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1.1 Protein-rich food 

Proteins are essential in foods due to their nutritional role and functional and sensory 

properties. Protein-rich food products are increasingly recommended for health benefits, 

such as weight management and prevention of muscle loss that may occur with ageing 

(Rondanelli et al., 2016; Shang, et al., 2018; Wang, et al., 2014). However, shortages of 

protein are foreseen due to the increasing world population and the increasing 

consumption of resource intensive food products. Unfortunately, creating sustainable and 

palatable protein-rich products with attractive texture imposes technological challenges. 

For example, high levels of protein in foods generally results in adverse effects, such as 

product hardening and dry mouth feel (Hogan et al., 2012). Clearly, a need exists for novel 

protein-rich products. Most of the protein-rich foods have developed over time via trial-

and -error. However, rational design of food structure based on ingredient properties and 

processing conditions is the future trend for the development of innovative foods. 

1.2 Anisotropy in protein-rich food 

Anisotropy is an important structural character of protein foods. This term is used to 

describe the directional inhomogeneity of material properties. The opposing term, 

isotropy, refers to physical properties that are the same in all directions (Nagashima and 

Mitsumata, 2011). Meat, an illustrative example of an anisotropic food product rich in 

protein, has a hierarchically fibrous structure, which accounts for the directional 

dependence of the mechanical properties of meat (Lepetit and Culioli, 1994). The 

anisotropy of meat is suggested to strongly influence its sensory properties, such as 

juiciness, chewiness and flavour release (Mioche, et al., 2003). Another example of an 

anisotropic food is Mozzarella cheese. It shows anisotropy due to the oriented protein 

fibres and elongated fat droplets as a result of stretching while heating (Bast et al., 2015; 

Yang et al., 2016). 

It is possible to create anisotropy in other protein foods as well. Anisotropy is especially 

important for foods that are meant for mimicking meat. In 17th century China, the earliest 

process for making meat analogues consisted of rolling thin sheets of tofu skin around a 
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filling of minced and seasoned tofu skin yielding a layered anisotropic structure (Shurtleff 

and Aoyagi, 2016). In the modern food industry, extrusion is the most commonly used 

technique to create anisotropic protein foods such as meat analogues and mozzarella 

cheese (Lin et al., 2000; Oberg et al., 2015). A decade ago, the shear cell technology 

emerged, which is based on the application of shear deformation. 

1.3 Shear cell technology 

It is challenging to develop novel anisotropic food products with varying ingredients 

using established food structuring processes, such as extrusion. During extrusion process, 

food ingredients are exposed to large thermal and mechanical stresses. This has effects 

that are still difficult to predict and control, because of the complexity of the extrusion 

process. A simpler structuring process could help us gain fundamental insight in the 

structuring mechanisms. Thus, a shear device was designed based upon the concept of a 

rheometer combining simple shear deformation and large shear stresses. A picture and a 

schematic drawing of the device are given in Fig. 1-1. During processing, the sample filled 

between the cones is sheared upon rotation of the bottom cone while the top cone remains 

stationary. Both cones are thermostatted with a heating and a cooling water bath. 

A. 

 

 

B. 

 

 

Fig. 1-1. Picture (A) and schematic picture (B) of the shear cell device. 

Initially, the shear cell device was used for understanding the phenomena occurring 

during extrusion. Van den Einde et al. found that the degree of starch breakdown was 

correlated to the maximum shear stress and similar changes could be obtained by both 

shear cell and extrusion experiments (van den Einde et al., 2005, 2004). Later, it was 
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found that shearing of wheat dough resulted in aggregation of gluten and starch patches, 

which could be collected into separate starch and gluten phases (Peighambardoust et al., 

2008, 2006; Peressini et al., 2008). Aqueous dispersions of a dairy protein, calcium 

caseinate, could be transformed into hierarchically fibrous materials using shear 

deformation at relatively mild conditions (Manski et al., 2007a). Later, anisotropic 

materials with a fibrous appearance were created from plant-based ingredients, soy and 

gluten, when shearing at 95 °C for 15 min (Grabowska et al., 2014). In this thesis, 

structuring calcium caseinate will be studied in greater detail. 

1.4 Dairy proteins 

Milk contains two classes of protein: whey (20% of the total protein content) and casein 

(80%), which are either globular (whey) or random coil (casein) in nature. For 

consumers, the use of dairy proteins in foods is associated with high-quality nutrition. In 

addition, dairy proteins possess excellent technological functionality, rendering them 

valuable as structuring agents in many food products by ensuring stable product 

properties and attractive food texture. 

Whey protein is a mixture of proteins isolated from whey, which is a liquid by-product of 

the first stage of cheese production. The most prevalent protein in whey is β-lactoglobulin, 

which comprises 10% of the total milk protein content. Casein consists of four different 

types of proteins (αS1-, αS2-, β-, and κ-casein). These caseins exhibit a strong tendency to 

self-assemble into casein micelles with a diameter of 100–200 nm that contain colloidal 

calcium phosphate (CCP) nanoclusters (De Kruif et al., 2012; De Kruif and Holt, 2003). αS- 

and β-caseins are calcium-sensitive caseins that are located in nanoclusters; κ-casein, 

which is not susceptible to calcium, provides a sterically stabilizing layer on the micellar 

surface (Huppertz et al., 2017; Lucey and Horne, 2018). 

Caseinates are commonly present in food products as emulsifying, foaming and texturing 

agents. They are extracted and purified by having the casein precipitate while the CCP is 

dissolved at pH ~4.6 (O’Regan and Mulvihill, 2011). After washing, the casein can be 

redissolved by increasing the pH using NaOH or Ca(OH)2. The resulting sodium and 
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calcium caseinate slurries may then be spray-dried or roller-dried for further applications 

(Dalgleigh and Law, 1988; Fox and Mulvihill, 1982; Huppertz et al., 2017). The slurry to 

be dried is ~20 wt% for spray drying and ~40 wt% for roller drying (O’Regan and 

Mulvihill, 2011). Thermally induced changes are prevalent after roller drying and much 

less after spray drying due to the different operating temperatures (Schuck, 2011). Roller-

dried caseinates are used in meat products and processed cheese because they have 

relatively good dispersibility and water binding capacity, while being more cost effective 

(Carr and Golding, 2016). The materials and process used for caseinate isolation (initial 

milk quality, pH, temperature, alkali, etc.) therefore influence the properties of the final 

casein. Batch-to-batch differences can be observed from the same or different 

manufacturers. Dalgleigh and Law (1988) reported that different batches of sodium 

caseinate show different sensitivity to the presence of Ca2+. Bastier, et al. (1993) found 

that different batches of calcium caseinate had different Ca content and functional 

properties, such as water sorption capacity and viscosity, even when produced by the 

same manufacturer. 

1.5 Structuring of dairy proteins 

Structure formation with dairy protein has received increased attention recently. 

Different types of proteins (e.g. whey, β-lactoglobulin and caseinate) can be used for 

different food applications. For example, whey protein micro-particles are promising for 

improving the texture of protein foods. These particles can be prepared using heat-

induced protein aggregation in combination with concurrent application of shear. A wide 

range of functional properties of particles can be obtained by varying process parameters 

(Dissanayake, et al., 2012; Peters, et al., 2015). Whey protein particles have also been 

considered as fat replacer in cheese (McMahon, et al., 1996; Purwanti, et al., 2013) and 

could to some extent replace gluten in gluten-free bread (van Riemsdijk et al., 2011). 

Several studies showed that whey protein particles can be used as an alternative to native 

protein, which could soften the texture of protein-rich foods (Purwanti et al., 2012; 

Sağlam et al., 2014). 
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β-lactoglobulin can form fibrils (Veerman, et al., 2002; Akkermans, et al., 2008; 

Akkermans, et al., 2008). These fibrils are anisotropic protein aggregates with a length of 

1–10 μm and a thickness of a few nanometres. These can typically be formed by protein 

aggregation at low pH and at low ionic strength. Applying concurrent shear flow enhances 

the fibril formation. Fibrils with a similar morphology can also be obtained with whey 

protein isolate (Akkermans et al., 2008; Bolder et al., 2006). Suspensions of the fibrils 

show rich rheological behaviour (e.g. shear thickening and shear thinning), and might also 

have potential to modify the texture of food products. 

Concentrated calcium caseinate dispersions can be transformed into hierarchically 

structured, fibrous materials using shear deformation and concurrent crosslinking by 

transglutaminase (Fig. 1-2). The formation of such fibrous morphology was attributed to 

the attraction between caseinate micelles due to the presence of the divalent Ca2+ (Manski 

et al., 2007c), resulting in mild aggregation of these aggregates. These micelles are 

susceptible to the shear flow and deform into long alignment of aggregates. By 

simultaneously solidifying with transglutaminase, these alignments can be preserved. 

The presence of calcium is a prerequisite, as it was found that sodium caseinate dispersion 

gave a isotropic structure after identical processing. This was confirmed by the 

observation that the formation of fibres is suppressed by the addition of a calcium 

chelator, being sodium triphosphate (Grabowska et al., 2012). 

 

Fig. 1-2. Hierarchically fibrous structure of calcium caseinate material which was sheared 

at 50 rpm for 5 min at 50 °C and concurrent cross-linked by transglutaminase (enzyme-

protein ratio 1:20). 
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The proposed mechanism was supported by the rheological characterisation of these 

dispersions, which could be a tool to predict the structuring potential of caseinates 

(Manski et al., 2007c). In a specific range of shear rates, the viscosity showed a large peak, 

and was strongly reduced at larger shear rates. This peak is an indication of changes in 

structure due to the shear deformation. Although this behaviour can qualitatively explain 

some of the properties of the final materials, such as their anisotropic mechanical 

properties, they cannot explain the observed sensitivity to the exact amount of 

transglutaminase added. In addition, this mechanism cannot explain the large differences 

obtained with different types of caseinate. It is therefore expected that this mechanism 

does not completely explain the creation of the hierarchal structure. Therefore, in this 

thesis, the formation of the fibrous structure was further investigated, to quantify the 

effects, and to refine the understanding of the mechanisms, to account for the difference 

in properties of different starting materials. 

1.6 Aim and outline of the thesis 

The aim of this thesis is to further elucidate the mechanism of anisotropy formation in 

dense calcium caseinate dispersions, which can help us predict the structural properties 

by characterizing specific initial ingredient properties. It was hypothesized that the 

dependence on the starting ingredient was due to its thermal history. In addition, initial 

experiments led us to hypothesize that the incorporation of air could be important for the 

final mechanical properties, and therefore special attention was paid to the role of this 

extra phase in the system. 

In Chapter 2, we investigate the importance of air as a structural element in dense calcium 

caseinate dispersion. Its effect on product properties is revealed, confirming our initial 

hypothesis on this. The morphology of entrapped air was studied with reflective light 

microscopy and X-ray tomography. 

The relative importance of protein and air bubble on the mechanical anisotropy of calcium 

caseinate fibres is further investigated in Chapter 3. Here, the effect of air on the final 

mechanical anisotropy of these fibrous materials was described with a load-bearing 
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model. The anisotropy of the protein phase was estimated using materials obtained from 

deaerated dispersions after shearing at different shear rates. 

Commercial calcium caseinate is available in spray-dried and roller-dried powder. 

Chapter 4 focuses on the differences between spray-dried and roller-dried calcium 

caseinate powder through investigating their physical properties and structuring 

potential, concluding that the thermal history of roller-dried calcium caseinate has major 

consequences for its fibre formation potential. 

In Chapter 5, a multiphase system was introduced to obtain a fibrous structure form 

roller-dried calcium caseinate powder. The effect of dispersed phases, being maltodextrin 

domains and air bubbles, on structure formation was investigated by analysing the 

macro-, meso- and microstructure, and relating mechanical properties to the obtained 

structure. 

Chapter 6 reviews the results obtained in this study and provides an overview of 

anisotropic structure formation principles with calcium caseinate. First, the intrinsic 

properties of calcium caseinate and the importance of air bubbles for fibrous structure 

are summarised. Then analytical techniques related to studying anisotropy are discussed. 

The chapter ends with a discussion about the potential of transferring the insights 

towards structuring of plant-based protein foods. 
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Abstract  

Dense calcium caseinate dispersions can be transformed into hierarchically fibrous 

structures by shear deformation. This transformation can be attributed to the intrinsic 

properties of calcium caseinate. Depending on the dispersion preparation method, a 

certain amount of air gets entrapped in the sheared protein matrix. Although anisotropy 

is obtained in the absence of entrapped air, the fibrous appearance and mechanical 

anisotropy of the calcium caseinate materials are more pronounced with dispersed air 

present. The presence of air induces the protein fibres to be arranged in microscale 

bundles, and the fracture strain and stress in the parallel direction are larger compared 

with the material without air. The effects can be understood from the alignment of the 

fibres in the parallel direction, providing strain energy dissipation. This study shows that 

creation of anisotropy is the result of interactions between multiple phases. 
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2.1 Introduction  

A decade ago, an anisotropic calcium caseinate material was created by a novel technique 

based on well-defined shear flow (Manski, et al., 2007a, 2007b), which is relevant for its 

structural resemblance to meat. Therefore, it has a potential to be a basis of new meat 

analogue products. The calcium caseinate dispersion was deformed by simple shear flow 

and concurrent crosslinking by transglutaminase. A typical fibre diameter of ~100–200 

nm was observed with scanning electron microscopy (Manski et al., 2007b). The 

formation of this fibrous morphology was attributed to the aggregation of caseinate 

micelles, which have mildly attractive interactions due to the divalent calcium ions 

(Manski, et al., 2007c). The aggregates are susceptible to aligning in the shear flow and 

simultaneously solidifying with transglutaminase. The presence of calcium ions was 

shown to be essential; the anisotropic structure could not be formed with sodium 

caseinate, and the formation of the fibrous structure was blocked by the addition of 

sodium triphosphate, which exchanges the divalent  Ca2+ bound to the protein with Na+ 

(Grabowska et al., 2012). 

Dispersed air was observed in these calcium caseinate fibrous materials (Manski et al., 

2007b; Manski, et al., 2008), and also in materials created with soy protein isolate with 

wheat gluten blend (Grabowska et al., 2014) and soy protein isolate with pectin blend 

(Dekkers et al., 2018). A more recent study revealed that such fibrous materials may 

contain up to 20% (v/v) air with an average bubble diameter of ~100–400 μm (Tian et 

al., 2018). The dispersed air provides an additional phase that influences the texture, 

microstructure, and functionality (Campbell and Mougeot, 1999; Zúñiga and Aguilera, 

2009). During dough mixing, it was found that air entrapment affects the dough rheology. 

The rate of work input during dough mixing increased due to the presence of air bubbles 

while the resistance of dough to failure decreased under biaxial extension (Chin et al., 

2005). A study on agar gel showed that an aerated gel is stronger than a gel without air 

(Ross et al., 2006; Tiwari and Bhattacharya, 2011a). Many natural porous composites, 

which are often hierarchically organized at multiple length scales (nano-, micro- and 

macroscale), have remarkable strength from the alignment of their fibres, crystals, or 
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other structural elements, but have great toughness at low density (Gibson, 2012; Wegst 

et al., 2015); examples are bamboo and wood. The voids play a significant role in fracture 

toughening (Habibi and Lu, 2014; Lakes, 1993; Stanzl-Tschegg et al., 2011; Wegst et al., 

2015). For wood, the pores within the structure arrest cracks by the dispersion of stress 

over the surface of the pore after it has been compromised (Stanzl-Tschegg et al., 2011). 

This also occurs in synthetic cellular composite materials, such as honeycombs (Greil et 

al., 2002; Haghpanah et al., 2013) and foams (Andersons et al., 2015; Olurin et al., 2001). 

The entrapment of air can introduce an extra separate phase into the calcium caseinate 

material (Manski et al., 2008), and may well lead to different mechanical properties. In 

this paper, we investigate the role of air bubbles on the microstructure and mechanical 

properties of the material structure. The morphology of entrapped air was studied with 

reflective light microscopy and X-ray tomography. Scanning electron microscopy was 

used to study the protein structure in the vicinity of air bubbles. Differences in mechanical 

properties were revealed with tensile analysis. 

2.2 Materials and methods 

2.2.1 Materials 

Spray-dried calcium caseinate was kindly provided by DMV International (Veghel, the 

Netherlands). The calcium caseinate powder contains 89 wt% protein and 1.5 wt% 

calcium according to the manufacturer’s specifications. The activity of microbial Ca2+-

independent transglutaminase derived from Streptoverticillium moberansae (1 wt% 

transglutaminase, 99 wt% maltodextrin; Ajinomoto Co. Inc., Tokyo, Japan) was 114 

units·g−1 as determined with the hydroxamate method (Yokoyama et al., 2003). This 

product was referred to as “enzyme” in this paper. A 20% (w/w in demineralized water) 

enzyme solution was stirred at room temperature for 1 h, and stored at 4°C for 7 days 

before use (Grabowska et al., 2012). 
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2.2.2 Protein premixes for preparative shearing 

Five protein premixes, referred to as premixes 1–5, were prepared. All dispersions 

contained 30 wt% calcium caseinate powder, and transglutaminase was added to one of 

the dispersions. Premix 1 was prepared by manually mixing the protein, water and 

transglutaminase solution (enzyme-protein ratio 1:20) with a spatula for 1 min. The 

purpose of mixing was to roughly blend protein with water with minimal mixing intensity. 

