whey protein gel can quite easily be adapted by, for example, changing the pH or protein 
concentration.[23][55] Making new structures from the other main dairy protein group, 
caseins, is less straightforward, because they have little to no secondary and tertiary 
structure and can therefore barely be denatured.[169] 

Two kinds of MPs were made from whey protein: HG MPs and CG MPs. To 
eventually produce HG MPs, we dried the heat-gelated gel pieces that were obtained after 
mixing and heating. For industrial-scale production, this is not a sustainable procedure 
when these MPs would subsequently be rehydrated and dispersed into a product. It would 
be better to omit the drying step and instead add wet HG MPs directly to the product. This 
might even be advantageous, because it is likely that a larger amount of water can be bound 
by the wet HG MPs. Drying frequently causes irreversible changes such as the collapse of 
(pores within) the structure, thereby resulting in a lower rehydration capacity.[93] Whey 
protein isolate (WPI) gels were found to hold more water when they were fresh compared 
to dried gels that were rehydrated (Fig. 37). An advantage of using dry particles is that this 
will give better control over particle size and storage stability, which facilitates doing 
experiments and industrial application. 
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Fig. 37.  The water-holding capacity (amount of water hold by samples when present in excess water) of fresh 

and dried (2 days at 50 °C) whey protein isolate (WPI) gels made with various concentrations of WPI. 
The standard deviation given is based on results of three measurements. 

3 . 2  M e t h o d o l o g y  

This research focuses on the central important characteristic of the protein particles: their 
WBC. Although the WBC is a very important and frequently investigated property of 
proteins (and other food ingredients), it is poorly defined. In literature, several definitions 
can be found, various terms are utilized, and different methods are used to determine 
the  WBC.[30][42][77][85][148] Therefore, the WBC as such does not exist, and needs 
further specification. 

To quantify the WBC of protein particles, we employed the frequently used method in 
which a dispersion is made from the particles, and the WBC of the pellet (WBC-P) is 
subsequently determined via the pellet weight that is obtained after centrifugation. In this 
method, the WBC-P depends upon the temperature, hydration time, amount of water used 
(excess or minimal amount of water), quality of the water (e.g., pH and amount of ions 
present), centrifugation speed and time, and type of centrifugation tube (without or with 
filter that facilitates a separation of supernatant and pellet, to prevent reabsorption after 
removal of the centrifugation force). Additionally, various calculations for the WBC are 
reported in literature. Fig. 38 and 39 show an example of the effect on the WBC-P of some 
variations of the method. These differences in methods have an advantage as well, because 
comparing the effect of a change in one of the above parameters on the WBC-P gives 
insight into factors that determine the WBC-P. For example, Fig. 38 shows that all particles 
absorbed water quickly, because similar values were obtained after 0 h and 3 h of 
hydration. Fig. 39 shows that the centrifugation speed has barely any effect on the WBC-P 
of HG MPs, but a major effect on the WBC-P of the CG MP pellets. 
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Fig. 38. The water-binding capacity of pellets (WBC-P) of pea protein isolate (PPI), soy protein isolate (SPI), 

lupin protein concentrate (LPC), heat-gelated whey protein microparticles (HG MPs) and vital wheat 
gluten (VWG), after a minimal amount of water was added and the proteins were hydrated for 0 h 
(i.e., centrifugation was applied directly after suspending particles in water) or 3 h; and after excess 
water was added and the proteins were hydrated for 0 h or 3 h. Here, the WBC-P was calculated from 
the weight of the material added before hydration, compared to the weight of the pellet after 
centrifugation. The WBC-P was also calculated from comparing the weight of the pellet after drying it 
in an oven with its weight immediately after centrifugation (open bars). The standard deviation given is 
based on results of four measurements. 

 
Fig. 39. The WBC-P of heat-gelated microparticles (HG MPs) and cold-gelated microparticles (CG MPs) 

measured over a range of centrifugation speeds (rpm). The standard deviation given is based on results 
of three measurements for the HG MPs and four measurements for the CG MPs. 
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Our research indicates the importance of interstitial water to the WBC-P (Fig. 36; 
image pellet). In hindsight, it would therefore have been better not to measure the WBC of 
a pellet of particles, but instead merely to look at the swelling of the particles to determine 
the effect of variations in the micro- and nanostructures on the WBC. The accurate 
determination of the swelling of particles of this size is, however, difficult, because water is 
easily trapped between particles (for example, when determining the swelling via the 
isotherm of the particles, liquid bridges will form at a critical moisture content),[112] or 
because one would have to make many assumptions in the interpretation of the 
measurements (e.g., during the determination of the particle size distribution). An 
alternative approach is to investigate macro-gels instead of micro-gels, to determine which 
properties proteins and their structures should have to absorb a lot of water. However, 
making relevant macro-gels is not trivial either. For instance, one has to make sure that no 
air bubbles are introduced. They need to be subjected to an external force field for a long 
time, because the moisture permeation is quite slow. Further, the pore structures inside and 
around the particles are not necessarily the same as in a larger (macro)gel. Finally, a large 
amount of chemicals and longer treatment times are needed to induce, for example, a 
change in the crosslink density, while the homogeneity in larger gels is always subjected 
to discussion (Fig. 40). 

   
Fig. 40. Whey protein isolate macro-gels after incubation in a (A) genipin, or (B) transglutaminase solution at 

25 °C for 24 h. Both gels have a diameter of 20 mm. One can see that the components have penetrated 
only slightly into the matrix; demonstrating that investigating a macro-gel instead of microparticles can 
pose its own challenges.  
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4 Scientif ic implications and future research 

4 . 1  S u p e r - a b s o r b e n t  p r o t e i n  p a r t i c l e s  d u e  t o  m i c r o s t r u c t u r i n g ?  

Based on the existing knowledge of synthetic super-absorbent polymers and the 
understanding of swollen polymeric networks through theories like the Flory–Rehner 
equation, we envision two routes to enhance the swelling in water of MPs: decreasing the 
crosslink density and incorporating pores into the MPs. 