Premix 2 was prepared similarly to premix 1, but without the addition of 

transglutaminase solution. Premix 3 was prepared by manually mixing the protein and 

water with a spatula for 1 min, and then resting at room temperature for an additional 1 

h. Premix 4 was prepared by manually mixing the protein and water with a spatula for 1 

min, then heating the dispersion at 80°C for 5 min and subsequently leaving it at room 

temperature for 55 min. Premix 5 was prepared similarly to premix 4 but an additional 

centrifugation step (2500 × g  for 2 min) was used to remove most of the air from the 

mixture. 

2.2.3 Sample preparation in the shear cell device 

A shear device with gap angle 2.5° (Wageningen University, the Netherlands) was used to 

structure the dense calcium caseinate dispersions into anisotropic materials. The shear 

device is depicted and described in more detail by van der Zalm, Berghout, van der Goot, 

and Boom, (2012). The rotating cone and the stationary cone were thermostatted with a 

heating and a cooling water bath. The premixes were transferred to the pre-heated (50°C) 

shearing device. The materials were made with a rotating speed of 50 rpm for 5 min at 

50°C. After processing, the materials were cooled to 4°C in 10 min before removing them 

from the device. Tensile tests were performed on materials within 1 h after discharge 

from the device. Parts of the materials were stored at −20°C until further analysis. 

An extra experiment was done to elucidate the effect of air incorporation in the system 

and to exclude that the pre-treatment influenced the structuring properties of the calcium 

caseinate. Premix 5 was whipped with a kitchen mixer (MUM54230/02, Bosch, Germany) 

at speed 6 (out of 7) for 5 min to again incorporate air in the premix before material 
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preparation. The void fraction of the resulting material was 2.8 ± 0.2%. The resulting 

material showed similar mechanical properties and anisotropy as sample 4 (Appendix 

2A). 

2.2.4 Tensile strength analysis 

A texture analyser (Instron Testing System, table model type 5564) was used with a load 

cell of 100 N. A tensile bar was used to take samples 15.2 mm long and 3.18 mm wide. The 

thickness of the samples varied between 4 and 6 mm. The samples were taken parallel 

and perpendicular to the shear flow (based on the shear-vorticity plane). The tensile tests 

were conducted at a constant deformation speed of 3 mm·s−1. Grips with abrasive paper 

were used to prevent the sample slipping in the grips during testing. At least three 

specimens per direction were measured. The measurements were recorded using a 

camera in a smartphone. The results obtained from these tensile tests were depicted as 

force-displacement curves. The true stress ( 𝜎 , kPa) and fracture strain ( 𝜀 , –) were 

calculated using the following equations: 

𝜎 = 𝐹(𝑡) 𝐴(𝑡)⁄ 2-1 

𝜀 = ln(𝐿(𝑡) 𝐿0⁄ ) 2-2 

Where 𝐹(𝑡)  was force, 𝐴(𝑡)  was cross sectional area, and 𝐿(𝑡)  was the length of the 

sample all at time 𝑡 and 𝐿0  was the initial length of the tensile bar (15.2 mm). A point 

following  a dramatically decrease of stress in the stress-strain curve was taken as fracture 

point. This point was used to read fracture stress (𝜎, kPa) and fracture (Hencky) strain (𝜀, 

–), respectively. In this study, the apparent strain hardening coefficient 𝑛 was calculated 

by applying a power law fit ( =  𝑘n) using the Hencky strain interval between 30% and 

100% of fracture strain 𝜀. When 𝑛 exceeds 1, the sample exhibits strain hardening. k is a 

coefficient that correlates the stress and the stain of the materials and is therefore a 

measure of material stiffness. The ratio of the average data for mechanical properties 

measured in the parallel and perpendicular directions to the shear flow was calculated 

and used as an indication of the mechanical anisotropy of the samples. 
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2.2.5 X-ray tomography 

Samples were scanned using a GE Phoenix v|tome|x m tomographer (General Electric, 

Wunstorf, Germany) set at 80 kV/90 μA. The system contains two X-ray sources; the 240 

kV micro-focus tube with a tungsten target was used. The images were recorded by a GE 

DXR detector array with 2024 × 2024 pixels (pixel size, 200 μm). The detector and object 

were located 815 mm and 28.55 mm from the X-ray source, respectively. This results in a 

spatial resolution of 7.00 μm. A full scan consists of 750 projections over 360°. Four 

images are taken for each projection. The first image was skipped; images 2–4 were 

averaged into one projection. GE reconstruction software (Wunstorf, Germany) was used 

to calculate the 3D structure via back projection. The 3D images were analysed using 

Avizo imaging software version 9.3.0,  including the total sample volume, total gas volume, 

gas void fraction (𝑝), every single bubble volume, and its length, width and degree of 

deformation (Def). The degree of deformation (Def) was defined as: 

Def = (𝑎 − 𝑏) (𝑎 + 𝑏)⁄ 2-3 

where 𝑎 is the length of a deformed air bubble parallel to the shear flow, and 𝑏 is the 

average width of the air bubble perpendicular to the shear flow (based on velocity 

gradient-shear flow plane and vorticity-shear flow plane). An average value of Def was 

used to represent the deformation of air bubble with different bubble volume range. 

Def = 0 represents a spherical air bubble; Def = 1 represents an infinitum deformed air 

bubble. Three samples of each materials were measured. 

2.2.6 Scanning electron microscopy 

The sheared calcium caseinate materials were torn apart by hand along the shear flow 

direction (approximately 2 mm, based on the shear flow-vorticity plane), and rinsed with 

demineralized water. Subsequently, the samples were fixated in a glutaraldehyde solution 

(2.5%, v/v) for 1 h and dehydrated in a graded series of ethanol (10%, 30%, 50%, 70%, 

90% and 100% v/v, 20 min each). Critical point drying with carbon dioxide (CPD 020, 

Balzers, Liechtenstein) was performed. The dried samples were then glued to sample 
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holders using conductive carbon cement (Leit-C, Neubauer Chemicalien, Germany), and 

sputter coated with 15 nm platinum (JFC 1200, JEOL, Japan). The surface was observed 

with a field emission scanning electron microscope (Magellan 400, FEI, Eindhoven, the 

Netherlands) at ambient temperature at a working distance of 4–8 mm, with secondary 

electron detection at 2 kV and 6.3 pA. 

2.2.7 Reflective light microscopy 

The frozen materials were cut into thin slices with a razor blade (single-edge carbon steel; 

Electron Microscopy Sciences, Hatfiled, PA) parallel and perpendicular to the shear flow, 

resulting in the velocity gradient-shear flow plane and velocity gradient-vorticity plane, 

respectively. The samples were imaged using a digital microscope (Keyence VHX-2000E) 

with 100× magnification. 

2.3 Results and discussion 

2.3.1 Macro- and Microstructure 

Fig. 2-1 shows the macrostructure of calcium caseinate materials 1–5. A highly fibrous 

morphology was obtained when shearing a calcium caseinate premix with 

transglutaminase (material 1). When this material was torn along the direction of shear 

flow,  thin isolated fibres appeared, illustrating the pronounced fibrous character. 

Enzymatic crosslinking is not a prerequisite for the fibrous structure formation. Shearing 

30 wt% calcium caseinate in the absence of transglutaminase (materials 2–5) also gives 

anisotropy, but the materials are stickier than material 1. Visual observation suggests that 

material 5 contains fewer isolated fibres than premixes 2–4. Lack of air bubbles makes 

the material to break in larger parts, because the material contains hardly any air bubbles 

along which thin fibres can appear upon tearing. 

Light microscopy (Fig. 2-1) shows that materials 1–4 contained many air bubbles. The 

larger and well-visible air bubbles were elongated and orientated in the direction parallel 

to the shear flow, which reveal that the presence of the air bubbles induced structural 

anisotropy at microscale. Small air bubbles were still circular due to their higher Laplace 
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pressure. The image of material 5 shows the isotropic microstructure without air bubbles. 

We speculate that the presence of air bubble and fibrousness are correlated. The main 

explanation could be that the materials 2–4 break along the air bubble when tearing them 

along the direction of shear flow. Without air bubbles, structure will break into larger 

pieces upon tearing. 
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 Macrostructure Microstructure 

Parallel                        Perpendicular 

1. 

  

2. 

  

3. 

  

4. 

  

5. 

  

Fig. 2-1. Macrostructure and light microscopy images of 30 wt% calcium caseinate 

materials prepared with the different premixes 1–5. The scale bars in the light microscopy 

images denote 100 μm. 
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2.3.2 The morphology of air bubbles 

2D and reconstructed 3D X-ray tomography images show the morphology of air bubbles 

in materials 1–4 (Fig. 2-2). These images confirmed the elongation and orientation of the 

air bubbles as illustrated in Fig. 2-1. It could be also deduced that the dispersed air 

bubbles could induce the fibres to be arranged in bundles at the microscale, thus yielding 

a hierarchical structure (Manski et al., 2008). 

 

Fig. 2-2. X-ray tomography images of air bubble morphology in sheared calcium caseinate 

materials 1–4. 

The reconstructed 3D images were used to determine the cumulative void fractions below 

different bubble volumes and the associated deformation of the bubbles (Fig. 2-3). The 

total void fraction decreased from material 1 to 5, mainly due to the difference in the void 

fraction of large air bubbles (>10−3 mm3). Material A had a higher total void fraction of 

air (19.2 ± 1.2%) than material 2 (14.4 ± 3.2%), indicating that enzymatic crosslinking 

resulted in more air incorporation in the protein matrix. Going from material 2 to 5, the 

void fraction of air decreased further. Apparently, more pre-treatment (longer resting 

time and heating) of the premixes resulted in less air in the protein matrix. So far, it is not 

fully clear why heating and longer resting time reduced the void fractions. A possible 
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explanation in case of heating is that a warmer dispersion has a lower viscosity, which 

enables escaping of air bubbles from the dispersion. Longer hydration also leads to a 

lower dispersion viscosity, because more interaction of calcium caseinate and water could 

lead to weakening of the dispersions. Besides, longer resting time also gives air bubbles 

more time to escape. 

  

Fig. 2-3. A: Overall cumulative void fractions (as the void fraction below the bubble volume in 

mm3). B: Associated deformation of the bubbles. 

The deformation of air bubbles increased with increasing bubble volume in materials 1–

4 (Fig. 2-3B). The small air bubbles (≤10−3 mm3) were not deformed (–0.05–0.03), 

whereas the large air bubbles (>10−3 mm3) were slightly deformed (0.05–0.38). This is 

in line with the morphology of bubbles observed by light microscopy (Fig. 2-1). The 

deformation of the air bubbles was similar for materials 2–4, however, material 1 showed 

larger deformation. This is probably due to the crosslinking in material 1, resulting in a 

higher consistency during shearing and therefore larger force on the bubbles. In 

conclusion, the absence of transglutaminase reduced the air content and the degree of 

deformation. 
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2.3.3 Morphology around air bubbles 

 

Fig. 2-4. SEM images of the fractured surface parallel to the shear flow of material 1 

(images A–D) and 2 (images E–F). The scale bars denote 400 μm in image A, 10 μm in 

images B, C and E, and 1 μm in images D and F. Images B and C zoom in on the area outlined 

by the red square in image A at 5000×. Images in C zoom in on the area outlined by the  

square in image B at 50,000×. The air represents air bubbles in the images. 

Fractured fibres on the microscale are visible parallel to the shear flow after tearing 

material 1 by hand along the shear flow direction (based on the shear-vorticity plane) 

(Fig. 2-4A). SEM images were obtained at different magnifications and locations close to 
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air bubbles within this sample (Fig 2-4B, C). The fibre alignment at the bubble surface 

more or less follows the curvature of a bubble (Fig 2-4B, C). This is shown in more detail 

in Fig. 2-4D. The orientation of the fibres between two adjacent air bubbles follows the 

flow pattern around the bubbles (Fig. 2-4B). In the absence of transglutaminase, the fibre 

orientation is still present (Fig. 2-4E, F), but less distinct compared with material 1 (Fig.2-

4B-D). 

2.3.4 Mechanical properties 

The anisotropy index is the ratio of the fracture strain or stress parallel and perpendicular 

to the shear flow, which was used as an indication of the mechanical anisotropy of the 

sheared materials. Enzymatic crosslinking results in a high anisotropy for material 1 (Fig. 

2-5). The main difference in materials 2, 3, and 4 is the void fraction of air; only a slight 

decrease in the anisotropy was found for those materials. Thus, the different pre-

treatments had little effect on their mechanical anisotropy. Material 4 showed only slight 

anisotropy. To conclude, the mechanical anisotropy increases when transglutaminase and 

air bubbles are present in calcium caseinate material. 

Material 1 had the largest fracture stress and strain in the parallel direction and the 

smallest fracture stress in the perpendicular direction; the transglutaminase-induced 

crosslinking increases the strength in the parallel direction but not in the perpendicular 

direction, which is in line with previous research (Manski, et al., 2007b). In the absence of 

transglutaminase, the fracture stress of materials 2–4 increased with decreasing void 

fraction of air in both the parallel and perpendicular directions. No significant differences 

were found in the fracture strain. The measurements show that material 5, containing 

hardly any air, had the smallest fracture stress and strain in the direction parallel to shear 

flow. This indicates that the presence of air bubbles in the protein matrix reinforced the 

material in the parallel direction. In the perpendicular direction, all the materials become 

weaker with increased air content. In the perpendicular direction, air bubbles act as a 

weak phase, which promotes crack propagation along the fibre direction. 
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Fig. 2-5. Mechanical properties: (A) fracture stress σ, (B) fracture strain ε and (C) 

apparent strain hardening coefficient n as a function of void fraction of air for sheared 30 

wt% calcium caseinate materials 1–5, deformed parallel (filled squares) and 

perpendicular (open squares) to the shear direction. The error bars for the mechanical 

properties are ±standard deviation; where not shown they were smaller than the marker 

used. The anisotropic index AI (red triangles) is ratio between the average data for the 

mechanical properties measured in the parallel and perpendicular directions to the shear 

flow. 

Fig. 2-5C showed strain hardening in the parallel direction but not in the perpendicular 

direction in all materials. A similar behaviour was reported by Bast et al. (2015) for 

mozzarella cheese and Grabowska et al. (2014) for an anisotropic soy-gluten structure. 

The strain hardening behaviour in the calcium caseinate system became more 

pronounced when transglutaminase was added and air was incorporated. This strain 
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hardening may be ascribed to the further alignment of the fibres around the bubbles, 

leading to an increase in strength. This only occurs in the parallel direction, not in the 

perpendicular direction. An increased crosslink density gives better adhesion between 

adjacent fibres and thus greater strength and better strain hardening (Kurtz et al., 1999). 

In the perpendicular direction, the fibres are just pulled apart. Here, the air bubbles work 

as a weak phase, similar to the role of the fat droplets in mozzarella cheese (Bast et al., 

2015), which results in lower fracture strain and no strain hardening. 

The sheared calcium caseinate material with entrapped air was more fibrous and 

exhibited larger anisotropy than the same material without air. We studied materials 2 

and 5 further because these two have the largest and smallest void fraction and both were 

without transglutaminase (Figs. 2-6 and 2-7). In the parallel direction, material 2 reacts 

linearly elastic at small strains, followed by strain hardening and ultimately fluctuations 

close to the fracture point, indicating piecewise rupture of individual fibres or bundles of 

fibres. The strain hardening can be explained by further alignment of the fibres that are 

slightly misaligned due to the air bubbles. The fluctuating fracturing of material 2 is 

typical for fibrous composites, such as wood (Greil et al., 2002; Stanzl-Tschegg et al., 

2011). Material 5, having little air, exhibited only very minor strain hardening and 

relatively smooth breakage (Fig. 2-7B), indicative of a relatively brittle material. In the 

perpendicular direction, both materials break at relatively low stresses with smooth 

breakage (Figs. 2-6 and 2-7C). 
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Fig. 2-6. Typical stress-strain curves of sheared 30 wt% calcium caseinate sample 2 and 

sample 5 in the parallel and perpendicular direction to the shear flow. 

Fig. 2-7. Recorded images of a dog-bone specimen of samples 2 and 5 during the tensile 

test with a deformation rate of 3 mm·s−1. A: Sample 2 in the parallel direction. B: Sample 

5 in the parallel direction. C: Sample 5 in the perpendicular direction to the shear flow. 