4 . 1 . 1  C r o s s l i n k  d e n s i t y  

The Flory–Rehner equation states that the crosslink density determines the extent of 
swelling of polymers from water-activity ($%)-values of 0.8 and above.[111][156] A decrease 
in the crosslink density of HG MPs, effected by reducing the amount of disulphide bridges, 
resulted in an increase of the WBC-P of unheated pellets from 4 to 7 g water/g dry matter 
(Chapters 2 and 3). Increasing the crosslink density, by reducing the pH of the starting 
WPI solution closer to the isoelectric point of WPI, caused a reduction in the WBC-P of 
unheated pellets from 4 to 2 g water/g dry matter (Chapter 3). Unexpectedly, these 
changes in the crosslink density did not have a clear effect on the swelling of the MPs 
themselves; the change as observed with the pellets was not as pronounced (Chapters 2 
and 3). We hypothesized that the crosslink density of the HG MPs was already too large to 
have a significant impact on their swelling. This implies that, if the effect of crosslink 
density is the property to observe, dried HG MPs made from a 40% w/w WPI solution are 
not the most ideal starting point; however using HG MPs with a lower WPI content may 
result in a more significant effect on swelling and additionally result in particles that can 
absorb the desired amount of water. 

4 . 1 . 2  P o r e s  

The presence of pores can enhance the WBC of protein particles by binding water through 
capillary forces. However, the effect of pores has not been a main topic of investigation in 
our research on protein particles, due to the fact that we discovered the high degree of 
relevance at the final stage of the project. The presence of micropores in dry PPI and 
SPI particles, in combination with the particles’ increase in size after hydration, and their 
relatively large WBC-P, suggest that the presence of pores is important for water-binding. 
For superporous synthetic polymer hydrogels it was reported that they were able to absorb 
more water than hydrogels with much fewer pores.[108] It is even thought that the WBC of a 
gel can be explained by the presence of pores, especially when considering a gel as a 
network in which interconnected capillaries are present.[11][20][23][67][68] The pore size affects 
the strength of water-binding. A pore size smaller than 100 nm can prevent water leakage 
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from the pores.[43][67][68][186] The pore size distribution is also reported to be important in 
foods. A finer distribution of pores enhances water-binding.[43][67] An even distribution of 
circular pores causes swelling to occur homogeneously.[107] Finally, interconnectivity 
between the pores can lead to faster water adsorption.[107] Incorporating pores in protein 
particles can be accomplished by, e.g., phase separation during synthesis, or by introducing 
air during processing.[71] 

To conclude, future research has to show the viability of purposely nanostructuring 
(e.g., the crosslink density) and microstructuring (e.g., the amount, size, shape, distribution 
and interconnectivity of pores) as a tool to increase the WBC of the particles to 
≥ 9 g water/g dry matter. 

4 . 2  S u p e r - a b s o r b e n t  p r o t e i n  p a r t i c l e s  o r  s u p e r - a b s o r b e n t  p r o t e i n  n e t w o r k s ?   

Chapters 2, 3 and 4 show that it was possible to increase the WBC of the pellets 
originating from the MPs to ≥ 9 g water/g dry matter. The WBC of the MPs themselves 
could not be increased to that extent. This suggests that, to increase the water content in a 
product, it may be more practicable to use a pellet of MPs instead of the MPs themselves. 
The analyses on the pellets of MPs revealed there were two factors that influence the WBC 
of these pellets: the amount of internal water and interstitial water (Fig. 35 and Fig. 36; 
image pellet). 

4 . 2 . 1  I n t e r n a l  w a t e r  

The WBC-P of the HG MPs and CG MPs consisted of two water-domains: internal and 
interstitial water (Chapters 2, 3 and 4; Fig. 36; image pellet). In case of HG MPs, 
TD NMR results revealed that an increase in the WBC-P was only to a very small degree 
due to an increase in internal water (Chapter 3). The importance of internal water to the 
overall WBC-P of CG MPs was small as well, according to the microscopic image of the 
pellets (Chapter 4). Pellets made from plant protein particles all consisted of swollen 
protein structures, either as separate particles or as a building block of a (semi-)continuous 
protein network (Chapter 5). The latter will not be discussed in great detail, because a 
(semi-)continuous protein network may be considered a larger version of a protein particle; 
albeit one that is too big to be utilized in our proposed application. Microscopic images of 
pellets of plant protein particles suggested that internal water played a larger role on the 
overall WBC-P than interstitial water. In conclusion, these results imply that internal water 
is an important factor on the overall WBC-P, though it is not always the largest fraction. 

It was further noticed that internal water frequently seemed to be less important when 
the particles remained distinct from one another in the pellet than when they formed a 
(semi-)continuous network. It is possible that all those particles had a certain toughness 



General discussion 

147 

Ch
ap

te
r 

6 

with which they could withstand the centrifugal force, but which also reduced their 
swelling. We hypothesize that this toughness is predominantly determined by the 
crosslink density and the presence of pores (Section 4.1). Extra experiments need to be 
performed to determine the effect of toughness and to find the optimal combination of 
swelling and toughness for the particles’ proposed applications. An indication of 
the   force   that the particles can withstand can be obtained by, for example, 
capillary   micromechanics[179] or atomic force microscopy. In conclusion, the above 
suggests that there is a connection between the toughness of particles (nanostructure) and 
the structure of the pellet (microstructure). 

4 . 2 . 2  I n t e r s t i t i a l  w a t e r  

The WBC-P of HG MPs and CG MPs was predominantly determined by the amount of 
interstitial water. It was hypothesized that two different phenomena were responsible for 
the water-binding between the MPs. It was thought that highly swollen protein structures 
were present in the interstitial water in the HG MP pellets (Chapter 3). The water between 
the CG MPs seemed to be bound due to particle–particle interactions (Chapter 4). These 
interactions may have played a role in the water-binding between the HG MPs as well. 
There are several interactions possible between proteins, ranging from strong, 
long-range interactions (e.g. hydrophobic interactions) to weak, short-range interactions 
(e.g., Van der Waals interactions).[23] 

A further understanding of the mechanism by which water is bound between 
particles, is an important step in formulating design guidelines for the preparation of 
particles or networks that have a large WBC. We therefore suggest investigating which 
particle–particle interactions play a role between the MPs in the pellet. This may, however, 
pose a challenge. Methods are known that can measure which interactions act within the 
particles, by following their dissolution in solutions with reagents that break specific bonds; 
e.g., disulphide bridges.[88] However, as far as we know, there are no methods that 
investigate which specific interactions between the particles play a role. A second research 
question is whether we can identify highly swollen particles between the HG MPs with, for 
example, a RAMAN microscope that is sensitive enough for low protein concentrations. 
The identification of those particles and their structure may provide insight about the 
characteristics of particles that have a large swelling capacity. 