2.3.5 Relationship between microstructure and mechanical properties 

Fig. 2-8 interprets the influence of air bubbles in the matrix on the fracture behaviour in 

different orientations (Gibson and Ashby, 1997; Greil, Lifka, et al., 1998). Based on the 

tensile tests, we postulate that air bubbles act as a weak phase in the perpendicular 

direction. The bubbles facilitate widening of a crack in between fibres, which then 
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propagates along the orientation of fibre. In the parallel direction, the incorporated air 

misaligns the fibres somewhat. Pulling then results in a realignment of the fibres along 

the axis of the tensile stress, resulting in a net stronger material under stress. The local 

stress accumulation that may result from any incipient crack is distributed over the whole 

surface area of the air bubble, and therefore the stress concentration lessens and the 

material thus is tougher (Vincent, 2011). This relies on the existence of relatively strong 

fibres and the adhesion between the fibres which also determines the overall strength. 

This is evident by the fact that there is still some minor anisotropy at a void fraction close 

to zero. The porosity makes the material less susceptible to failure in the parallel direction, 

and more susceptible to breakage in the perpendicular direction, as is known for 

composite materials. 

 

Fig. 2-8. Graphical illustration of the effect of air bubbles on the fracture behaviour in 

sheared calcium caseinate material. The red arrows represent the direction of applied 

tensile force. The white ellipses represents the air bubbles in the material and the white 

lines represents the crack paths. The dark and grey lines represent the shear-induced 

protein alignments. 
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In the sheared calcium caseinate materials, the small air bubbles (≤10−3 mm3) were not 

deformed (−0.05–0.03), whereas larger air bubbles (>10−3 mm3) were slightly deformed 

(0.05–0.38). When comparing the air bubbles incorporated in calcium caseinate with a 

previous study on fibrous materials from soy protein isolate-pectin (Dekkers et al., 2018), 

we noticed that calcium caseinate materials entrap more air bubbles, which are smaller 

in size and less deformed than in soy protein isolate-pectin blends (0.33–0.56). This may 

be due to the amphiphilic nature of caseinate. Smaller air bubbles have more surface area, 

therefore cause more local misalignment of the fibres, and thus will cause more strain 

hardening and arresting of cracks. Indeed, we see this strain hardening and tougher 

materials in the parallel direction with caseinate, but not with soy protein isolate-pectin 

blends. 

2.4 Conclusion 

Air incorporated in a calcium caseinate dispersion enhances the macroscopic and 

mechanical anisotropy of the fibrous morphology formed after shearing. Air bubbles can 

be considered as an additional phase that influences the local alignment of fibres. Air 

incorporation causes the material to become tougher with strain hardening in the 

direction parallel to the fibres, but makes the material somewhat more susceptible to 

fracture in the perpendicular direction. This insight can be used to design materials with 

the right degree of anisotropy, by allowing the right amount of air to be incorporated into 

the material. 
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Appendix 2A  

Table 2A-1 Mechanical properties of whipped sample 5. 

 

  

 Fracture stress 

(kPa) 

Fracture strain 

(-) 

Strain hardening 

coefficient (-) 

Parallel 84.1 ± 1.1 1.02 ± 0.07 1.36 ± 0.07 

Perpendicular 21.9 ± 3.8 0.62 ± 0.09 0.99 ± 0.06 

AI 3.84 1.65 1.37 
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Abstract 

Calcium caseinate dispersions can be transformed into anisotropic, fibrous materials 

using the concept of shear-induced structuring. The aim of this study is to further 

investigate the relative importance of air bubbles and protein on the mechanical 

anisotropy of calcium caseinate material. In this study, the effect of air on mechanical 

anisotropy of these fibrous materials was described with a load-bearing model, with the 

void fraction, and the bubble length and width as input parameters. The anisotropy of the 

protein phase was estimated using materials obtained from deaerated dispersions after 

shearing at different shear rates. We concluded that the deformation of air bubbles can 

only partly explain the mechanical anisotropy; the anisotropy of the protein phase is more 

important. Based on all results, we further concluded that the anisotropy of the protein 

phase was affected by the air bubbles present during the structuring process. This effect 

was explained by locally higher shear rate in the protein matrix during the structuring 

process. 
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3.1 Introduction 

Dense calcium caseinate dispersions have been successfully transformed into a 

hierarchically fibrous structure using a process based on simple shear flow deformation 

(Manski et al., 2007a). Such fibrous material is structural and mechanical anisotropy. The 

presence of a pronounced fibrous structure is crucial for the development of an appealing 

meat analogue in terms of acceptability of consumers (Hoek et al., 2011). Therefore, 

calcium caseinate becomes an attractive material for the next generation of meat 

analogues. 

The formation of calcium caseinate fibrous structure is based on the presence of caseinate 

micelles (~100–200 nm) in the dispersion. Further, these micelles exhibit mild adhesion 

due to the divalent Ca2+ (Manski et al., 2007a, 2007c). Upon shearing, those mildly 

adhesive micelles are aligned and concurrently fixated using transglutaminase. Recently, 

we found that the fibrous appearance and mechanical anisotropy of calcium caseinate 

materials are greatly enhanced by the presence of dispersed air bubbles (~100–400 μm) 

(Tian et al., 2018; Wang et al., 2019a). Several studies have showed that the geometrical 

anisotropy of air bubbles could result in the mechanical anisotropy of aerated materials 

(Cho and Rizvi, 2009; Griffiths et al., 2017; Hyun et al., 2001; Masmoudi et al., 2017; 

Nakajima, 2007). Therefore, it is interesting to quantify the effect of air bubbles on the 

mechanical anisotropy in calcium caseinate materials. 

From a macroscopic viewpoint, the calcium caseinate fibrous material can be considered 

as a special foam in which air bubbles are dispersed within anisotropic protein matrices. 

Several empirical and theoretical models have been developed to predict the tensile 

properties of porous materials (Chen et al., 2013; Gibson and Ashby, 1997; Ji et al., 2006; 

Rice, 1996). Some of these models relate not only to total void fraction but also to the void 

geometry. For example, the load-bearing model is easily applied to idealized arrays of 

identically shaped and orientated voids (Rice, 1993). The load-bearing model assumes 

that the mechanical properties are determined by the minimum solid cross-sectional area 

parallel to the stress. In this approach, microstructural stress concentration effects are 
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neglected (Rice, 1996). Hyun et al. (2001) showed that load-bearing model is suitable to 

determine the strength of porous copper. Recently, a model based on the cross-sectional 

area of a weak dispersed phase was modified to predict mechanical anisotropy of the 

fibrous soy protein isolate-pectin material (Dekkers et al., 2018). 

In this study, we hypothesize that both the deformation of air and anisotropy of protein 

phase contribute to the macroscopic mechanical anisotropy. We apply the load-bearing 

model to quantify the effect of air in the calcium caseinate materials on their fracture 

properties. Both total void fraction and bubble geometry are considered. Fibrous 

materials were then prepared from aerated and from deaerated calcium caseinate 

dispersions using different shearing rates. Deaeration in these concentrated dispersions 

was achieved by heating, centrifuging and application of a long rehydration time before 

shearing (Wang et al., 2019a). The geometry of the air bubbles in the final products was 

studied with X-ray tomography, while the directional tensile strengths were determined 

using a texture analyser. Finally, the predicted mechanical anisotropy from the load-

bearing model was compared to the mechanical anisotropy found experimentally. 

3.2 Material and methods 

3.2.1 Material 

Spray dried calcium caseinate was kindly provided by DMV International (Veghel, the 

Netherlands). This calcium caseinate contained 92 wt% protein and 1.46 wt% calcium 

according to the manufacturer’s specifications. The dry matter was 94.82 wt%. Weight 

was given as powder weight. 

3.2.2 Protein dispersions preparation for preparative shearing 

An aerated protein dispersion was prepared by manually mixing 30 wt% calcium 

caseinate powder in demineralized water (pH 6.7–6.9) with a spatula for 1 min. 

Deaeration was achieved through heating the dispersion at 80°C for 5 min, followed by 

centrifuging (2500 × g  for 2 min) and subsequently leaving it at room temperature for 

55 min. 
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3.2.3 Material preparation in the shear cell device 

Well-defined shear flow was applied using a custom built shearing device (Wageningen 

University, the Netherlands), which consists of a rotating plate (the bottom cone, angle 

𝛼𝑝𝑙𝑎𝑡𝑒 = 105°) and a stationary cone (the top cone, angle 𝛼𝑐𝑜𝑛𝑒 = 100°). Further details 

are described in an earlier publication (van der Zalm et al., 2012). The cones were 

temperature controlled with a heating and a cooling water bath. After preparation, the 

dispersion was immediately transferred to the pre-heated (50°C) device. Dispersions 

were then subjected to shearing at various rates (0, 3, 10, 25, 50, 75, 100 or 150 rpm) for 

5 min. After processing, the material was cooled for 10 min at 4°C. Tensile tests were 

performed within 1 h after removing the sample from the shear cell device. Part of the 

materials was stored at −20°C prior to further analysis. The preliminary results when 

using shear rates higher than 150 rpm were shown to be not reliable due to the instability 

of the inner cone during shearing. 

3.2.4 Tensile strength analysis 

A Texture Analyser (Instron Testing System, table model type 5564) was used with a load 

cell of 100 N. The material that was not sheared (referred to as 0 rpm) was too weak to 

measure its tensile strength. From the other materials, dog-bone shaped pieces were cut 

with a length of 15.2 mm and a width of 3.18 mm using a tensile bar. The thickness of the 

samples varied between 4 and 6 mm. The samples were taken parallel and perpendicular 

to the shear flow (based on the shear-vorticity plane). The tensile tests were conducted 

at a constant deformation speed of 3 mm·s−1. Grips with abrasive paper were used to 

prevent slip during testing. At least three specimens per direction were measured per 

sample, and three samples per condition were tested. The results obtained from these 

tensile tests were depicted as force-displacement curves. Blue Hill software was used to 

determine a fracture point and to calculate the fracture stress (𝜎, kPa) and fracture strain 

(𝜀 , –).The ratio of the mechanical properties between the parallel and perpendicular 

directions to the shear flow was used as an index for the mechanical anisotropy of the 

samples. 
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3.2.5 X-ray tomography 

Samples (roughly 3 × 4 × 20 mm) were scanned using a GE Phoenix v|tome|x m 

tomographer (General Electric, Wunstorf, Germany) set at 80 kV/90 𝜇𝐴. The system 

contains two X-ray sources; the 240kV micro-focus tube with a tungsten target was used. 

The images were recorded by a GE DXR detector array with 2024 × 2024 pixels (pixel 

size, 200 μ𝑚). The detector and object were located 815 mm and 28.55 mm from the X-

ray source, respectively. This results in a spatial resolution of 7.00 𝜇𝑚 . A full scan 

consisted of 750 projections over 360°. Four images were taken for each projection. The 

first image was skipped because it probably contained information from the previous 

projection; images 2–4 were averaged into one projection. GE reconstruction software 

(Wunstorf, Germany) was used to calculate the 3D structure via back projection. The 3D 

images were analysed using Avizo imaging software version 9.3.0. The analysis included 

the total volume, total air volume in the sample, void fraction of air (𝑝), the length of air 

bubble parallel to the shear flow ( 𝑎 ) and the average width of the air bubble 

perpendicular to the shear flow (𝑏 , based on velocity gradient-shear flow plane and 

vorticity-shear flow plane). 

3.2.6 Reflective light microscopy 

A fresh sample (50 rpm) was stretched by hands in the parallel direction to shear flow. 

The resulting deformed material was then observed with a digital microscope 

(Smartzoom 5) with 50× magnification. 

3.3 Theory 

Based on load-bearing model, the tensile stress of porous material is given as follows: 

𝜎 = 𝜎𝑐 ∙ φ 3-1 

Where 𝜎𝑐 is the theoretical fracture stress in the same material  without air; 𝜑 is the 

minimum cross-sectional area fraction of continuous phase. We simplify calcium 

caseinate material by considering the dispersed air bubbles as many small cubes inside a 

larger cube (ℎ) (Fig. 3-1). We assume that all these cubes have a similar size and are 
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deformed in a similar manner. The deformation will result in one dimension becoming 

longer ( 𝑎 ), and we assume that the volume remains constant, and the two other 

dimensions will remain the same (𝑏). Then, 

𝑝 =
a ∙ 𝑏2

ℎ3
3-2 

When stretching the material in the parallel direction of the shear flow (Fig. 3-1A), the 

minimum cross-sectional area fraction of the air bubbles is given by: 

𝜑
∥

= 1 −
𝑏2

h2
= 1 − (

a

𝑏
)

−
2
3

∙ 𝑝
2
3 3-3 

When stretching the material in the perpendicular direction of the shear flow (Fig. 3-1B), 

the minimum cross-sectional area fraction of the air bubbles is given by: 

𝜑⊥ = 1 −
a ∙ 𝑏

h2
= 1 − (

a

𝑏
)

1
3

∙ 𝑝
2
3 3-4 

 

Fig. 3-1. Schematic of the load-bearing area model for calcium caseinate material with 

cuboid void: deformation (shear flow) direction parallel to the tensile stress (A); 

deformation (shear flow) direction perpendicular to the tensile stress (B). 

Combining Eqs. (3-3) and (3-4) into Eq. (3-1) yields: 

σ∥ = σc∥ ∙ (1 − (
a

𝑏
)

−
2
3

∙ 𝑝
2
3) 3-5 

𝜎⊥ = 𝜎𝑐⊥ ∙ (1 − (
a

𝑏
)

1
3

∙ 𝑝
2
3) 3-6 
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It should be noted that the values of 𝜎𝑐⊥  and 𝜎𝑐∥  are only the same in a matrix that is 

homogeneous (i.e. isotropic). In our case, the matrix consists of sheared calcium caseinate, 

which might be anisotropic. This explains why different symbols were taken to include 

anisotropy effect in Eqs. (3-5) and (3-6). 

We define the ratio between the fracture stress in the parallel and perpendicular 

directions as the anisotropy index (𝐴𝐼), which can be expressed as 

𝐴𝐼 =
𝜎∥

𝜎⊥
=

𝜎𝑐∥

𝜎𝑐⊥
∙

1 − (
a
𝑏

)
−

2
3

∙ 𝑝
2
3

1 − (
a
𝑏

)

1
3

∙ 𝑝
2
3

= 𝐴𝐼𝑝𝑟𝑜𝑡𝑒𝑖𝑛 ∙ 𝐴𝐼𝑎𝑖𝑟 3-7 

Thus, the anisotropy index of fracture stress 𝐴𝐼 is equal to the product of the anisotropy 

index of continuous phase 𝐴𝐼𝑝𝑟𝑜𝑡𝑒𝑖𝑛 and the anisotropy index of the deformed air bubble 

𝐴𝐼𝑎𝑖𝑟 . 

Fig. 3-2A demonstrates the effect of air holdup according to this model on the tensile 

stress in two directions, given a constant void fraction ( 𝑝 = 0.2 ) and assuming an 

isotropic continuous phase (𝜎𝑐∥ = 𝜎𝑐⊥ = 100 𝑘𝑃𝑎). The fracture stress increases in the 

parallel direction with increased deformation of the air bubbles, and it decreases in the 

perpendicular direction. Consequently, the values of 𝐴𝐼  increases with increased 

deformation of the air bubbles. When it is assumed that the continuous phase is 

anisotropic (𝜎𝑐∥ = 100 𝑘𝑃𝑎; 𝜎𝑐⊥ = 50 𝑘𝑃𝑎) , the value of 𝐴𝐼  is twice compared to the 

material with an isotropic continuous phase. The 𝐴𝐼 can thus result from a combination 

of anisotropic protein phase and anisotropy originating from deformed air bubbles. 
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Fig. 3-2. A: Calculation of the fracture stress in the parallel () and perpendicular () 

direction and anisotropy index 𝐴𝐼 (), while keeping a constant porosity (𝑝 = 0.2) and 

assuming an isotropic continuous phase (𝜎𝑐∥ = 𝜎𝑐⊥ = 100 𝑘𝑃𝑎); B: calculation of fracture 

stress in the parallel () and perpendicular () direction and anisotropy index 𝐴𝐼 (), 

while keeping a constant porosity (𝑝 = 0.2) and assuming an anisotropic continuous 

phase (𝜎𝑐∥ = 100 𝑘𝑃𝑎; 𝜎𝑐⊥ = 50 𝑘𝑃𝑎). The lines have been added to guide the eye. 
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3.4 Results 

3.4.1 Structure formation from aerated calcium caseinate 

Aerated calcium caseinate dispersions (around 20.0 v% of air), were sheared at different 

shear rates (0–150 rpm, 5 min). Visual inspection of the resulting materials revealed clear 

differences. Without shear (0 rpm), the material was a weak, homogeneous gel without 

fibres or layers. The material that was sheared at 3 rpm was weak and easily broken when 

discharged from the device (Fig. 3-3A). This material was anisotropic but did not contain 

fibres. The applications of a shear rate of 10 rpm or 25 rpm resulted in some thick fibres 

upon tearing the materials manually. Further increasing the shear rate to 50, 75 and 100 

rpm resulted in pronounced fibrous materials (Fig. 3-3B). The material made at 150 rpm 

showed less fibres upon tearing compared to the material sheared at 50, 75 and  100 rpm. 