Overall, pellets are an interesting alternative to particles that are themselves highly 
swellable, providing that they can retain a network within the product to which they are 
applied. Therefore, we hypothesize that the protein structure that can bind the largest 
amount of water will be a network of particles (with a low crosslink density and a large 
amount of pores), that through particle interaction can also include a large amount of water 
between the particles (Fig. 41). 
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Fig. 41. Proposed structure that can bind the largest amount of water: particles with a low amount of crosslinks 

and a lot of pores, which, due to interaction with each other, can bind a large amount of water 
between them. 

4 . 3  C a n  t i m e  d o m a i n  n u c l e a r  m a g n e t i c  r e s o n a n c e  b e  u s e d  a s  a  t o o l  t o  m e a s u r e  

t h e  w a t e r - b i n d i n g  c a p a c i t y  o f  a  p e l l e t  o f  p r o t e i n  p a r t i c l e s  a n d  i t s  

w a t e r  d o m a i n s  s i m u l t a n e o u s l y ?  

4 . 3 . 1  W a t e r - b i n d i n g  c a p a c i t y  a n d  w a t e r  d o m a i n s  m e a s u r e d  w i t h  T D  N M R   

Currently, the WBC obtained through centrifugation is often considered as a measure for 
the water-binding of protein particles.[15][45][75][175][183] However, the results in this thesis 
show that water is bound in a pellet of particles in two different ways: within and between 
the particles (Chapters 2, 3, 4 and 5), or in a protein network (Chapter 5). Consequently, 
the WBC-P frequently does not represent the WBC of its constituent particles. We therefore 
suggest that one should discriminate between the WBC-P and WBC of the particles. This 
will raise awareness of the difference in behaviour of single particles as compared to that of 
a pellet of particles. In addition, it will result in a more accurate value for the WBC in the 
application in which particles, or a pellet thereof, are used. This distinction is not only 
recommended for protein particles, but for all materials for which the WBC is investigated. 
With regard to fibres, for example, it has also been reported that a significant amount of 
water was found between the fibres[65] and consequently, a distinction between the WBC-P 
and that of the fibres themselves is needed here as well. 
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Differentiating between internal and interstitial water in a pellet or a protein network is not 
trivial. One cannot easily separate interstitial water from either the particles or the network. 
In this research, we used TD NMR for this purpose. TD NMR could be used to calculate 
the amount of water that is present in each water domain via a calibration curve when no 
fast exchange took place between the different water domains (Fig. 36; !"-spectrum), as 
was the case for HG MPs (Chapter 3; Fig. 36; !"–# correlation). For these calculations we 
assumed that the !"-value is only related to the protein concentration. However, it should 
be noted that we cannot discount the possibility that these calculations are incomplete, 
because the !"-value may also be affected by other interactions (like capillary forces). In 
case of fast exchange of water, for example in a CG MP pellet (Fig. 36; !"–# correlation), 
TD NMR data was implemented in a fast exchange model to estimate the amount water 
present in each water domain (Chapter 4). The estimation requires additional information 
about the !"-values of both the swollen particles and the environment wherein they are 
present (water without or with a certain concentration of proteins). TD NMR could not be 
used straightforwardly to obtain this information for the plant protein particles that were 
investigated (Chapter 5). Hence, extra experiments have to be performed to, for example, 
determine the effect of the centrifugal force, or give an indication of the !"-values that have 
to be used in the fast exchange model. 

4 . 3 . 2  U s i n g  T D  N M R  a s  a  t o o l  t o  p r o v i d e  i n f o r m a t i o n  a b o u t  t h e  m i c r o s t r u c t u r e  a n d  t y p e  o f  

w a t e r - b i n d i n g  

Besides being useful to measure the WBC-P and the WBC of the particles, TD NMR may 
also yield more insight into the effect that the structure has on the protein(structure)–water 
interactions. This information can be obtained from the &"–dry matter content calibration 
curves. For whey proteins, for example, three hydration regions were defined by others, and 
for each region the relevant water type was determined—(a possible combination of) water 
bound to the polymers, water bound in capillaries or free water.[110] Comparison of such 
graphs for various protein samples might reveal why one sample has a larger WBC than 
others. The combination of calibration curves for various protein samples can be useful as 
well. For soy–gluten blends, the distribution of water over the different phases in blends of 
these proteins was determined in this way.[41] In addition, diffusion experiments can be used 
to determine the resistance water encounters when it diffuses through the pellet. This 
provides insight into the structure in which water is present. Finally, more in-depth 
research, on which water domain is represented by every peak of the !"-graphs, can also 
give more information about the microstructure of the pellet. 
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4 . 3 . 3  F u r t h e r  t e c h n i q u e s  t o  g a i n  i n s i g h t  i n t o  t h e  w a t e r  d o m a i n s  i n  a  p e l l e t  

Other techniques than TD NMR may be used to differentiate between internal and 
interstitial water. These techniques can potentially be used for protein particles, to measure 
both the WBC-P and the WBC of the particles themselves. Furthermore, insight gained 
through these techniques may provide a greater understanding of the !"-curves of these 
protein particle pellets. An interesting extension of the TD NMR technique, is to include 
freezing of the pellets and dispersions of various concentrations of protein particles, and 
subsequently using both TD NMR and differential scanning calorimetry to analyse those 
samples. This combination of techniques may give an indication of the concentration in 
each water domain. Another option to determine the composition of the various water 
domains is using a RAMAN microscope that is sensitive enough for low protein 
concentrations. A final route to gain more insight into the protein concentration within the 
protein particles is to collect them with optical tweezers and subsequently dry them to 
determine their WBC. 