 

Fig. 3-3. Macrostructure of 30 wt% aerated calcium caseinate material sheared at 3 rpm 

(A) and 75 rpm (B). The length of images is approximately 4–7 cm. 

The geometries of the aerated and sheared materials (Fig. 3-4) were analysed using 2D 

and reconstructed 3D X-ray tomography (XRT). Without shearing (0 rpm), the air was 

randomly distributed throughout the protein matrix. Shearing calcium caseinate 

dispersion at 3 rpm resulted in slightly deformed air bubbles. This deformation increased 

with increasing shear rate, while the total air holdup clearly decreased when sheared at 

150 rpm. In the latter material, the air was mostly located near the inner or stationary 

cone (left side of the 2D image), and only small air bubbles remained closer to the rotating 
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outer cone (right side of the 2D image). This suggests that the larger air bubbles were 

expelled from the rotating outer cone during shear. 

 

Fig. 3-4. X-ray tomography images of air bubbles in calcium caseinate material that were 

sheared at various shear rate (0, 3, 50 and 150 rpm) for 5 min. 

Shearing at different rates (0–150 rpm) affected both the total air holdup and the 

deformation of the air bubbles in the material (Fig. 3-5). Without shearing (0 rpm), the 

material contained 20.0 v% air, while visual observations showed hardly any bubble 

deformation. Fig. 3-5A shows that shearing reduced the total air holdup (variation 

between 13.6 and 15.1 v%) up to a shear rate of 25 rpm, which was mainly due to the loss 

of the smallest (< 10−3 mm3) and the largest air bubbles (> 10−1 mm3). The material 

sheared at 50 rpm contained the highest void fraction of 17.5 v% air among the sheared 

materials (but still lower than the material without shearing). At higher shear rates (75–

150 rpm), the materials contained less air.  Fig. 3-5B shows that the shear deforms air 

bubbles when their volumes are larger than 10−3 mm3. However the deformation did not 

strongly change when varying the shear rate between 3 and 75 rpm. The large air bubbles 

(> 10−1 mm3) were mostly deformed when processing at 100 and 150 rpm. It is possible 

that shear force had an influence on the external forces that are resulting in deformation, 
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breakup and coalescence of air bubbles. To summarize, overall air holdup decreased with 

higher shear rates, whereas the deformation degree of air bubbles was not strongly 

influenced by the shear rate. 

  

Fig. 3-5. X-Ray tomography analysis of air bubbles when varying the shear rate for 30 wt% 

calcium caseinate materials: (A) overall void fraction and the void fraction at different 

volume ranges; (B) the ratio between long and short axis of the air bubbles (a/b) at 

different volume ranges. The error bars are ± standard deviation; where not visible, error 

bars were smaller than the marker used. 

Fig. 3-6 summarizes the effect of shear rate on the fracture mechanics of the materials. In 

the absence of shear, the material was too weak to perform a tensile test. The fracture 

stress and strain increased with increasing shear rate (3–75 rpm) in the parallel direction. 

Shearing at 3 rpm resulted in only slight anisotropy. Shearing at 10 and 25 rpm resulted 

in more pronounced anisotropy. These materials had a higher fracture stress parallel to 

the shear flow, and a lower fracture stress perpendicular to the shear flow when 

compared to the material that was sheared at 3 rpm. Materials sheared at 50, 75 and 100 

rpm had most pronounced anisotropy. Their fracture stress and strain were the highest 

in the parallel direction. The slight increase of the fracture stress in the perpendicular 

direction from 50 to 150 rpm can be explained by the decreasing of the air holdup. The 
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material sheared at 150 rpm was much weaker compared to the materials sheared at 50–

100 rpm in the parallel direction. The explanation could be that a high shear rate leads to 

break up the protein alignment. 

  

Fig. 3-6. Measured mechanical properties: (A) fracture stress σ and (B) fracture strain ε 

of 30 wt% calcium caseinate materials as a function of shear rate (3, 10, 25, 50, 75, 100 

and 150 rpm) parallel () and perpendicular () to the shear direction. The error bars 

are ± standard deviation; where not visible, error bars were smaller than the marker used. 

The anisotropy index () is the ratio between the mechanical properties measured in the 

parallel and perpendicular directions. 

3.4.2 Structure formation from deaerated calcium caseinate dispersions 

In the absence of air bubbles, the 30 wt% calcium caseinate dispersions formed materials 

with different properties. Shearing at low rates (3, 10 and 25 rpm) resulted in isotropic 

materials accompanied by some expelled water and subtle syneresis (Fig. 3-7A). Further, 

the applied shear rates were too low to create anisotropy (Manski et al., 2008). Materials 

with an anisotropic structure were formed at higher shear rates (40–75 rpm). A further 

increase of the shear rate (100–150 rpm) resulted in fibres that were only visible upon 

tearing manually. Fig. 3-7C showed that the anisotropy index of fracture stress increased 
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with increasing shear rate (40–150 rpm). A linear relationship was observed between the 

anisotropy index of fracture stress and shear rate with an intercept of 1 and a 95% 

confidence interval from 0.0248 to 0.0290. This empirical equation in Fig. 3-7C can be 

used to estimate the “theoretical” mechanical anisotropy index of the deaerated 

dispersions sheared at low rates (3–25 rpm). 

A. 

C.  

B. 

Fig. 3-7. Macrostructure of sheared 30 wt% deaerated calcium caseinate material at 3 rpm 

(A)  and 100 rpm (B). Anisotropy index of fracture stress for 30 wt% deaerated calcium 

caseinate materials as a function of shear rate (40, 50, 75, 100,125 and 150 rpm). The 

dotted line represents the fit. 

3.5 Discussion 

The sheared calcium caseinate materials are known to create an anisotropic structure. 

However, we identified the importance of an additional phase that also contributes to the 

material properties: the air phase (Wang et al., 2019a). The importance of air is based on 

the large differences in the structural and mechanical anisotropy between the aerated and 

non-aerated materials, and the slight deformation of the air bubbles. However, anisotropy 

was also observed in the non-aerated materials, which means that the protein phase itself 

can become anisotropic as well. We therefore propose that both the protein matrix and 

the dispersed air bubbles contribute to the mechanical anisotropy in the material. 
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The X-ray tomography measurements provide the parameters needed to describe the 

change in mechanical properties due to the presence of air bubbles using the model. Those 

parameters are the volume fraction of the air 𝑝, the average length of the bubbles (𝑎) 

parallel to the shear and the average width (𝑏) perpendicular to the shear direction. With 

that, we calculate the fracture stress in the parallel (𝜎∥ ) and the perpendicular (𝜎⊥ ) 

directions as well as the anisotropy index (𝐴𝐼 𝑎𝑖𝑟) of the fracture stress using Eqs. (3-5), 

(3-6) and (3-7). 

One should bear in mind that the material will be extended during the tensile test in the 

parallel direction. This extension of the material in the direction of the shear flow will also 

extend the bubble (Fig. 3-8). To include this effect, Eq. (3-5) is modified: 

σ∥ = σc∥ ∙ (1 − 𝑝) 3-8 

As a result, Eq. (3-7) can be expressed as: 

𝐴𝐼 𝑎𝑖𝑟 =
1 − 𝑝

1 − (
a
𝑏

)

1
3

∙ 𝑝
2
3

3-9
 

assuming an isotropic protein phase (σc∥ = σc⊥).The mechanical anisotropy caused by the 

deformation of air bubbles is plotted as a function of the shear rates applied when making 

the materials (Fig. 3-9). Eq. (3-7) predicts only little anisotropy, given that the bubbles 

only show limited deformation. However, the bubble deformation during the actual 

tensile test is much larger, which is illustrated in Fig. 3-8. If we use the deformations 

obtained just before breakage (Fig. 3-8F), the prediction of the mechanical anisotropy is 

still much lower than what is found with experimental tensile tests. 
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Fig. 3-8. Morphology changes of air bubbles in a fresh sample (50 rpm, 5 min) when 

stretched by hand in the parallel direction to shear flow. A: the bubble deformation before 

stretching; B-E: the bubble deformation upon stretching; F: the bubble formation upon 

stretching just before breakage. The yellow ellipses have been drawn to sharpen the 

morphology of bubbles. 

Fig. 3-9 depicts the experimental mechanical anisotropy index of fracture stress for the 

aerated materials and the predicted anisotropy index based on the deformation of air 

bubbles as a function of the shear rate. Clearly, the deformation of air bubbles does not 

fully account for the observed mechanical anisotropy. As a consequence, part of the 

anisotropy must be caused by anisotropy within the protein phase itself. Indeed, a linear 

relationship between the anisotropy index of deaerated dispersions and shear rate (40–

150 rpm) was found (Fig. 3-7). In addition, we used Eqs. (3-6) and (3-8) to estimate the 

fracture stress of the protein matrix in the aerated materials and compared with the 

experimental data of deaerated materials (Fig. 3-10A, B). The estimated data was in good 
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agreement with the experimental data in the perpendicular direction (Fig 3-10B). 

However, the predicted values were higher than the experimental values in the parallel 

direction. As a result, the experimental anisotropy indices are higher than the 

experimental values of deaerated material (3–100 rpm) (Fig. 3-10C). Only the estimation 

of 150 rpm was much lower than that of 100 rpm. This is thought be due to the breakup 

of protein alignment in the aerated material. Thus, Eq. (3-8) is not suitable for the calcium 

caseinate material with high shear rate (above 100 rpm). 

 

Fig. 3-9. The experimental mechanical anisotropy index () of fracture stress for the 

aerated materials at various shear rate (3–150 rpm) for 5 min; the predicted anisotropy 

index based on the bubble deformation before stretching (), and the bubble 

deformation upon stretching just before breakage (). 

  
 

Fig. 3-10. Comparing experimental (closed symbol) with estimated (open symbol) 

fracture stress in parallel (A) and perpendicular direction(B), and anisotropy index of 

protein phase (C). 
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A previous study showed that the fracture stress of aerated material (50 rpm, 5 min) is 

higher than the material without air in the parallel direction. Our explanation was that air 

incorporation causes the material to become tougher upon deforming with tensile stress. 

This factor was taken into account by assuming that air bubbles were infinitely deformed 

(Eq. (3-8)). However, the estimated fracture stress in the parallel direction was still larger 

than the experimented value of the deaerated materials (Fig. 3-10). This suggests that 

shearing the aerated dispersion resulted in a stronger protein phase than that in 

deaerated material. We hypothesis that air bubbles might behave as rigid particles in the 

protein dispersion during the structuring process, leading to a strengthening of the 

material. Indeed, non-linear oscillation tests showed that the presence of air bubbles 

influenced the behaviour of calcium caseinate dispersions. The apparent complex 

modulus of 30 wt% aerated dispersion (137 Pa) was higher than that of deaerated 

dispersion (39 Pa) with an angular frequency of 10 rad/s and 80% strain. The apparent 

complex modulus increased to 143 Pa if the deaerated dispersion was whipped with a 

kitchen mixer to again incorporate air. This effect of air is also supported by several 

studies on other aerated food (Allen et al., 2008; Chin et al., 2005; Tiwari and Bhattacharya, 

2011b). For example, dairy cream is converted from a viscous liquid into a viscoelastic 

solid by whipping (Allen et al., 2008). In a study on aeration of elastic fluids, it was shown 

that the apparent viscosity of the aerated polyacrylamide-corn syrup dispersion is much 

higher than for ungassed fluids (Cheng and Carreau, 1994). The presence of air bubbles 

as a rigid dispersed phase will lead to an increase of the local shear rate in the protein 

phase. This effect will lead to a more anisotropic protein material. 

3.6 Conclusion 

The mechanical anisotropy of the fibrous materials was described using a load-bearing 

model. The void fraction, bubble length and width obtained from X-ray tomography was 

used to calculate the effect of air bubbles on mechanical anisotropy. Those calculations 

showed that the deformation of air bubbles could not fully account for the anisotropy of 

calcium caseinate material. The anisotropy of protein phase plays a greater role on the 

mechanical anisotropy of the fibrous calcium caseinate material. Therefore, we conclude 
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that the anisotropy of calcium caseinate material is caused by a combination of anisotropy 

in the protein phase and an additional effect of air. 
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Abstract  

In this study, we compare the structuring potential and physical properties of spray-dried 

calcium caseinate (Scaca) and roller-dried calcium caseinate (Rcaca). Scaca formed more 

pronounced fibrous materials upon shearing compared with Rcaca. The rheological 

measurements revealed that the Scaca dispersion exhibited more solid-like behaviour. 

Besides, the particle size in excess water was larger for Rcaca (2–300 μm), while Scaca 

mainly contained small caseinate aggregates (<800 nm). Finally, Rcaca was less 

susceptible to enzymatic crosslinking with transglutaminase. We explain differences in 

structuring potential and physical properties by the intensive thermal treatment during 

roller drying for Rcaca. The application of a similar thermal process to Scaca resulted in 

similar properties as Rcaca. We conclude that the process history of calcium caseinate has 

major consequences for its fibre formation potential.  
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4.1 Introduction  

Casein, a composite of four different proteins (αS1-, αS2-, β-, and κ-casein), are held 

together by colloidal calcium phosphate, which can be removed by precipitation of casein 

at pH 4.6 and washing. The acid casein can be resuspended by increasing the pH with 

NaOH or Ca(OH)2. The resulting sodium and calcium caseinate slurries may then be spray-

dried or roller-dried for further applications (Dalgleigh and Law, 1988; Fox and Mulvihill, 

1982; Huppertz et al., 2017). The solid content of the slurry is ~20 wt% prior to spray 

drying and ~40 wt% prior to roller drying (O’Regan and Mulvihill, 2011). Heating is 

necessary to reduce viscosity during neutralization and prior to drying (Augustin et al., 

2011). The time that caseinate slurries are kept at high temperature during pre-treatment 

and drying is minimized because browning may occur otherwise, amongst others due to 

reactions between the proteins and residual lactose (Mulvihill and Ennis, 2003). 

Generally, thermally induced changes mostly occur during roller drying and only sporadic 

with spray drying (Schuck, 2011). Spray-dried caseinate powder has excellent solubility, 

flavour and colour. Roller drying results in powder that is more scorched and therefore 

has a less desirable flavour profile than spray-dried powder. This is the reason that roller 

drying is therefore not widely used for dairy powder (Chandan and Kilara, 2011). 

However, roller-dried caseinate powder is cheaper, has better dispersibility in water and 

yields more viscous solutions than spray-dried caseinate at similar concentrations (Carr 

and Golding, 2016; Carr et al., 2003; Fox and Mulvihill, 1982). Roller-dried caseinates are 

mostly used in meat products and processed cheese. Commercial roller-dried sodium 

caseinates are less sensitive to Ca2+ compared with spray-dried caseinates (Dalgleigh and 

Law, 1988). 

Our previous research showed that 30 wt% calcium caseinate dispersions can form 

fibrous structures using a technology based on simple shear deformation (Manski et al., 

2007a). The presence of Ca2+ is important for structure formation because this structure 

was not formed with a 30 wt% sodium caseinate dispersion using the same processing 

conditions (Manski et al., 2007c). Concurrent enzymatic cross-linking by 
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transglutaminase and incorporation of air can enhance the anisotropy of calcium 

caseinate fibres (Wang et al., 2019a). All those studies were done using spray-dried 

calcium caseinate. We observed, though, that different batches of spray-dried calcium 

caseinate powder possessed different properties and the final products could have a 

different degree of anisotropy, despite the use of similar concentrations and process 

conditions (Grabowska et al., 2012; Manski et al., 2007a; Wang et al., 2019a). Differences 

in structures obtained became even more explicit when comparing spray-dried and 

roller-dried calcium caseinate (Tian et al., 2018; Wang et al., 2019a). Therefore, we 

hypothesize that the drying process of powder could influence their structuring potential. 

This study focusses on understanding differences in spray-dried and roller-dried calcium 

caseinate powder through investigating their physical properties and structuring 

potential. The sheared materials were prepared in a shear cell device using deaerated 

dispersions and aerated dispersions with or without transglutaminase. The resulting 

products were investigated with tensile tests, X-ray tomography (XRT), and scanning 

electron microscopy (SEM). 

4.2 Materials and methods 

4.2.1 Materials 

Spray-dried (Scaca) and roller-dried (Rcaca) calcium caseinate powders were produced 

by DMV International (Veghel, the Netherlands) from the same milk source. Scaca powder 

was prepared from a slurry of ~22 wt% solid. Spray drying was conducted using a feed 

temperature 82±2°C, an air inlet temperature 230–240°C and an air outlet temperature 

78°C. The drying air-flow rate was 90,000 kg dry air/h. The nozzle (Delevan) pressure 

was 157 bar. Rcaca powder was prepared from a slurry containing ~45 wt% solid. The 

feed temperature was 120–130°C. The hot drum temperature was 100°C. The layer 

thickness on the hot drum was 1 mm. 

The resulting Scaca and Rcaca powders had a dry matter content of 94.5 wt% and 93.9 

wt%, respectively. The powder size distribution was determined using a Mastersizer 



Thermal history of calcium caseinate affects fibre formation 

53 

3000 (Malvern Instruments, Malvern, UK). The powder bulk density was measured with 

a 100-mL cylinder. The calcium content in the powders was determined using an 

inductively coupled plasma mass spectrometer. Colour measurement of the powders was 

carried out using a chromameter (CR-400, Konica Minolta, Japan) and a data processor 

(DP-400, Konica Minolta, Japan). 

The activity of microbial Ca2+-independent transglutaminase derived from 

Streptoverticillium moberansae (1 wt% transglutaminase, 99 wt% maltodextrin; 

Ajinomoto, Tokyo, Japan) was 114 units·g-1 determined by the hydroxamate method 

(Yokoyama et al., 2003). The term “enzyme” in this study refers to the transglutaminase 

product. A 20 wt% transglutaminase solution was stirred at room temperature for 1 h. 

Transglutaminase was used at an enzyme/protein ratio of 1:20 based on weight. 

4.2.2 Particle size measurement 

Scaca and Rcaca powder were mixed into deionized water to obtain a 10 wt% protein 

dispersions overnight. The particle size distribution was determined using a Mastersizer 

3000. 

4.2.3 Confocal scanning laser microscopy 

Rhodamine B was added to the dispersions. Dispersions were visualized with an CSLM 

510 microscope (Zeiss, Oberkochen, Germany) using an Ar-ion laser (543 nm) with an 

emission filter of 561–711 nm and a 63 oil-immersion objective (NA 1.4). 

4.2.4 Rheological properties 

Strain sweep measurements within a strain range of 0.1%–100% were performed to 

determine the linear viscoelastic region of 30 wt% calcium caseinate dispersions at 50°C 

using a Paar MCR 301 rheometer (Anton Paar, Graz, Austria). Frequency sweeps (angular 

frequency ω range 0.1–100 rad/s) were performed at a constant strain of 1% at 50°C. 

Serrated parallel-plates geometry (diameter 25 mm, gap 1 mm) was used. A solvent trap 

was used to prevent water evaporation. For these experiments, 30 wt% protein 

dispersions were mixed at 80°C for 10 min to make them fully homogeneous. 
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4.2.5 Material preparation in the shear cell device 

A protein dispersion was prepared by manually mixing 30 wt% calcium caseinate powder 

and water(with or without transglutaminase solution) for 1 min using a spatula. The 

dispersion was placed in a shearing device consisting of a rotating and a stationary cone, 

which were both thermostatted with a heating and a cooling water bath. We used the 

same shear cell device and methods for material preparation as described previously 

(Wang et al., 2019a). A schematic drawing of the shear cell geometry appears in an earlier 

publication (van der Zalm et al., 2012). The dispersion was transferred to the pre-heated 

(50°C) shearing device and subsequently processed at the same temperature with a 

rotating speed of 50 rpm for 5 min. After processing, the samples were cooled to 4°C in 

10 min before they were removed from the device. Tensile tests were performed on 

materials within 1 h after discharge from the device. Parts of the materials were stored at 

−20°C until further analysis. 

To obtain material without air bubbles, deaeration was performed on protein dispersions 

without transglutaminase by heating (80°C, 5 min), centrifuging and application of a long 

rest time before shearing (Wang et al., 2019a). An extra experiment was done to elucidate 

how additional heat treatment influences the structuring potential. Before material 

preparation, 30 wt% Scaca dispersion was heated at 130°C for 3 min and cooled down to 

room temperature in 10 min. The particle size distribution of the resulting dispersion was 

also measured. To elucidate the effect of Ca2+ on the structure formation, extra CaCl2 was 

dissolved in a water phase before preparing an Rcaca dispersion with and without air 

bubbles. 

4.2.6 Tensile strength analysis 

A texture analyser (Instron Testing System, table model 5564) was used with a load cell 

of 100 N. A dog-bone-shaped mould was used to cut samples for tensile tests. The samples 

between the two clamps were 15.2 mm long and 3.18 mm wide; the thickness varied 

between 4 and 6 mm. The samples were taken parallel and perpendicular to the shear 

flow (based on the shear-vorticity plane). The tensile tests were conducted at a constant 
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deformation speed of 3 mm·s−1. Grips with abrasive paper were used to prevent slipping 

during testing. At least three specimens per direction were measured. The results from 

these tensile tests were depicted as force-displacement curves. The point following a 

dramatic decrease in stress in the stress-strain curve was taken as the fracture point. This 

point determined fracture stress (𝜎, kPa) and fracture strain (𝜀, –). Young’s Modulus (E, 

kPa) was calculated by applying a linear fit (𝐸 = 𝜎/𝜀) using the initial displacement, 

which was taken as the interval between 0 and 4.5 mm displacement. The apparent strain 

hardening coefficient 𝑛 was calculated by applying a power law fit (𝜎 = 𝑘 ∙ 𝜀𝑛)  in the 

strain interval between 30% and 100% of fracture strain 𝜀. When 𝑛 exceeds 1, the sample 

exhibits strain hardening. 𝑘  is the strength coefficient, a mechanical property that 

indicates the stiffness of the material. The ratio of the average values measured in the 

parallel and perpendicular directions to the shear flow was used as an indication of the 

mechanical anisotropy of the samples. 

4.2.7 X-ray tomography 

Samples were scanned with a GE Phoenix v|tome|x m tomographer (General Electric, 

Wunstorf, Germany) set at 80 kV/90 μA. The system contains two X-ray sources. The 240 

kV micro focus tube with tungsten target was used. The images were recorded by a GE 

DXR detector array with 2024 × 2024 pixels (pixel size 200 μm). The detector and object 

were located 815 mm and 28.55 mm from the X-ray source, respectively, resulting in a 

spatial resolution of 7.00 μm. A full scan consisted of 750 projections over 360°. The first 

image was skipped; images 2–4 were averaged into one projection. GE reconstruction 

software (Wunstorf, Germany) was used to calculate the 3D structure via back projection. 

The 3D images were analysed using Avizo imaging software version 9.3.0, including the 

total bubble volume, total gas volume, gas void fraction and every single bubble volume. 

The degree of deformation (Def) was defined as: 

𝐷𝑒𝑓 = (𝑎 − 𝑏) (𝑎 + 𝑏)⁄ 4-1 

where a is the length of a deformed air bubble parallel to the shear flow, and b is the 

average width of the air bubble perpendicular to the shear flow (based on velocity 
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gradient-shear flow plane and vorticity-shear flow plane). Def = 0 represents a spherical 

air bubble; Def =1 represents an infinitely deformed air bubble. 

4.2.8 Scanning electron microscopy 

The sheared calcium caseinate materials were torn apart by hand along the shear flow 

direction (~2 mm, based on the shear flow-vorticity plane), and rinsed with 

demineralized water. Subsequently, the samples were fixed in a glutaraldehyde solution 

(2.5% v/v) for 1 h and dehydrated in a graded series of ethanol (10%, 30%, 50%, 70%, 

90% and 100% v/v, 20 min each). Critical point drying with carbon dioxide (CPD 020, 

Balzers, Liechtenstein) was performed. The dried samples and powder were then glued 

onto sample holders using conductive carbon cement (Leit-C, Neubauer Chemicalien, 

Germany) and carbon tabs (SPI Supplies/Structure Probe, West Chester, USA) 

respectively, and subsequently sputter coated with 15 nm platinum (JFC 1200, JEOL, 

Japan). The surface was observed with a field emission scanning electron microscope 

(Magellan 400, FEI, Eindhoven, the Netherlands) at ambient temperature using a working 

distance of 4–8 mm, with secondary electron detection at 2 kV and 6.3 pA. 

4.3 Results 

We compared the physical and rheological properties of dispersions of spray-dried (Scaca) 

and roller-dried calcium caseinate powders (Rcaca), and their ability to form fibrous 

structures. 

4.3.1 Characterization of calcium caseinate powders 

Fig. 4-1A shows the particle size distribution of spray-dried and roller-dried powder. The 

peak particle size distribution was similar for the two powders, although the distribution 

of roller-dried powder was broader than the distribution of spray-dried powders. The 

spray-dried powder particles were spherical and porous (Fig. 4-1B), whereas the roller-

dried powder particles were irregular and angular in shape (Fig. 4-1C). The Scaca powder 

had lower bulk density (392.7 g·L−1) than Rcaca (563.4 g·L−1), partly due to the occluded 

air in spray-dried powder particles. The colour was analysed in terms of Chroma values 
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(C*), which is a measure for the intensity of visual colour. Rcaca powder showed higher 

C* (11.2) than Scaca powder (5.8). The higher value of Rcaca powder indicated a less 

white powder, possibly suggesting colouring due to reaction between calcium caseinate 

and residual lactose (Morales and Van Boekel, 1998). Scaca and Rcaca powder contained 

1.52 wt% and 1.33 wt% calcium, respectively. 

 

Fig. 4-1. Size distribution of powders (A); SEM images of spray-dried powder (B) and 

roller-dried powder (C). 

We measured the particle size distribution of 10 wt% dispersions after overnight mixing 

using a Mastersizer (Fig. 4-2), which gives a quick assessment of difference particle size 

distributions in Scaca and Rcaca dispersions. The Scaca dispersion had a bimodal particle 

size distribution: peak 1 contained 63.2 % of small particles by volume, representing 

caseinate aggregates smaller than 800 nm. Peak 2 contained large particles with sizes 

ranging from 2–100 μm. The Rcaca dispersion showed a unimodal particle size 

distribution in the range of 2–300 μm. The dispersion was centrifuged (18,400 g and 5 

min) to check for smaller particles in the Rcaca dispersion. The particles in the 

supernatant had a bimodal particle size distribution. Therefore, it can be concluded that 

both Scaca and Rcaca had both particles on a nano- and micro-length scale, but Rcaca 

dispersion contained more larger particles and fewer small aggregates than Scaca 

dispersion, which was also confirmed by CSLM images (Fig. 4-2B, C). 
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Heat-induced aggregation during powder processing could explain the different size 

distribution between Scaca and Rcaca dispersion. To test this hypothesis, we heated a 

Scaca dispersion. After heating at 130°C for 3 min, this Scaca dispersion had a similar 

particle size distribution as the Rcaca dispersion. The results here were in line with 

previous studies using milk powder that showed that the differences in micelle size were 

a result of differences in the drying process (spray and roller drying) (Kalab and Emmons, 

1974). The casein micelles in the spray-dried milk powders retained a globular shape 

(diameter ~100 nm), whereas larger casein micelles (clusters) were present in roller-

dried milk powder. Heat-induced aggregation was also reported for casein and sodium 

caseinate dispersions (HadjSadok et al., 2008; Loveday et al., 2010; Ono et al., 1999; Quo 

et al., 1989). 

 

 

 

Fig. 4-2. A: Particle size distribution of 10 wt% Scaca and Rcaca dispersions after 

overnight mixing. The grey dashed line represents the supernatant of Rcaca dispersion 

after centrifugation (18,400 g and 5 min). The blue dashed line represents a Scaca 

dispersion after heating at 130°C for 3 min. CLSM images of Scaca (B) and Rcaca 

dispersion (C) after overnight mixing. 

4.3.2 Rheological properties of calcium caseinate 

Fig. 4-3 shows the viscoelastic characteristics of 30 wt% Scaca and Rcaca dispersions 

(50°C). The inverse of the angular frequency at the crossover of storage modulus (G′) and 
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loss modulus (G″) is defined as the relaxation time (τ). Both G′ and G″ of the Rcaca 

dispersion were higher than those of the Scaca dispersion. However, the τ value of Rcaca 

was lower than that of Scaca, indicating less solid-like behaviour for Rcaca dispersion. In 

calcium caseinate dispersion, Ca2+ provides strong interactions between proteins, largely 

influencing its rheological behaviour (Thomar et al., 2014, 2013). Addition of CaCl2 to 

dense sodium caseinate led to a reduction of G′ and an increase in τ (Thomar et al., 2012). 

We added CaCl2 to dense Rcaca dispersion to have the same Ca2+ content as in the Scaca 

dispersion, which resulted in an increase of G′ and little change in the τ value. This 

rheological behaviour remained different with the Scaca dispersion (i.e. τ value was still 

lower in case of Rcaca with extra Ca2+), suggesting that Rcaca was less sensitive to Ca2+. 

Similar observations were described for sodium calcium caseinate dispersions to which 

Ca2+ was added (Dalgleigh and Law, 1988). 

 

Fig. 4-3. Storage modulus G′ (filled), loss modulus G″ (open) as a function of angular 

frequency of 30 wt% Scaca and Rcaca dispersion measured at 50°C. 

4.3.3 Shear-induced structuring 

Dense calcium caseinate dispersions can be transformed into anisotropic structures 

through shear deformation. Previous studies showed that concurrent enzymatic cross-

linking and air incorporation can enhance the anisotropy of calcium caseinate fibres 

(Wang et al., 2019a). In this study, we compared the structures of Scaca and Rcaca and 

investigated the effects of air inclusion and transglutaminase. 
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4.3.3.1 Macrostructure 

The application of shear (50 rpm, 5 min, 50°C) to calcium caseinate dispersions yielded 

materials with different macrostructures. Fig. 4-4 shows that the sheared and cross-

linked Scaca material had a more pronounced fibrous appearance than Rcaca material. 

The latter material showed a layered structure. When tearing the Scaca material along the 

direction of the shear flow, thin and long fibres appeared (Fig. 4-4A). Those clearly 

separated fibres were hardly present in Rcaca material ( Fig. 4-4B). 

  

Fig. 4-4. Sheared calcium caseinate dispersion at 50 rpm for 5 min. A: Scaca with 

transglutaminase; B: Rcaca with transglutaminase. 

4.3.3.2 Meso- and microstructure 

Meso- and microstructures of Scaca and Rcaca materials were observed with SEM (Fig. 4-5). 

The sheared and cross-linked Scaca material was torn apart by hand along the shear flow 

direction. Its fracture surface had long and clear lines (Fig. 4-5A). The orientation of the lines 

close to air bubbles followed the curvature of the bubbles, which is in line with our previous 

observations (Wang et al., 2019a). In the Rcaca material, the lines were less explicit (Fig. 4-

5B). Further magnification (50,000) revealed that the Scaca material contained clear 

alignment parallel to the shear flow direction even at small length scale; this alignment was less 

visible in the Rcaca material (Fig. 4-5C, D). Clearly, both materials showed anisotropy at a 

mesoscale; while only Scaca material had orientation at a smaller length scale. 

  

A. B. 
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Fig. 4-5. SEM images of sheared and cross-linked Scaca (A, C) and Rcaca material (B, D). 

The images were taken from the flow-velocity gradient plane. 

4.3.3.3 Air bubbles 

The void fractions of air in calcium caseinate materials were measured with XRT (Fig. 4-

6A). Non-sheared materials were also prepared in the shear cell device (0 rpm, 5 min, 

50°C). Without shearing, more air was present in Scaca material (20.3 ± 0.4%, v/v) than 

in Rcaca material (8.2 ± 0.6%, v/v), which is probably a result of the fact that spray-dried 

powder had more occluded air inside the initial powder particles. After shearing, the void 

fractions of air in Scaca decreased to 15.9 ± 0.1% (v/v) and 5.1 ± 0.6% (v/v), respectively. 

When processed with the addition of transglutaminase, the void fraction in Scaca material 

was higher than that of material processed without transglutaminase. The void fraction 

in Rcaca material was hardly influenced by enzyme addition. Overall, Scaca materials 

contained more air bubbles compared with Rcaca materials. 
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XRT analysis showed that air bubbles in sheared and cross-linked Scaca and Rcaca 

materials were deformed differently (Fig. 4-6B). In Scaca materials, the small bubbles 

(<10–3 mm3) were not deformed (~0) and the large air bubbles (>10–3 mm3) were only 

slightly deformed (0.1–0.25). In Rcaca materials, the air bubbles in the largest category 

(>10–1 mm3) were deformed (~0.23), while air bubbles (<10–1 mm3) were not deformed. 

  

Fig. 4-6. A: Overall cumulative void fraction of air in calcium caseinate materials (as the 

void fraction below the bubble volume in mm3). B: Associated deformation of the bubbles 

in sheared and cross-linked Scaca and Rcaca materials. 