In conclusion, TD NMR on its own was found to be a useful additional technique to 
obtain more information about protein particle pellets, such as the number of 
water-domains present and the diffusivity of water. By combining data about the number of 
!"-peaks, diffusion coefficient (#)-peaks and microscopy, information on the structure and 
permeability of the particles may be gained (Chapters 3, 4, and 5). Further experiments 
with different techniques, as described above, will provide an even greater understanding 
about how water is bound in the various domains that are present in the pellets, and how 
water-binding can be influenced. 
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4 . 4  C a n  w e  i n c r e a s e  t h e  w a t e r  c o n t e n t  o f  a  p r o d u c t  w i t h o u t  a f f e c t i n g  i t s  

s e n s o r i a l  p r o p e r t i e s  b y  a p p l y i n g  p r o t e i n  p a r t i c l e s ?  

Eventually, protein particles with an enhanced WBC may be applied to (dairy) products to 
decrease their caloric content without affecting their sensorial properties. Therefore, it is 
recommended to investigate the effect that adding MPs will have on either the mechanical, 
the rheological, or both types of characteristics of dairy products—or a model system for 
such a product—over time. 

MPs can be added to a product in several ways. The dry HG MPs can be added to a 
product without hydration, which will cause them to absorb water from the product. This 
will lower the product’s water content, and the product will, depending on the amount of 
HG MPs added, most likely be perceived as harder and more brittle. This can be 
compensated by adding more of the liquid phase that is used in the product. The HG MPs 
and CG MPs can also be added to the product as wet particles, or as a pellet of particles. 
The latter could be interesting because the WBC-P is often larger than the WBC of the 
particles. If the pellet material keeps its coherence when added to the product, an even 
larger amount of water may be added. It is likely that the HG MP pellets are tougher than 
CG MP pellets, given the difference in the effect of the centrifugal force on the MPs 
(Fig. 39). Depending on the $% of the product, the MPs will shrink or swell (see Fig. 42 for 
an example of the effect of salt on the WBC-P of HG MPs) which may affect the product’s 
sensorial characteristics. 

 
Fig. 42. The effect of the presence of NaCl on the water-binding capacity of a pellet of 

heat-gelated microparticles, of which the particles were reheated and were not reheated (referred to in 
the graph above as unheated) before centrifugation at 90 °C for 30 min. 
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The addition of the MPs to a dairy product ought not result in a negative sensorial 
perception. An important parameter therefore is the size of the MPs.[135] Their current size 
will most probably be perceived as gritty, according to the rough division of the effects of 
size of MPs on the sensory perception,[135] and probably needs to be adapted before 
industrial use. When a pellet of MPs is added to the product, its size is larger than that of 
separate MPs. However, we think that if the MPs are small enough not to impart a gritty 
sensation to the product, then neither will the pellet, due to the large amount of interstitial 
water. In addition, we anticipate that the MPs or their pellets will not be perceived as 
gritty—contrary to expectations due to their size—when the MPs are highly swollen. In that 
case, they are soft enough to deform with the product matrix upon mastication. 

Previous research on HG MPs showed the effect of the addition of HG MPs on the 
mechanical characteristics of a WPI gel.[115][116] This was done by replacing part of the WPI 
of the continuous phase with HG MPs. At similar effective protein concentrations 
(i.e., “the protein concentration of the composite gel as if it contained only native WPI 
leading to a similar gel stiffness”),[115] it was reported that the strength of a gel with 
HG MPs was equal to that of a WPI gel, with a concentration between that of the 
continuous phase and the total protein concentration. The HG MPs would absorb some 
water, and therefore one would indeed expect the continuous phase to be stronger with 
HG MPs than without. We estimated the amount of water that was absorbed by the 
HG MPs in this experiment with the WBC of the HG MPs themselves, as reported in 
Chapter 3. This amount of water was subtracted from the amount of water in the 
continuous phase, and the concentration in this phase was recalculated. This recalculation, 
using the data reported by Purwanti, et al. (2012),[115] shows that water-binding by HG MPs 
can explain the small increase in strength of the continuous phase (Table 11). This suggests 
that only the absorption of water by HG MPs affected the strength of the continuous phase, 
and that our data on swelling of the HG MPs explain the data of Purwanti, et al. (2012)[115] 
and Purwanti, et al. (2013).[116] 

In summary, it may be interesting to determine the behaviour (e.g., water division) of 
MPs and their pellets in (model) products to investigate their applicability. We recommend 
using model products besides WPI gels, to determine the interaction of the whey MPs with 
proteins other than whey. 
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Table 11. The intended concentration of the continuous phase; the added amount of heat-gelated whey protein 
microparticles (HG MPs); the added amount of water; the amount of water within the HG MPs 
compared to the overall composition in the HG MPs, assuming that the dry matter content of the 
HG MPs was 35% (Chapter 3); the concentration of WPI in the continuous phase, after correction of 
water absorption by the HG MPs; and the effective concentration. 

*Data from Purwanti, et al. (2012)[115] 

4 . 5  R i s k  a s s e s s m e n t  o f  w h e y  p r o t e i n  m i c r o p a r t i c l e s  

The application of MPs in food products requires an analysis of potential hazards and the 
effect that these new materials may have on human health and the environment. Firstly, the 
ingredients used to make the MPs should be proven safe and be present in a concentration 
that is regarded as safe for human consumption, according to the requirements of food 
safety authorities. HG MPs and CG MPs are produced using ingredients that are also 
available with a GRAS (generally regarded as safe) status for manufacturing on an 
industrial scale.[56] In addition, the concentrations of glucono–delta–lactone and locust bean 
gum that are used to produce CG MPs are below the concentration of acceptable daily 
intake, and are in that sense regarded as safe.[48][49] Furthermore, the particulate whey 
protein products Simplesse® and Dairy-LoTM have a GRAS status,[57][180] suggesting that 
HG MPs and CG MPs are eligible for the same status. Secondly, hazards may be introduced 
during food production, which can be of biological (bacteria, viruses etc.); chemical 
(chemicals, environmental contaminants etc.); and physical (stones, splinters, etc.) 
origin.[31][99] Therefore, when the ingredients used for the MPs are biologically and 
chemically safe (i.e., do not contain contaminants such as herbicides, pesticides, and 
pathogenic bacteria etc.); equipment damage (that can cause foreign material to be present 
in a product) does not occur; and no cross-contamination (with, for instance, allergens) 
takes place; the MPs ought to be safe to human health. Therefore, the only way a hazard 
may be introduced is when the characteristics of the ingredients change during and due 
to processing. 

A possible hazard may be introduced when, unintentionally, nanoparticles (NPs) or 
nanomaterials (NMs) that are insoluble and biopersistent are formed during processing of 
the MPs. NPs are “a discrete entity that has all three dimensions in the nanoscale”, while 
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“any form of a material that has one or more dimensions in the nanoscale” is defined as a 
nanomaterial (NM). The nanoscale size ranges from 1 to 100 nm.[50] Recent interest in NMs 
has increased due to their unique characteristics that are useful for society. For instance, the 
bioavailability of nutrients and health supplements increases when they are carried in 
NMs.[130][181] NMs are also thought to be useful in low-fat products, because less fat is 
needed when smaller droplets can be formed.[51] An emulsion with nano-sized water 
droplets in fat is thought to result in a product with a reduced fat content and a similar 
creaminess compared to its full-fat equivalent.[29] In addition, NMs have a relatively large 
surface-to-volume ratio, which may result in an increased WBC.[131] However, the size of 
NMs might pose a risk to human health. The small size of NMs is believed to give them the 
ability to cross cell membranes and to enter regions that are inaccessible to larger particles 
that were not digested earlier in the gastrointestinal tract.[29] This may be hazardous when 
NMs accumulate in cells.[29][177] However, the exact nature of those risks is still 
under investigation.[29] 

The mentioned potential risks of NMs depend on size and several other characteristics 
of the NMs. The maximum size NMs can have that still enables crossing cell membranes 
was found to vary among various cell types and was also dependent on the surface 
properties of the NMs.[132] The solubility of NMs gives an indication of the biopersistence 
(non-digestibility) of the NMs; the complexity of the composition about its effect on the 
biocorona (the interaction and formation of complexes with biomolecules);[177] and, lastly, 
the surface charge on the potentiality of forming Trojan horses.[50] The largest concern is 
about insoluble NMs that are biopersistent (e.g., SiO2 and TiO2), while soluble NMs are of 
least concern.[29] However, NMs are not dangerous per se. Digestible NMs from natural 
origin have been present in our food for as long as humans exist (e.g., casein micelles,[170] 
fat globules in human breast milk,[94] polysaccharides and globular proteins),[98] and are not 
suspected to be unsafe. 

The information above is used to evaluate the potential hazards related to the HG MPs 
and CG MPs. First, we investigated the size of the HG MPs and CG MPs. The size 
distribution of both types of MPs was broad (Chapters 2 and 4).[159][160] Therefore, it is 
possible that some of the particles had dimensions in the nanoscale. Unfortunately, the 
static light scatter equipment, used to measure the size distributions, can only measure 
particle sizes 20 nm and larger, so it does not cover the whole nano-range. In addition, part 
of the range is close to the limitations of the equipment, making the size distribution in this 
range somewhat more uncertain. However, in both size distributions (measuring the volume 
and number of particles with a certain size) of the HG MP and CG MPs, no peak appeared 
close to 100 nm. Apart from possible sizes of MPs into the NM-range which might carry 
health problems as described above, it is well-known that the size distribution of the MPs, 
in the range that was measured, can cause health problems as well, especially when 
particles are in the dry state. Inhalation of dry particulate materials with a size larger than 
10 μm may cause irritation; particles between 5 and 10 μm may cause asthmatic reactions; 
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and particles smaller than 5 μm can lead to allergic reactions.[140] Therefore, one should be 
careful during processing and handling of dry HG MPs. 

In addition, unexpected characteristics could point to the presence of possible 
hazardous NMs. As far as the HG MPs and CG MPs have been characterised, no special 
attributes were found. For example, the water-binding capacity of these MPs was not 
extreme, compared to the water-binding capacity of other food proteins. 

Furthermore, process conditions used to produce HG MPs and CG MPs from WPI have 
been applied to dairy proteins safely for years. In both cases, a dispersion of WPI was 
heated at temperatures at which (low) pasteurization (applied to milk industrially since 
1880)[9] occurs, but for longer durations. In the process of making CG MPs, the pH was 
changed to pH 5, which is in the range of the pH of some dairy products (such as 
Cheddar),[173] but larger than the pH of, for instance, yogurt.[172] The processes that were 
applied to make HG MPs and CG MPs, spontaneously caused the whey proteins to make 
new structures on the molecular level due to self-assembly, and more controllably on a 
macroscopic level due to forced-assembly.[151] In case of the HG MPs, a combination of 
heating (self-assembly) and mixing (forced-assembly) was applied that caused the 
whey proteins to unfold, aggregate and form gel particles. CG MPs were made in a 
two-step gelling process in which structures were formed by self-assembly. First, a 
whey protein solution with a concentration below the gelling concentration was heated. 
This led to the formation of aggregated protein molecules. The second step was lowering of 
the pH to the isoelectric point of the whey proteins (pH 5.2–5.4),[58][147] which resulted in 
phase separation and spontaneous restructuring of the proteins at the molecular level. When 
shearing or mixing was applied during incubation, forced-assembly also played a role 
during MP formation. Restructuring of proteins always involves the risk that the proteins 
restructure during processing in a way they can become less safe.[14][123] Because regular 
process conditions were used for the production of both MPs, it is thought that the chance 
that this might have happened or might happen in the future is low for these MPs. 
Therefore, it is expected that restructuring of the whey proteins did not result in unsafe 
new structures. 

To investigate the digestibility of the HG MPs and CG MPs, both kinds of MPs 
were   subjected to a 2 h long digestion by pepsin in gastric juice at pH 2.0. The 
degree of hydrolysis (DH) increased in time for both MPs, and the increase was faster at the 
beginning of the digestion (Fig. 43). This trend is comparable to the trend found for the 
digestion of a 5% w/w non-denatured WPI solution, digested at a concentration of around 
2 g proteins/L gastric juice, just like HG MPs and CG MPs. The WPI solution had 
DH-values comparable to the CG MPs, during the whole time the digestion was followed, 
while the DH-values of the HG MPs were lower. Compared to a 15% w/w WPI gel that 
was digested at a concentration of 2 g protein/L gastric juice, both HG MPs and CG MPs 
had larger DH values over the whole digestion–time range. These results show that the 
digestibility of both MPs is similar, if not faster compared with a WPI solution and gel. 
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This also means that the nutritional value of whey is preserved. Overall, it can be concluded 
that both MPs are safe with respect to the aspects that were taken into account here. 