4.3.3.4. Tensile properties 

Fig. 4-7 shows fracture stress σ, fracture strain ε, Young’s modulus E and strain hardening 

coefficient n and the corresponding anisotropy indices for Scaca and Rcaca materials. 

Anisotropy indices of Scaca materials on fracture properties were larger than those of 

Rcaca materials, which corresponded to a more fibrous appearance of Scaca materials 

(Fig. 4-4). The results confirmed that Scaca powder has better potential for creating 

fibrous structures. Sheared materials were also prepared in the absence of air and 

transglutaminase to better determine the differences in the protein properties of both 

caseinates. The Scaca material had a higher σ and ε in the parallel direction (80 kPa, 0.96) 

than Rcaca material (42 kPa, 0.73). In the perpendicular direction, the fracture properties 

were similar for both Scaca and Rcaca material. Scaca material showed anisotropy in E 
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and n, whereas Rcaca material showed hardly any anisotropy in these properties. These 

differences clearly suggest that the protein in Scaca and Rcaca behaved differently upon 

shear deformation. 

With air bubbles incorporated in Scaca materials, the anisotropy index of σ increased 

from 3.9 to 6.6 (Fig. 4-7A). However, this increase in anisotropy index upon air inclusion 

was not found in Rcaca materials. Similar observations were found for ε and n (Fig. 4-7B, 

D). The air incorporation in Scaca enhanced mechanical anisotropy, but this was not the 

case for Rcaca material. Furthermore, the presence of transglutaminase largely increased 

all mechanical properties of Scaca in the parallel direction, whereas such reinforcement 

of transglutaminase was much less when Rcaca material was used. A possible explanation 

is that thermal-induced damage due to oxidation during roller drying resulted in fewer -

NH2 groups of lysine available for cross-linking with transglutaminase (Rolls and Porter, 

1973). 
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Fig. 4-7. Tensile properties: (A) fracture stress σ , (B) fracture strain ε , (C) Young’s 

modulus E and  (D) strain hardening coefficient n of 30 wt% Scaca (black) and Rcaca (grey) 

materials. The error bars for the tensile properties are ± standard deviation. The 

anisotropy index AI () is the ratio between the average values measured in the parallel 

(closed bar) and perpendicular (open bar) directions to the shear flow. 

4.4 Discussion 

We found differences in Ca2+ content in Scaca and Rcaca, which could influence fibrous 

structure formation. Previous research showed that addition of a calcium chelator, 

sodium triphosphate pentabasic, prevented formation of an anisotropic structure of 

calcium caseinate (Grabowska et al., 2012). Thomar et al. (2013) stated that the 

behaviour of calcium caseinate is the same as that of sodium caseinate with the addition 
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of CaCl2. Following this, CaCl2 was added to a Rcaca dispersion to exclude the effect of 

differences in Ca2+ content on rheological properties and structure formation. It was 

observed that the rheological properties changed slightly when Ca2+ was added to Rcaca 

to reach a similar concentration as in Scaca, but the rheological properties were still 

different compared with the Scaca dispersion (Fig. 4-4). It was found though that shearing 

of Rcaca dispersion with extra CaCl2 resulted in a fibrous material, containing more air 

(8.6%, v/v) than the original Rcaca material (5.1%, v/v). Addition of CaCl2 slightly 

increased anisotropic indices of fracture properties. No significant differences were found 

for Young’s modulus and strain hardening. Nevertheless, the Rcaca dispersion with extra 

CaCl2 still had different properties compared with Scaca dispersion. Here, we suspect the 

cause to be related to heat-induced changes on the properties of Rcaca. Those changes 

include a reduced sensitivity to Ca2+ and oxidation of lysine groups (Dalgleigh and Law, 

1988; Quo et al., 1989). 

Moughal et. al also reported that commercial calcium caseinate has a bimodal particle size 

distribution, although they did not correlate this to a thermal history (Moughal et al., 

2000). Here, both the Scaca and Rcaca dispersions had a bimodal nature of particle size 

distribution (Fig. 4-2). However, caseinate aggregates (<800 nm) were present at a much 

higher concentration in Scaca dispersion, while large particles (2–300 μm) were mainly 

found in Rcaca dispersion. This could be explained by the severe thermal treatment 

during roller drying. Shearing Rcaca dispersion with large structural elements (particles) 

did not show any anisotropy in Young’s modulus and strain hardening. Therefore, we 

concluded that alignment did not occur at small length scale. Differences in mechanical 

properties were caused by elongated air bubbles between the large particles present in 

Rcaca. It seems that protein aggregates as largely present in Scaca can cause orientation 

at smaller length scale upon shearing. 

The lower susceptibility of Rcaca material to transglutaminase addition could also be 

related to its severe thermal history. The effect of heating was further demonstrated by 

shearing a Scaca dispersion that was heated (130°C, 3 min). That Scaca did not give any 

fibres. After heating, the Scaca gave a similar size distribution as Rcaca dispersion (Fig. 4-
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2) and had lost air present in the dispersions. As a result, no fibre formation was observed 

anymore. (appendix 4A-1). 

Air inclusion plays an important role for fibrous appearance and mechanical anisotropy 

in Scaca fibre formation (Wang et al., 2019b, 2019a). In case of Scaca, it was suggested 

that those air bubbles behaved like rigid particles due to the strain hardening of the Scaca 

protein that surrounded the air bubbles. Thus, small and non-deformed air bubbles are 

observed in Scaca material. However, in case of Rcaca material, mechanical anisotropy 

was a result of the presence of a few large and deformed air bubbles. We therefore 

conclude that the formation of anisotropic materials is based on a different mechanism. 

The anisotropy of Scaca is based on alignment of small aggregates that give rise to strain 

hardening properties. In case of Rcaca, it seems that the anisotropy is caused by large and 

deformed air bubbles. The latter mechanism seems is line with structure formation 

reported for plant-based materials, such as a blend of soy protein isolate-pectin material 

as described in a previous study (Dekkers et al., 2018).  

4.5 Conclusion 

This study shows the large differences in structuring potential between spray-dried and 

roller-dried calcium caseinate. Shearing dense Scaca dispersions resulted in fibrous 

materials, whereas shearing dense Rcaca dispersions yielded layered materials with less 

mechanical anisotropy. These differences were ascribed to the more intensive thermal 

treatment during roller drying. Heat-induced changes in Rcaca dispersion reduced the 

susceptibility to enzymatic crosslinking through transglutaminase, as well as its 

susceptibility to Ca2+. The latter led to a less solid-like behaviour. Clearly, it is necessary 

to pay attention to the thermal history of ingredients for fibre formation. 
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Appendix 4A 

 

Fig. 4A -1 Sheared calcium caseinate dispersion at 50 rpm for 5 min. The dispersion was 

pre-heated at 130°C for 3 min and cooled down to room temperature before shearing. 
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Abstract 

Commercial calcium caseinate is available as spray-dried and roller-dried powder. 

Shearing a dense spray-dried calcium caseinate dispersion gives rise to a fibrous material, 

whereas shearing dense roller-dried calcium caseinate yields a layered material with only 

slight anisotropy in mechanical strength. The addition of a polysaccharide phase in a 

continuous protein phase may lead to formation of fibrous structures after shearing, 

which is hypothesized to be a result of the elongation and orientation of the dispersed 

polysaccharide domains. We report the effect of the addition of maltodextrin to roller-

dried calcium caseinate on structure formation. The strength of the material increased 

with the addition of maltodextrin, which is partly caused by the withdrawal of water from 

the caseinate phase towards the maltodextrin phase, leading to a higher local caseinate 

concentration. The anisotropy of fracture stress and fracture strain were enhanced with 

up to 5 wt% maltodextrin. The effect of maltodextrin on the mechanical anisotropy and 

fibrous appearance could be ascribed to the greater air incorporation as a result of the 

presence of maltodextrin.  
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5.1 Introduction 

The formation of a fibrous morphology in protein materials is of interest for the 

production of analogues for meat and mozzarella cheese. Extrusion is the technique most 

commonly used to achieve this (Arêas, 1992; Cheftel et al., 1992). A decade ago, a novel 

technique based on well-defined shear flow was introduced to create a fibrous structure 

from a dense calcium caseinate dispersion (Manski, et al., 2007a). Subjecting an aqueous 

calcium caseinate dispersion to pure shear flow can result in the formation of a highly 

fibrous matrix. Additional heterogeneities, such as air bubbles or fat droplets, can enhance 

the fibrousness and the mechanical anisotropy of the calcium caseinate material (Manski 

et al., 2008; Tian et al., 2018; Wang et al., 2019a). Scanning electron microscopy (SEM) 

imaging revealed that the resulting fibres showed anisotropy on a scale of 100–200 nm, 

both with and without air bubbles or fat droplets, when prepared from spray-dried 

calcium caseinate (Manski et al., 2007, 2008; Wang et al., 2019a). Nevertheless, the 

anisotropy and the fibrous appearance was more pronounced when the material 

contained air. 

Recently, we found that calcium caseinate that was dried using a roller dryer did not form 

a fibrous matrix, which is probably related to the more severe thermal history compared 

with spray-dried calcium caseinate. Therefore, we investigated whether we can induce 

fibrousness in this material using a different mechanism. 

Earlier studies based on both extrusion and well-defined shear deformation concluded 

that phase separation induced by combining thermodynamically incompatible 

biopolymers, such as proteins and polysaccharides, can result in anisotropic properties 

(Cheftel et al., 1992; Dekkers et al., 2018; Dekkers et al., 2016; Grabowska et al., 2016; 

Oberg et al., 2015; Tolstoguzov, 2006; Yuryev et al., 1991). Based on those studies, we 

investigated the shear-induced structuring of a calcium caseinate system prepared from 

roller-dried calcium caseinate and maltodextrin. In the case of sodium caseinate, the 

addition of maltodextrin was shown to yield a phase-separated system (Manoj et al., 

1996). It was also reported that the addition of maltodextrin promoted fibrousness in 
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extruded soy protein isolate (Yuryev et al., 1991). In addition, maltodextrin has been used 

in cheese analogues to improve texture (Jack, 2016) and was applied as fat replacer to 

produce mozzarella cheese from skimmed milk (Bhaskaracharya and Shah, 2001). In this 

study, the sheared materials were prepared in a shear cell device using dispersions 

consisting of 30 wt% calcium caseinate and varying concentrations of maltodextrin. These 

structures were investigated with confocal scanning laser microscopy (CSLM) and SEM. 

The entrapment of air in the material was studied with X-ray tomography (XRT). The 

tensile properties of the material were determined with a texture analyser. Furthermore, 

small deformation tests provided insights in the linear viscoelastic behaviour of the 

caseinate–maltodextrin dispersions. 

5.2 Materials and methods 

5.2.1 Materials 

Roller-dried calcium caseinate powder was kindly provided by DMV International 

(Veghel, the Netherlands). The calcium caseinate powder (wet-base) contained 91.7 wt% 

protein and 1.2 wt% calcium according to the manufacturer’s specifications. The dry 

matter content of calcium caseinate powder was 93.3 wt%. Maltodextrin (Sigma-Aldrich, 

USA) with dextrose equivalent 16.5–19.5 was used. The dry matter content of 

maltodextrin was 96.6 wt%. All the other chemicals used for microscopy preparation 

were purchased from Sigma Aldrich. 

5.2.2 Sample preparation in the shear cell device 

A caseinate–maltodextrin dispersion was prepared by manually mixing 30 g calcium 

caseinate powder with 70 g maltodextrin solution, with a spatula for 1 min. First, 

maltodextrin solutions (70 g) were prepared by dissolving different amounts of 

maltodextrin (1.5, 3.5, 5, 7.5 and 10 g) in demineralized water. Two reference dispersions 

contained 30 and 35 wt% calcium caseinate powder without any maltodextrin. 

Each dispersion was transferred to a pre-heated (50°C) shear cell device with gap angle 

2.5° (Wageningen University, the Netherlands). This shear device was also used in 
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previous studies (Wang et al., 2019a) and described in more details in an earlier 

publication (van der Zalm et al., 2012). The device consists of a rotating cone and a 

stationary cone that were both thermostatted with a heating and a cooling water bath. 

The shear treatment was carried out with a rotating speed of 150 rpm for 5 min. After 

stopping the shearing, the materials were cooled with a cooling water bath at 4°C before 

the cell was opened. Tensile tests were performed on materials within 1 h after discharge 

from the device. Other samples were stored at −20°C until further analysis. Samples near 

to the rim (~30–65 mm to the centre) were selected for tensile tests and further analysis. 

5.2.3 Tensile strength analysis 

A texture analyser (Instron Testing System, table model 5564) was used with a load cell 

of 100 N. A dog-bone-shaped mould was used to cut samples for tensile tests (Fig. 5-1). 

The samples were 15.2 mm long and 3.18 mm wide; the thickness varied between 4 and 

6 mm. The samples were taken parallel or perpendicular to the shear flow (based on the 

shear-vorticity plane).  

 

Fig 5-1. Schematic drawing of the sample which was taken from the device. 

The tensile tests were conducted at a constant deformation speed of 3 mm∙s−1. Grips with 

abrasive paper were used to prevent slipping in the grips during testing. At least three 

specimens per direction were measured. The results obtained from these tensile tests 
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were depicted as force-displacement curves. The true stress (𝜎, kPa) and Hencky strain 

(𝜀, −) were calculated. The point at which a dramatic decrease in stress in the stress-

strain curve was observed, was taken as the point of fracture, at which we measured the 

fracture stress ( 𝜎 , kPa) and fracture strain ( 𝜀 , −). Young’s Modulus (E, kPa) was 

calculated by applying a linear fit (𝐸 = 𝜎/𝜀) using the initial displacement, which was 

taken as the interval between 0 and 4.5 mm displacement. The apparent strain hardening 

coefficient 𝑛 was calculated by applying a power law fit (𝜎 = 𝑘 ∙ 𝜀𝑛) in the strain interval 

between 30% and 100% of fracture strain 𝜀. When 𝑛 exceeds 1, the sample exhibits strain 

hardening. 𝑘 is the strength coefficient, a mechanical property that indicates the stiffness 

of the material. The ratio of the averaged values measured in the parallel and 

perpendicular directions to the shear flow was used as an indication of the mechanical 

anisotropy of the samples. 

5.2.4 X-ray tomography 

The void fraction and geometry of air bubbles in the sheared materials were studied with 

X-ray tomography. Samples were scanned with a GE Phoenix v|tome|x m tomographer 

(General Electric, Wunstorf, Germany) set at 80 kV/90 μA. The system contains two X-ray 

sources; the 240 kV micro-focus tube with a tungsten target was used. The images were 

recorded by a GE DXR detector array with 2024 × 2024 pixels (pixel size, 200 μm). The 

detector and object were located 815 mm and 28.55 mm from the X-ray source, 

respectively, resulting in a spatial resolution of 7.00 μm. A full scan consists of 750 

projections over 360°. The first image was skipped; images 2–4 were averaged into one 

projection. GE reconstruction software (Wunstorf, Germany) was used to calculate the 3D 

structure via back projection. The 3D images were analysed using Avizo imaging software 

version 9.3.0. Three samples of each material were measured. The degree of deformation 

(Def) was defined as: 

𝐷𝑒𝑓 = (𝑎 − 𝑏) (𝑎 + 𝑏)⁄ 5-1 

where a is the length of a deformed air bubble parallel to the shear flow, and b is the 

average width of the air bubble perpendicular to the shear flow (based on velocity 



Maltodextrin promotes calcium caseinate fibre formation through air inclusion 

75 
 

gradient-shear flow plane and vorticity-shear flow plane). Def = 0 represents a spherical 

air bubble; Def =1 represents an infinitely deformed air bubble. 

5.2.5 Confocal scanning laser microscopy 

Confocal scanning laser microscopy was used to observe the calcium caseinate and 

maltodextrin phase on a mesoscale. To locate the maltodextrin phase in caseinate–

maltodextrin materials, maltodextrin was labelled with Rhodamine B isothiocyanate 

(RITC). The maltodextrin was covalently labelled using the method of De Belder and 

Granath (1973). Maltodextrin (10 g) was dispersed in dimethyl sulphoxide DMSO (100 

ml) for 15 min at room temperature. Pyridine (a few drops), RITC (0.1 g) and dibutyltin 

dilaurate (200 mg) were added and the solution was stirred at 65°C for 2 h. The 

maltodextrin was subsequently precipitated with ethanol (95% v/v). After filtration, the 

maltodextrin was washed several times with ethanol to remove the free dye, then once 

with absolute ethanol, followed with acetone and diethyl ether. The labelled maltodextrin 

was then dried overnight in an oven at 45°C. 

Rhodamine 110 was used to stain the calcium caseinate before sample preparation and 

shearing. Labelled and unlabelled maltodextrin powders were mixed well in the ratio of 

1:4 based on weight before sample preparation in the shear cell device. Visually, 

maltodextrin labelled with RITC displayed a pink colour; calcium caseinate stained with 

Rhodamine 110 had a yellow colour. We checked that partly labelling maltodextrin had 

no discernible difference on shear-induced structure formation. 

After shearing and cooling, the materials were cut into thin slices with a razor blade 

parallel to the shear flow, resulting in the velocity gradient-shear flow plane. The samples 

were transferred to 8-well chambered cover glasses (Ibidi, Germany) and visualized with 

LSM 510 (Zeiss, Oberkochen, Germany) using an Ar-ion laser (480 nm) and a HeNe laser 

(543 nm). For the protein phase, an emission filter of 505–530 nm was applied, whereas 

a 560–615 nm filter was used for the maltodextrin phase. Images were taken with a 20× 

dry objective (N.A. 0.3, zoom). Image analysis with Matlab was also performed to quantify 

the surface area fraction of the maltodextrin domains in the CSLM images. The surface 
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area of air bubbles was excluded in the image analysis. Three images in each part were 

analysed. 

5.2.6 Compositional analyses 

Based on visual observation of the material with 10 wt% maltodextrin, its calcium 

caseinate and maltodextrin content could vary from the rim to the centre of the device. To 

confirm this, the moisture and protein content were measured. Samples were taken from 

different locations in the material. The moisture content was determined by drying the 

sample in an oven at 105°C overnight. The protein content of the pulverised dry samples 

was measured using Dumas analysis (Nitrogen analyser, FlashEA1112 series, Thermo 

Scientific, Interscience). A conversion factor of N × 6.25 was used. 

5.2.7 Scanning electron microscopy 

The sheared materials were torn apart manually along the shear flow direction (~2 mm, 

based on the shear flow-vorticity plane), and rinsed with demineralized water. 

Subsequently, the samples were fixed in a glutaraldehyde solution (2.5% v/v) for 1 h and 

dehydrated in a graded series of ethanol (10%, 30%, 50%, 70%, 90% and 100% v/v, 20 

min each). Critical point drying with carbon dioxide (CPD 020, Balzers, Liechtenstein) was 

performed. The dried samples were then glued to sample holders using conductive carbon 

cement (Leit-C, Neubauer Chemicalien, Germany), and sputter coated with 15 nm 

platinum (JFC 1200, JEOL, Japan). The surface was examined with a field emission 

scanning electron microscope (Magellan 400, FEI, Eindhoven, the Netherlands) at 

ambient temperature at a working distance of 4–8 mm, with secondary electron detection 

at 2 kV and 6.3 pA. 

5.2.8 Rheology 

Mixtures of 30 wt% calcium caseinate and maltodextrin (0–10 wt%) were prepared at 

70°C for 15 min to obtain homogeneous dispersions. Care was taken to remove any air. 

The mixtures were kept at 50°C before the rheological measurements. Strain sweep 

measurements within a strain range of 0.1–100% were performed to determine the linear 
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viscoelastic region at 50°C using a Paar MCR 301 rheometer (Anton Paar, Graz, Austria) 

with serrated parallel plate geometry (diameter 25 mm, gap 1mm). Frequency sweeps 

were performed at a constant strain of 1% (based on strain amplitude sweeps performed 

at 6.28 rad/s) within an angular frequency (ω) range of 0.1–62.8 rad/s. The samples were 

covered with silicone oil to reduce evaporation and rested for 1 min before testing. The 

measurement was also conducted with a 30 wt% maltodextrin solution. 

5.3 Results 

5.3.1 Macrostructure 

Fig. 5-2 shows the materials obtained after shearing 30 wt% calcium caseinate with 

varying maltodextrin concentrations (0–10 wt%). With only calcium caseinate (30 or 35 

wt%) or 1.5 wt% maltodextrin in 30 wt% calcium caseinate dispersion, a layered material 

was obtained after shearing (Fig. 5-52A). Those materials did not show any detached 

fibres on tearing. Calcium caseinate dispersions containing more maltodextrin (3.5 and 5 

wt%) yielded fibrous materials after shearing, demonstrated by isolated thin fibres after 

tearing (Fig. 5-2B,C). Addition of 7.5 wt% maltodextrin resulted in a fibrous material with 

some disrupted areas near the rim of the device (Fig. 5-2D). Addition of 10 wt% 

maltodextrin yielded damaged material near the rim and a fibrous material near the 

centre of the device (Fig. 5-2E). To allow a fair comparison of all materials, we took 

samples near the rim (~30–65 mm from the centre) for further analysis. 
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Fig. 5-2. Macrostructure of sheared 30 wt% calcium caseinate dispersions (A) without and 

with (B) 3.5 wt%, (C) 5 wt%, (D) 7.5 wt% and (E) 10 wt% maltodextrin. (D) The calcium 

caseinate (yellow) was stained with Rhodamine 110. (E) The maltodextrin (pink) and 

calcium caseinate (yellow) were stained with fluorescent dyes before shearing. 

5.3.2 Mesostructure 

CSLM images in Fig. 5-3 reveal the mesostructure of (un)sheared calcium caseinate–

maltodextrin dispersions. The samples with 5 and 10 wt% maltodextrin were chosen 

because their macrostructures are clearly different compared with 30 wt% calcium 

caseinate without maltodextrin (Fig. 5-2). In the absence of shearing (Fig. 5-3A), the 

sample with 5 wt% maltodextrin contained large maltodextrin domains (red), as well as 

air bubbles (black), dispersed in the calcium caseinate phase (yellow/green). After 

shearing (Fig. 5-3B), the maltodextrin domains appeared as smaller domains with 

irregular shape, and air bubbles were deformed in the shear flow direction. The surfaces 

of the air bubbles are surrounded by the maltodextrin phase, not the caseinate phase. No 

systematic alignment and orientation of the maltodextrin domains were observed in 

sheared materials. A high concentration of maltodextrin (10 wt%) resulted in a partially 

damaged material (Fig. 5-2E). The CSLM image showed that calcium caseinate was the 

continuous phase in the fibrous sample near the centre of the device (Fig. 5-3C); the 
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damaged sample near the rim had a bicontinuous structure (Fig. 5-3D). Image analysis 

showed that this disrupted structure contained more maltodextrin (area fraction of 

52±3%) than the fibrous structure near the centre (area fraction of 40±4%). Thus, the 

calcium caseinate and maltodextrin content in this material is location dependent. This 

was further shown by determining the calcium caseinate and maltodextrin content at 

different locations (Fig. 5-A1). For the samples close to the centre (5–20 mm), the mass 

ratio between calcium caseinate and maltodextrin was 4.8, whereas it was approximately 

2.4 for the sample near the rim (55–75 mm). This macroscopic migration might be related 

to the phenomenon observed by Peighambardoust et al. (2008) in wheat dough under a 

curvilinear shear flow. A clear macro-separation was obtained between gluten and starch 

using the same shearing device as we used here (van der Zalm et al., 2012). 

 

Fig. 5-3. CSLM images of materials containing 30 wt% calcium caseinate and 5 wt% 

maltodextrin: (A) before shearing (0 rpm, 5 min) and (B) after shearing at 150 rpm for 5 

min. CSLM images of the sheared material contained 30 wt% calcium caseinate and 10 wt% 

maltodextrin near the centre (C) and the rim (D) after shearing at 150 rpm for 5 min. 

Yellow/green indicates calcium caseinate; red indicates maltodextrin. The white arrow 

represents the shear flow direction.   
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The volume fraction of air in (un)sheared materials could be measured with XRT (Fig. 5-

4 and 5-5). The reference materials, consisting of 30 and 35 wt% calcium caseinate 

without maltodextrin, contained 2.3% and 1.7% (v/v) air. The addition of 1.5 wt% 

maltodextrin had no significant effect on the void fraction (2.7%, v/v) compared with 

pure calcium caseinate material. In these samples with a low void fraction, air was mainly 

present as small air bubbles ( ≤ 0.01 mm3). The addition of 3.5 wt% maltodextrin 

increased the void fraction to 7.6% (v/v) in the material. The material with 5 wt% 

maltodextrin had the highest void fraction (11.0%, v/v). These materials with higher void 

fraction mainly contained large air bubbles (>0.01 mm3). The addition of more 

maltodextrin (7.5 or 10 wt%) resulted in a lower void fraction. These materials contained 

a lower fraction of large air bubbles (>0.1 mm3) than the materials with 5 wt% 

maltodextrin. Thus, the addition of maltodextrin increases the amount of air in sheared 

materials with an optimum at 5 wt%. Image analyses based on XRT data showed that 

small air bubbles (Def = 0.0–0.1) were not deformed, whereas large air bubbles were 

deformed (Def = 0.10–0.65) and aligned in the shear flow direction (Fig. 5-4). 

 

Fig. 5-4. XRT images of air bubble morphology in sheared materials containing 30 wt% 

calcium caseinate and various concentrations of maltodextrin. All the materials were 

obtained after shearing at 150 rpm for 5 min. Blue colour represents air bubbles in three-

dimensional images; black colour represents air bubbles in two-dimensional images. 
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Fig. 5-5. Overall cumulative void fractions (as the void fraction below the bubble volume 

in mm3). 

5.3.3 Microstructure 

The SEM images in Fig. 5-6 show the microstructure of sheared material without 

maltodextrin and with 5 wt% maltodextrin. The latter sample has the most pronounced 

fibrous character (Fig. 5-2C), which has potential to show structural anisotropy at 

submicrometre length scale. In the absence of maltodextrin (Fig. 5-6A), non-oriented, 

spherical protein particles (~100–200nm) were observed. After the addition of 

maltodextrin (Fig. 5-6B), no protein alignment was obtained at this scale, which is 

accordance with the results reported by Yuryev et al., (1991) who showed that the fibrous 

structure of soy protein isolate-maltodextrin extrudates did not result from the 

orientation of macromolecular chains in the flow direction. However, protein alignment 

was shown in previous studies on shear-induced calcium caseinate fibre formation 

(Manski et al., 2008, 2007a; Wang et al., 2019a). Obviously, spray-dried calcium caseinate 

allows orientation at small scale, whereas the roller-dried one does not have this 

property. 
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Fig. 5-6. SEM images of fractured surface parallel to the shear flow direction of the sheared 

material (A) without maltodextrin and (B) with 5 wt% maltodextrin. Scale bars indicate 

1 μm. 

5.3.4 Tensile properties 

The addition of maltodextrin promoted fibre formation on macroscale (Fig. 5-2). We 

investigated the tensile properties to confirm the anisotropy. Tensile tests were 

performed parallel and perpendicular to the shear flow, and their ratio was used as an 

index for anisotropy. This anisotropy index of fracture stress σ and strain ε increased 

with the addition of maltodextrin up to 5 wt% and then decreased again for the material 

with 7.5 wt% maltodextrin (Fig. 5-7A, B). The material with 10% maltodextrin did not 

have sufficient coherence to be subjected to a tensile test. We compared the results with 

a sample that consisted of 35wt% calcium caseinate, with a similar dry matter content as 

the material with 5 wt% maltodextrin. This sample showed anisotropy with an index of 

1.5 for σ and 1.3 for ε. Those values are similar to values for the 30 wt% caseinate material, 

but are much lower than the material with 5 wt% maltodextrin (3.3 for σ and 2.3 for ε). 

This confirms that the addition of maltodextrin enhances the mechanical anisotropy. 
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Fig. 5-7. Tensile properties: (A) fracture stress σ , (B) fracture strain ε , (C) Young’s 

modulus E and (D) apparent strain hardening coefficient n as a function of maltodextrin 

concentration in the sheared calcium caseinate–maltodextrin materials, deformed 

parallel () and perpendicular () to the shear direction. The error bars for the 

mechanical properties are ± standard deviation; where not visible, they were smaller 

than the marker used. The anisotropy index AI () is the ratio between the average 

values measured in the parallel and perpendicular directions. The tensile properties of 35 

wt% calcium caseinate material were also measured in the parallel () and 

perpendicular direction (). The dashed lines were added to guide the eye. 
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In the case of 30 wt% calcium caseinate without maltodextrin, the value for σ and ε in the 

parallel direction (42 kPa, 0.64) to the shear flow were only slightly higher than those in 

the perpendicular direction (32 kPa, 0.50). The strength in the parallel direction 

increased with the addition of maltodextrin. The material with 7.5 wt% maltodextrin 

showed large standard deviations in σ  and ε . We link these large variations to the 

observation that maltodextrin domains were unevenly distributed in the material; some 

of these domains were similar in size to the tensile bars used. In the perpendicular 

direction, no significant difference was found with the addition of maltodextrin. This is 

consistent with a layered or fibrous structure, resulting in continuity of the caseinate 

matrix in the parallel direction, whereas it is interrupted by maltodextrin in the 

perpendicular direction. The calcium caseinate–maltodextrin materials exhibited no 

significant anisotropy in Young’s modulus and strain hardening (Fig. 5-7C, D), which 

could be due to the lack of structural anisotropy on a microscale (Fig. 5-6). 

5.3.5 Rheological properties 

Strain frequency sweeps were conducted with calcium caseinate–maltodextrin 

dispersions that were well mixed; care was taken to remove any air. Fig. 5-8A shows that 

the addition of maltodextrin to calcium caseinate resulted in increased value of the 

storage (G′) and loss moduli (G″). The addition of 5 wt% maltodextrin to a 30 wt% 

calcium caseinate dispersion resulted in higher values for both moduli compared with the 

35 wt% calcium caseinate dispersion. All dispersions had a G′ and G ″ crossover, except 

for the dispersion with 10 wt% maltodextrin (data not shown). Here, the storage modules 

G′ was already higher than the loss modules G″ at the lowest frequency measured which 

suggests crossover at a lower frequency than 0.1 rad/s. In the case of a 30 wt% 

maltodextrin solution, both moduli were much lower than 30 wt% calcium caseinate 

dispersion (data not shown). Moreover, its G′ values were much smaller than the G″ 

values throughout the frequency range measured, which indicates a fluid behaviour. 

The inverse of the angular frequency (ω) at the crossover is defined as the relaxation time 

(τ). This relaxation time increases exponentially with the addition of maltodextrin (Fig. 
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5-8B). The addition of 5 wt% maltodextrin to 30 wt% calcium caseinate dispersion 

resulted in a higher τ value compared with the 35 wt% calcium caseinate dispersion. Thus, 

the dispersion with maltodextrin behaved like a calcium caseinate dispersion with a 

higher concentration. Such a higher apparent concentration could be a result of water 

withdrawal from the caseinate, into the maltodextrin phase. The phase shift, The phase 

shift, expressed as tanδ (equal to G”/G’), decreased with the maltodextrin concentration 

throughout the frequency range measured, indicating that the dispersions are more solid-

like with the addition of maltodextrin (Fig. 5-8C). 

 
 

  

Fig. 5.8. (A) Storage modulus G′ (closed circles) and loss modulus G″ (open circles) as a 

function of angular frequency of calcium caseinate–maltodextrin dispersions. (B) 

Relaxation time as a function of maltodextrin concentration. The line represents a fitted 

exponential. (C) Loss tangent (tan δ) as a function of angular frequency. (D) The gradient 
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values of d(logG′)/d(logω) as a function of maltodextrin concentration. The open squares 

(B,C) represent the results for a 35 wt% calcium caseinate dispersion with no 

maltodextrin. The lines have been added to guide the eye. 

The gradient value of d(logG′)/d(logω) provides useful information about the structure 

of the biopolymer (Ross-Murphy, 1995). When the gradient has a value approaching 0, 

the material behaves like a rubbery material, whereas a liquid flowing material has a 

gradient approaching 2 (Ferry, 1980). In the case of a three-dimensional network, the 

gradient value is expected to be near 0, which is a characteristic of highly cross-linked 

material. Increasing the concentration of cross-linked material could cause the gradient 

value to decrease. Fig. 5-8D shows the effect of maltodextrin addition on the gradient 

value of d(logG′)/d(logω). This gradient value decreases with the addition of 

maltodextrin up to 3.5 wt%, and then remains constant with higher concentrations. This 

indicates that the dispersions behave more as a solid after the addition of maltodextrin. 

The low gradient values of the dispersions with high maltodextrin concentrations (3.5–

10 wt%) coincide with high void fractions in the sheared materials (Fig. 5-5). 

5.4 Discussion 

The results show that the addition of maltodextrin promotes the mechanical anisotropy 

of calcium caseinate after well-defined deformation. The maltodextrin creates a separate 

phase next to the calcium caseinate phase. The resulting calcium caseinate–maltodextrin 

dispersion behaves more as a solid than the original caseinate matrix. The creation of this 

second phase (maltodextrin) also promotes withholding of air in the calcium caseinate 

matrix, which may play an important role in the anisotropy of the final materials, as shown 

previously (Tian et al., 2018; Wang et al., 2019b). 