 
Fig. 43. The degree of hydrolysis (DH) (%) during digestion (min) of heat- (HG MPs) and cold-gelated 

whey protein microparticles (CG MPs). Error bars are based on the standard deviation of two 
experiments. Values of the DH of a 15% WPI gel and 5% WPI solution were given by Qi Luo and are 
related to the data of Luo, Q., Boom, R. M. & Janssen, A. E. M. (2015).[89]  
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5 Key f indings 
- The water-binding capacity of a pellet consisting of protein particles can be 

≥ 9 g water/g dry matter. 
- The water-binding capacity of a pellet of protein particles is always unequal to the 

water-binding capacity of the protein particles themselves. 
- The structure of protein particles (nanostructure) and between particles 

(microstructure) is a determining factor for the water-binding capacity of pellets of 
protein particles. 

- Pellets can be used as an alternative to highly swellable particles, providing they 
stay present as a network in the product. 

- Time domain nuclear magnetic resonance, in combination with microscopy, is a 
useful tool to gain insight into the water-binding of a pellet and its water domains. 
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Summary 
With the increased prevalence of overweight and obesity, there is an increasing demand for 
food products that facilitate body weight control. In case of dairy products, this may be 
achieved by increasing their water content, thereby reducing the protein and fat content. 
However, just adding water may result in softening of the product or expulsion of water. In 
this thesis, we explored the creation of protein microparticles (MPs) that can 
bind ≥ 90% w/w water tightly, and, when added to the product, will increase the overall 
water content without negatively affecting its sensory perception. To design these particles, 
it is necessary to have a solid understanding of the water-binding mechanisms in these MPs. 
The aim of this thesis was therefore to understand the relation of nano- and microstructural 
characteristics of MPs and their resulting water-binding properties.  

The first step in this research was to determine which factors would most strongly 
influence the water-binding of MPs. According to the Flory–Rehner theory, for our 
purpose, the crosslink-density of the MPs network is the most predominant factor. In 
Chapter 2, we therefore investigated the effect of the crosslink density on the 
water-binding capacity of heat-gelated whey protein microparticles (HG MPs). These 
HG MPs were made by heating a 40% w/w whey protein isolate (WPI) solution while 
mixing, which resulted in broken gel pieces. The pieces were dried and subsequently 
milled, producing HG MPs. The crosslink density of HG MPs was both increased and 
decreased. Remarkably, an increase in crosslink density did not result in a significant 
decrease of the water-binding capacity of a pellet (WBC-P) of HG MPs obtained after 
centrifuging an aqueous dispersion containing HG MPs. On the other hand, a decrease in 
crosslink density resulted in an increase of the WBC-P from 6 to 9 g water/g dry matter. 
Although the WBC of the pellets (i.e., the concentrated cake of particles) was significantly 
increased by decreasing the crosslink density, no clear increase in the swelling of the 
individual HG MPs was found, measured by both the size of the HG MPs and their 
sorption   isotherm. It is hypothesized that the HG MPs already had a very high 
crosslink  density, consisting of both non-covalent and covalent crosslinks, and that 
therefore no significant change in the overall crosslink density was achieved. This 
discrepancy, between the effect of altering the crosslink density on the swelling of the 
HG MPs and the WBC-P, showed that the method to find the WBC-P does not give a value 
for the WBC of just the HG MPs; it may be that a significant amount of water remained 
between the HG MPs in the pellet.  

The discrepancy between the WBC-P and the WBC of the individual HG MPs was 
further investigated in Chapter 3. As in Chapter 2, pellets were made by centrifuging a 
dispersion of HG MPs with varying crosslink densities. The WBC-P was determined from 
the pellet weight. In addition, the same pellets were analysed with 
time  domain  nuclear  magnetic resonance (TD NMR). Spectra obtained with TD NMR 
showed two peaks that were related to water present within and between the HG MPs. 
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By making this distinction, it was found that an increased WBC-P was caused by an 
increase of the amount of water in the HG MPs (swelling) to some extent and, more 
importantly, by an increase in the amount of water present between the HG MPs. Therefore, 
we concluded that the WBC-P is predominantly determined by water present between the 
HG MPs. In addition, this showed that the WBC-P is not equal to the WBC of the HG MPs 
themselves. Remarkably, though a larger WBC-P resulted in an increased amount of water 
between the HG MPs, we discovered that the protein concentration between the HG MPs 
was similar for all particles investigated. We hypothesized that the protein between the 
particles comprises small, highly swollen protein aggregates that were co-sedimented, and 
settled between the HG MPs. In addition, we showed that the WBC-P could be measured 
accurately with TD NMR. 

In Chapter 4, the WBC-P of cold-gelated whey protein microparticles (CG MPs) was 
examined. These MPs were made by a two-step process. First, a 9% w/w WPI solution was 
heated, which resulted in the formation of reactive aggregates. Second, an acidifier was 
added that induced gelation of the proteins at room temperature. To form CG MPs, a 
locust bean gum solution was added to the aggregates prior to gelation, resulting in 
phase separation. CG MPs were thought to have a larger swelling capacity due to a lower 
crosslink density, which was expected to lead to a higher WBC-P range to study. 
Additionally, previous research had shown that the interactions between these MPs could 
be altered by varying their size and shape. Therefore, we changed the size and shape of the 
CG MPs by applying a shearing or mixing force during gelation. When no shearing or 
mixing was applied (further referred to as unsheared and unmixed particles), spherical 
CG MPs were obtained, while applying a shearing or mixing force resulted in smaller and 
irregularly shaped CG MPs. All these MPs had a remarkably large WBC-P, ranging from 
11 to 18 g water/g dry matter. Notably, the WBC-P was significantly larger for sheared and 
mixed CG MPs, compared with unsheared and unmixed CG MPs. This may be caused by 
the creation of smaller particles during shearing or mixing, leading to more particle–particle 
interactions and therefore higher water inclusion between the MPs. The significance 
of particle–particle interactions to the WBC-P was confirmed by blocking the thiol groups 
of the CG MPs. This blocking resulted in a lower WBC-P, which was explained 
by  fewer  particle–particle interactions and therefore supports the supposition that the 
particle–particle interactions are important for the value of the WBC-P. 

The pellets of these CG MPs were further investigated with TD NMR. Although 
images of these pellets showed the presence of two water domains (water within and 
between the CG MPs), only one main peak was found in the TD NMR spectra. The 
presence of only one peak was caused by fast diffusional exchange of water between these 
two water domains. Such a fast exchange suggests that the CG MPs have a rather open 
structure compared to HG MPs. A fast diffusional exchange model was applied to estimate 
the amount of water that was present within and between the CG MPs. To perform this 
calculation, we assumed that no proteins were present between the CG MPs, based on the 
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fact that the supernatant which was obtained after centrifuging the pellets, showed a 
relaxation time equal to that of water without proteins. By applying this model, the 
significance of water between the CG MPs on the total WBC-P was confirmed once more. 

The behaviour of MPs in a pellet suggested that the water-binding by MPs is predicated 
upon a few general principles. That is why, in Chapter 5, we investigated the 
water-binding properties of the protein-rich particles: pea protein isolate, 
soy protein isolate, lupin protein concentrate, and vital wheat gluten. Images of the pellets 
of these particles showed that in all cases, except for the pellets from pea particles, water 
was present between the protein structures. In addition, two kinds of pellet microstructures 
were roughly distinguished: structures suspended in water, and a (semi-)continuous protein 
network with pores. Most likely, a protein network does not represent the interaction of 
particles with water anymore, due to changed protein–water interactions. In conclusion, the 
WBC-P is unequal to the WBC of its constituent particles, because additional water was 
present between the particles, or because a new structure had formed. Therefore, the 
protein(structure)–water properties of the particles and their pellets were further 
investigated with, inter alia, TD NMR. This showed that differences in the WBC-P were 
caused by variations in the toughness of the particles (i.e., their ability to swell and to resist 
disintegration and expulsion of water during centrifugation, which was probably influenced 
by the crosslink density of the particles and the presence of pores) and the ability to include 
water between the particles or within the pores of the protein network. 

Chapter 6 summarizes and discusses the main outcomes of this research. We evaluated 
the parameters that influence the water-binding of particles and networks of particles, 
resulting in guidelines to make microstructures that can bind large quantities of water. In 
addition, we discuss the applicability of MPs in a product, and methods to measure the 
WBC of MPs and their pellets. Additionally, the scientific challenges to gaining further 
insight into the water-binding characteristics of protein systems are described. The chapter 
ends with a risk assessment of the MPs made in this thesis. That assessment revealed no 
clear risks that hinder application of MPs in food products. In closing, there are many 
potentially valuable topics left to uncover with regards to the WBC of particles and pellets, 
e.g., the evaluation of the effects on the WBC of particles, or a network of particles, when 
applied to a (model) product. 
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Appendix  A  

C a l i b r a t i o n  c u r v e s  f r o m  t i m e  d o m a i n  n u c l e a r  m a g n e t i c  r e s o n a n c e  

A standard calibration curve was made for all whey protein microparticles (MPs) to 
estimate the amount of water present inside and between the MPs, and the 
water-binding capacity (WBC) of the samples. The transverse relaxation rates (!") obtained 
from the mono-exponential transverse decay curves of standard heated whey protein isolate 
(WPI) samples were plotted against the dry matter content (Fig. S1A). The heated WPI 
samples made at pH 5.8 (instead of 6.8) gave a different relationship between !" and the 
dry matter content (Fig. S1A). The incubation of gels in 40 mM DTT did not change the 
relationship between the dry matter content and !", compared with the standard curve. 
Therefore, the standard calibration curve was used for all MPs, except for the MPs made at 
pH 5.8, for which the calibration curve was used which was made with samples at pH 5.8. 

For both the standard heated solutions and gels, and the heated solutions and gels made 
at pH 5.8 (Fig. S1A), non-linear relationships were found between !" and the 
dry matter concentration. This is in agreement with the non-linear relationship described for 
native and thermally denatured bovine serum albumin solutions, and gels with 
concentrations ranging from 0 to 25% w/w.[104][105] Linear relationships were reported for 
whey protein solutions and gels with protein concentrations of 6 to 18% w/w[87] and 
10 to 36% w/w,[33] which seems to correspond to the trend found here when only those 
concentration ranges were considered. Unexpectedly, the curve of the standard heated 
solutions was non-linear (Fig. S1B). In this region, a linear relationship was expected, as 
found for the unheated standard solutions and heated solutions made at pH 5.8, because 
water is thought to be present, either bound to the protein or as free water, and the water 
exchange between the two fractions is fast.[105][110] 

The transition from a heated solution to a gel for standard WPI samples did not change 
the relationship between !" and the dry matter content (Fig. S1A). However, the 
relationship for the concentration and !" of solutions and gels made at pH 5.8 (Fig. S1A) 
shows a slight change around the gelation concentration (8%). 
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Fig. S1. Calibration curves of the dry matter content (%) against the transverse relaxation rate !" (s–1) as 

determined by SPLMOD of (A) heated standard (ST) whey protein isolate (WPI) solutions 
(open diamond) and gels (closed diamond), solutions (open square) and gels (filled square) made at 
pH 5.8, and gels incubated in 40 mM dithiothreitol (DTT) (filled triangle); and (B) standard (ST) 
unheated (open diamond) and heated (filled diamond) WPI solutions, and heated solutions made at 
pH  5.8 (filled square). From the ST solutions and gels a standard calibration curve was drawn 
(Fig S1A; solid line) using the equation  $ =  0.023 *"  +  0.473 * +  0.36  (!"  =  0.998). Solutions 
and gels with a pH of 5.8 were used to obtain the pH 5.8 calibration curve (Fig S1A; dotted line) with 
the equation $ =  0.011 *"  +  0.812 * +  0.334 (!"  =  0.998).  
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Appendix  B 

S i z e  d i s t r i b u t i o n s  o f  c o l d - g e l a t e d  w h e y  p r o t e i n  m i c r o p a r t i c l e s  

 
Fig. S2. The size distributions measured with static light scattering of 6.5 % w/w pellets dispersed in water of 

cold-gelated whey protein microparticles (A) sheared and (B) mixed during gelation at 0 
(solid black line), 25 (long dashed line), 50 (dashed line), 100 (dotted line) and 300 rpm 
(dashed-dotted line) and (C) cold-gelated whey protein microparticles made without (dashed line) and 
with N-ethylmaleimide (NEM) (short dashed line) at 50 rpm during gelation. 
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Appendix  C  

S i z e  d i s t r i b u t i o n s  o f  p r o t e i n - r i c h  p a r t i c l e s  

In our research on the water-binding properties of plant protein-rich particles we 
investigated their swelling via several methods. Below, we will explain the challenges that 
we encountered when we measured swelling by hydrating the particles and measuring their 
size with static light scattering.  

M e t h o d  

Swelling of the plant protein-rich particles in water was determined 20 min after hydration 
(this equals the centrifugation time; further referred to as hydrated for 0 h) and after 3 h of 
hydration. To accomplish this, a 10% w/w dispersion was made from the powders. During 
hydration, the dispersions were placed in an incubator at 25 °C. In addition, samples that 
were hydrated for 3 h were rotated at 16 rpm in a rotator and mixed with a vortex for a few 
seconds every 15 min. After hydration, the size of the protein-rich particles was determined 
using static light scattering (Mastersizer 2000, Malvern Instruments). During these 
measurements, water was used as a carrier fluid. The rotation speed of the vessel containing 
the carrier fluid was set at 1200 rpm. Refractive indices of 1.545 (particles), 1.33 (water) 
and an absorption index of 0.001 (particles) were assumed for the calculations on the 
particle size distribution. The measurements were performed for four dispersions per type 
of protein-rich particle; the size distribution was measured in quintuplicate. The size of the 
dry particles was measured as well. This was done with a Scirocco 2000 dry dispersion unit 
(Malvern Instruments, Malvern, UK) connected to the Mastersizer. The size of the dry 
particles was measured at least in triplicate. 

From the measurements, the average particle diameter 23,5 (volume mean diameter) 
was calculated assuming that the particles were spherical. The average diameter 23,5 was 
used to approximate the average volume of the dry and hydrated particles. With this 
information, the volume of all hydrated particles together in the pellet was estimated with: 

6788  =  9:;; <=;
>; <:;  (S1) 

in which 6788 is the total volume of all hydrated particles in the pellet, ?@88 the weight of 
all dry particles in the pellet, 678 the volume of one hydrated particle, A8 the density of 
proteins that was assumed to be 1330 kg m-3, and 6@8 the volume of one dry particle. Then, 
the volume of the pellet was approximated with the equation: 
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6BCD_8CFFCD = 9GHI_;HJJHI KLM;HJJHI 
>G NKLM;HJJHI + 1O  +  9GHI_;HJJHI 

>; NKLM;HJJHI + 1O (S2) 

with 6BCD_8CFFCD as the volume of the pellet, ?BCD_8CFFCD  as the weight of the pellet, and AB 
as the density of water that was assumed to be 1000 kg m-3. After that, the amount of dry 
matter between the particles was estimated, assuming that the dry matter concentration 
between the particles was equal to the dry matter concentration of the supernatant 
(Chapter 5; Table 9). For SPI hydrated at 0 h it was not possible to calculate the 
dry matter concentration. In that case, the dry matter concentration of SPI that was hydrated 
for 3 h was used in the calculations. The amount of dry matter between the particles was 
estimated with the following equation: 

?@P_QCDBCCR =  N<GHI_;HJJHI S  <TUUO >; >G V:W_XHIGHHY 
NV:W_XHIGHHY  >G Z  VG[IH\_XHIGHHY >;O  (S3) 

In this equation ]@P_QCDBCCR is the weight-fraction of dry matter in between the particles 
and ]B^DC__QCDBCCR the weight-fraction of water in between the particles according to 
Table 9 (Chapter 5). Subsequently, the WBC of the particles themselves was roughly 
calculated according to: 

WBC8^_DcdFCe = N<=;; >; fKLM;HJJHI  + 1g S f9GHI_;HJJHIS 9:W_XHIGHHY  NKLM;HJJHI  + 1OgO >G 
N9GHI_;HJJHI S  9:W_XHIGHHY fKLM;HJJHI + 1gO >;

 (S4) 

Finally, the ratio water inside : water between the particles was calculated with: 

1 ∶  9:W_XHIGHHY VG[IH\_XHIGHHY NKLM;HJJHI + 1O  
N9;HJJHI KLM;HJJHI V:W_XHIGHHY S 9:W_XHIGHHY VG[IH\_XHIGHHY fKLM;HJJHI + 1gO (S5) 
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R e s u l t s  

The effects of hydration and hydration time on the size of the protein-rich particles were 
investigated by measuring the size distribution of the particles after 0 h and 3 h of 
hydration. The results showed that hydration time had no noticeable effect on the particle 
size (Fig. S3A, B and C). Furthermore, the size distribution of pea protein isolate (PPI) 
particles became broader when water was added, while the average size became smaller 
(Fig. S3A), which may indicate that they dissolved, or fell apart. Soy protein isolate (SPI) 
and lupin protein concentrate (LPC) particles increased in size when water was added 
(Fig. S3B and C). The effect of hydration and hydration time on the size of the 
vital wheat gluten (VWG) particles could not be measured, because VWG formed one 
clump directly after the addition of water. 

The WBC of the particles themselves was calculated using the average size of the dry 
and hydrated protein-rich particles (Table S1). This did only result in a meaningful value 
for SPI hydrated for 0 h, because it is likely that the assumptions that were made for these 
calculations were not fully correct. For example, particles had an irregular shape, and due to 
centrifugation, the concentration of material between the particles was probably larger than 
in the supernatant. In addition, the size distributions may have also included small 
aggregates of particles, and therefore did not represent the size of separate particles. 
Furthermore, it might be that the particles expelled water due to centrifugation, resulting in 
a lower WBC of the particles (and the pellet thereof). This effect did not occur when the 
particles were only hydrated (which was the method performed for the size distributions). 
Consequently, the WBC of the particles, as calculated via their size distribution, will not be 
taken into account for further discussion. 
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Fig. S3. Size distributions of (A) pea protein isolate (PPI), (B) soy protein isolate (SPI), 

(C) lupin protein concentrate (LPC) when the protein-rich particles were dry (solid line), hydrated for 
0 h (dashed line), and hydrated for 3 h (dotted line). 
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