In extrusion, it is known that the addition of a separated polysaccharide phase leads to 

elongated, dispersed polysaccharide domains after processing, which then leads to a 

fibrous morphology of the final material and mechanical anisotropy on tearing (Cheftel et 

al., 1992; Tolstoguzov, 2006; Yuryev et al., 1991). A similar observation has been reported 

by for soy–gluten blends and soy–pectin blends in a device similar to that used in this 
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study (Dekkers et al., 2018; Dekkers et al., 2016). One might expect therefore that the 

polysaccharide phase in the calcium caseinate–maltodextrin dispersion is also aligned. 

However, no evidence was found in the CSLM images that dispersed maltodextrin 

domains were aligned or oriented (Fig. 5-3). 

There is a correlation between the void fraction and the fracture anisotropy of the 

materials (Fig. 5-9). Our earlier study on spray-dried calcium caseinate systems without 

maltodextrin indeed showed that air is important for mechanical anisotropy (Wang et al., 

2019a, 2019b), probably through localized stress build-up. It was also found that 

deformation of air bubbles influences the mechanical anisotropy of processed materials, 

such as sheared soy–pectin materials (Dekkers et al., 2018) and whey–starch extrudates 

(Cho and Rizvi, 2009). In line with this, we also conclude that the anisotropy of calcium 

caseinate–maltodextrin materials originates from the presence of air bubbles. All air 

bubbles that were observed using CSLM, were embedded in maltodextrin, rather than in 

the caseinate phase (Fig. 5-3A, B). Therefore, we postulate that maltodextrin is 

responsible for the withholding of air in roller-dried calcium caseinate and thus promotes 

anisotropy through this mechanism. On shearing, the additional maltodextrin stabilizes 

the air bubbles by increasing the viscosity. However, the high viscosity of the continuous 

calcium caseinate phase induces the deformation and alignment of air bubbles (Fig. 5-4). 

This phase may be too viscous to allow air bubbles to migrate, which might explain why 

the air associates with the maltodextrin phase. In the case of higher addition of 

maltodextrin, it is likely that the volume fraction of the maltodextrin is higher, which could 

lead to enhanced coalescence and eventually phase inversion; which is consistent with 

the breakup of the matrix at high maltodextrin concentrations. The latter could be 

stimulated by the large differences in viscosity between the maltodextrin and calcium 

caseinate phase: the maltodextrin phase has a much lower viscosity than the calcium 

caseinate phase, and therefore has a tendency to invert to the continuous phase. Larger 

domains of maltodextrin further facilitate the escape of air from this phase, which 

explains the lower void fractions at higher maltodextrin concentrations. Shorter 
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processing time could have prevented phase inversion, but then the anisotropic structure 

would not have been formed. 

 

Fig. 5-9. Anisotropy in fracture stress (circles) and strain (triangles) (cf. Fig. 5-7A,B) as 

function of the overall void fraction (cf. Fig. 5-5). 

5.5 Conclusion 

A roller-dried calcium caseinate dispersion cannot be transformed into a fibrous material 

due to the heat treatment during powder production, but it gives a layered structure with 

only slight anisotropy after shearing. The addition of maltodextrin promotes the 

formation of fibre and enhances mechanical anisotropy. The effect of maltodextrin is 

twofold. (1) It resulted in a more solid-like dispersion due to a higher apparent protein 

concentration. Moreover, through the addition of maltodextrin, (2) air is held within in 

the dispersion, and we found a correlation between the fracture anisotropy and the void 

fraction. The bubbles were large and elongated, which is important for the fibrous 

appearance on a macroscale. Here, we found that the fibrous structure or mechanical 

anisotropy was a result of anisotropy on a mesoscale. In contrast to structured spray-

dried calcium caseinate, no protein alignment was observed at smaller length scale. At 

high maltodextrin concentrations, phase inversion occurs, leading to an inhomogeneous, 

disrupted material and less air incorporation. Clearly, there is an upper limit for the 

addition of maltodextrin. 
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Appendix 5A 

 

Fig. 5A -1. (A) Weight fraction of calcium caseinate and maltodextrin as a function of the 

sample location. The sheared sample contained 30 wt% calcium caseinate and 10 wt% 

maltodextrin. (B,C) CLSM images of the sample near the centre and the rim. 

  

0

10

20

30

40

50

0 10 20 30 40 50 60 70

W
ei

g
h
t 

fr
ac

ti
o

n
 (

%
)

Distance to the centre (mm)

calcium caseinate

maltodextrin
A. 

B. 

C. 



 

91 
 

 

 

Chapter 6 

General discussion 

 



Chapter 6 

92 
 

6.1 Introduction 

The creation of fibrous structures within protein foods is of great relevance, but still not 

completely understood. Therefore, this thesis aimed to further understand the 

mechanisms of fibrous structure formation in dense calcium caseinate dispersions. This 

chapter summarises the main findings of this thesis, and discusses the intrinsic properties 

of calcium caseinate and the importance of air bubbles. The chapter is completed with a 

discussion on the potential of extrapolating the new insights for caseinate system towards 

plant-based protein materials. 

6.2 Main findings 

Concentrated calcium caseinate dispersions can be transformed into hierarchically 

structured, fibrous materials using well-defined shear deformation and concurrent 

enzymatic crosslinking by transglutaminase. This thesis identified that there is a 

parameter in this system that was hitherto not investigated, and which was found crucial: 

air holdup. Thus, we investigated the role of air bubbles on the microstructure and 

mechanical properties of the final material (Chapter 2). Although anisotropy is also 

obtained in the absence of entrapped air, the fibrous appearance and especially the 

mechanical anisotropy of the calcium caseinate materials was much more pronounced 

with dispersed air being present. Air was therefore considered as an additional phase 

causing the material to become tougher with strain hardening in the direction parallel to 

the fibres, and more susceptible to fracture upon stretching in the perpendicular direction. 

Chapter 3 further considers the relative importance of air bubbles and protein alignment 

on the mechanical anisotropy of calcium caseinate material. It is concluded that the 

deformation of air bubbles can only partly explain the mechanical anisotropy; the 

anisotropy of the protein phase is also important. It was further concluded that air 

bubbles have an influence on the protein phase behaviour during processing, thereby 

affecting the degree of anisotropy of the final material. 

Calcium caseinate is commercial available in two types: roller-dried and spray-dried 

powder. Shearing spray-dried calcium caseinate dispersions resulted in fibrous materials, 

whereas shearing roller-dried calcium caseinate dispersions yielded layered materials 

with less mechanical anisotropy (Chapter 4). Those differences were attributed to the 

more intensive thermal treatment during roller drying. Heat-induced changes led to 
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reduced susceptibility to enzymatic crosslinking through transglutaminase, as well as 

reduced interaction with Ca2+. The latter resulted in less solid-like behaviour of roller-

dried calcium caseinate dispersions. Chapter 5 describes a method to make fibrous 

materials using roller-dried calcium caseinate with a different structuring mechanism. 

Fibrous materials were formed by adding maltodextrin to roller-dried calcium caseinate 

dispersions. The addition resulted in more solid-like behaviour and led to more air holdup 

in sheared materials. Here, we found that the fibrous appearance and mechanical 

anisotropy was a result of anisotropy on mesoscale. Moreover, no protein alignment was 

observed at a smaller length scale, which is in contrast when using spray-dried calcium 

caseinate. 

Overall, the research established that fibrous structure formation under well-defined 

shear flow is enhanced by air bubbles. In case of spray-dried calcium caseinate, the high 

anisotropy is caused by a combination of the anisotropy in the protein phase and the 

additional effect of air. The effect of air is a result of air bubble alignment with air bubbles 

remaining mostly spherical. However, the presence of largely elongated air bubbles in an 

isotropic matrix could still induced fibrous appearance and mechanical anisotropy when 

using roller-dried calcium caseinate. 

6.3 Shear-induced fibre formation from spray-dried calcium 

caseinate powder 

Spray dried calcium caseinate powder was used to create hierarchically fibrous materials 

using well-defined shear deformation. The resulting material visually appeared highly 

fibrous when tearing along the direction of shear flow. A typical fibre diameter of ~100 –

200 nm was observed with scanning electron microscopy (SEM). Here, we summarise the 

main criteria for spray dried calcium caseinate powder as a suitable ingredient for fibrous 

structure formation. 

6.3.1 Protein: structural elements at small length scales 

The structuring of calcium caseinate is the result of a mechanism that can be described as 

directed self-assembly (Boom, 2011). Self-assembly is the spontaneous assembly of 

molecules into structural elements such as aggregates, fibrils or micelles through 

molecular association. Caseins in calcium caseinate tend to self-assemble into caseinate 
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micelles (100–300 nm) with attractive interactions between micelles, due to the presence 

of Ca2+. The size of the micelles and the interactions between them are important factors 

influencing shear-induced structuring (Manski et al., 2007a). In case of  calcium caseinate, 

these micelles are large enough to be aligned by shear force, while their interaction are 

strong enough to have them associated into strings, but sufficiently weak to avoid the 

formation of larger and inflexible aggregates. By concurrent enzymatic crosslinking with 

transglutaminase, the aligned aggregates can be fixed, effectively creating a fibrous 

structure (Fig. 6-1A). 

Directed self-assembly as a mechanism for fibrous structure formation was also 

suggested in an earlier work, in which calcium caseinate and sodium caseinate were 

compared under shear deformation (Manski et al., 2007c). Shearing a 30 wt% sodium 

caseinate dispersion at similar conditions as calcium caseinate resulted in an isotropic 

material without any orientation at macroscopic scale. Sodium caseinate micelles are 

smaller (20–50 nm) and did not show a tendency to cluster, making  sodium caseinate 

micelles unsusceptible to shear alignment. Moreover, the formation of fibrous structure 

in calcium caseinate was blocked by the addition of sodium triphosphate, which 

exchanges the Ca2+ bound to the caseins with Na+ (Grabowska et al., 2012). 

 

Fig. 6-1. Schematic picture on shear-induced fibrous structure from spray dried powder. 

The diameter of caseinate micelles is about 1 μm (A); the diameter of air bubbles is about 

100–1000 μm (B). 
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6.3.2 Air bubbles: structural elements at a microscale 

Air bubbles incorporated in calcium caseinate matrices greatly enhanced the fibrous 

nature and the mechanical anisotropy of the material (Fig. 6-1B). Air bubbles act as a 

weak phase in the perpendicular direction to the shear flow. As a result, the stress on their 

surface and especially near their locations with small curvature is concentrated, which 

makes the material more susceptible to fracture. In parallel direction to the shear flow, 

the incorporated air causes the material to become tougher (Chapter 2). In Chapter 3, the 

relative importance of air bubbles and caseinate (micelles) alignment on the mechanical 

anisotropy of calcium caseinate material was studied. The effect of air on the mechanical 

anisotropy of these fibrous materials was described with a load-bearing model. The 

anisotropy of the protein phase in the aerated materials was estimated and compared 

with the materials obtained from deaerated caseinate dispersions. It was concluded that 

the deformation of air bubbles as such can only partly explain the mechanical anisotropy; 

the anisotropy of the protein phase is still important. However, this matrix anisotropy is 

enhanced by the presence of air bubbles during shearing. The hypothesis is that the local 

differences in loss modulus, due to the combination of the air bubbles and the (local) 

strain hardening of the dispersion, lead to local differences in shear rate, thereby leading 

to the formation of bands or strings that ultimately form a fibrous material. 

This effect of air bubbles on the matrix morphology is also significant at lower 

concentrations. 25 wt% calcium caseinate dispersions were prepared with and without 

air bubbles, and then sheared at 50 °C and 50 rpm for 5 min. The resulting material with 

air bubbles was visually anisotropic upon tearing along the shear flow direction (Fig. 6-

2A). In the absence of air, the dispersion formed a sticky isotropic material, which could 

not be removed from the shear cell without breaking the material (Fig. 6-2B). 

  

Fig. 6-2. Sheared 25 wt% calcium caseinate dispersion (A) with and (B) without air 

bubbles at 50 °C and 50 rpm for 5 min. 

A. 
B. 
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6.3.3 Caseinate powder properties 

The processing history of calcium caseinate powder is of importance for its structuring 

potential (Chapter 4). Severe heat treatment induces aggregation of the caseins, resulting 

in larger aggregates when hydrated. A calcium caseinate dispersion with such large 

particles forms a layered material with slight mechanical anisotropy after shearing, which 

corresponds to the absence of protein alignment at submicron length scale. A second 

effect is the prevalence of Ca2+ in the caseinate: its associative effect is important for the 

formation of protein alignment at microscale. Hence, variations in the Ca2+ content will 

have an effect on the degree of anisotropy after shearing. Both effects could be important 

in explaining the variations on the tendency to form a fibrous structure, between powders 

with different processing history and between different batches with similar process 

history. 

Spray dried calcium caseinate powder is hydrated more slowly than roller dried powder. 

Calcium caseinate powder (10 wt%) was mixed with water at 50 °C for 5 min. For spray-

dried caseinate, subsequent centrifugation (18,400 g , 5 min), 68 wt% of calcium 

caseinate ended up in the pellet (Fig. 6-3). The particle in the sediment has a similar 

morphology and larger size distribution when compared to dry powder (Appendix 6A). 

In case of roller-dried powder, 14 wt% of calcium caseinate was in the sediment. 

 

Fig 6-3. Spray-dried (left two) and roller-dried (right two) calcium caseinate dispersions 

(after 5 min mixing) after centrifugation at 18,400 g for 5 min. 

We noticed that slower hydration is positively correlated with the tendency of a 

dispersion to form fibre upon shearing. A 30 wt% dispersion after resting for some time 

resulted in a lower air holdup and less pronounced fibrousness after shearing (Chapter 

2). 

Subjecting a freshly prepared 20 wt% calcium caseinate dispersion to constant shear led 

to high initial shear stress, which then gradually decreased in approximately 2 min, and 

finally remained constant (Fig. 6-4) The same dispersion that was allowed to hydrate 
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overnight, showed constant shear stresses as a function of shear time, at a somewhat 

lower level than the final value with the fresh dispersion. This 20 wt%  dispersion that 

was allowed to hydrate overnight, did not give any fibrousness after shearing; the freshly 

prepared dispersion did give some weak fibres. We therefore hypothesize that incomplete 

hydration results in an inhomogeneous material. This is supported by the larger shear 

stress obtained with the freshly prepared dispersion, which still contains a significant 

volume of particulate matter. As discussed before, some inhomogeneity may lead to the 

formation of shear bands, which will help the formation of a fibrous material. Of course 

there is balance here; if the powder cannot be sufficiently dissolved, then the 

inhomogeneity will be too large, and any incipient structure will be destroyed by the 

motion (and rotation) of the inhomogeneity. We confirmed this hypothesis by spray 

drying a batch of calcium caseinate using a lab-scale spray dryer at high air temperatures. 

We observed that the calcium caseinate obtained is difficult to disperse in water, and 

cannot be used for fibre formation in a shear cell. 

 

Fig 6.4. Shear stress as function of time for 20 wt% calcium caseinate dispersions at 50 s-

1. Dispersions were prepared by roughly mixing calcium caseinate powder with water. 

Constant shear rate tests were performed on the dispersion immediately after sample 

preparation () and after storage at room temperature overnight (). 

6.4 Mechanisms of shear-induced fibre formation 

This thesis describes two routes for structuring calcium caseinate. In case of spray-dried 

calcium caseinate, we made use of the intrinsic properties of the material. Shearing this 

dispersion leads to alignment at small length scale. Strain hardening behaviour prevents 

the loss of air that is introduced when mixing the porous spray dried particles with water. 

Roller-dried calcium caseinate does not possess these properties. The nature of the roller 
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drying process implies that hardly any air is retained in the powder, leading to a very low 

air holdup in its aqueous dispersion. Shearing roller-dried calcium caseinate results in a 

layered material with only slight mechanical anisotropy (Chapter 4). The resulting 

material does not show protein alignments at small length scale, which we attribute to the 

large inhomogeneity caused by large particles (2–300 μm). Those are thought to disrupt 

any structure created at smaller scale. A few large and deformed air bubbles still resulted 

in a layered appearance upon tearing the material. 

The addition of maltodextrin induced fibre formation and more mechanical anisotropy 

(Chapter 5). The maltodextrin solution holds air, which is retained in the caseinate–

maltodextrin dispersion. The interfaces between the two phases will stabilize the air 

bubbles. A second effect is that the water in the dispersion is unequally distributed over 

the maltodextrin phase and the caseinate phase. Preliminary experiments of water 

content in both phases revealed that maltodextrin absorbs more water, which makes the 

caseinate phase more concentrated. Indeed, the resulting calcium caseinate–maltodextrin 

dispersions behaved similarly to a caseinate dispersion with a higher concentration. This 

higher effective concentration also leads to a better stability and retention of the air 

bubbles. Upon shearing, stress is applied to both the calcium caseinate and the 

maltodextrin phase (Fig. 6-5). The dispersed air bubbles are deformed and aligned in the 

shear flow direction. When tearing the material, it breaks along the long side of the air 

bubbles, resulting in a fibrous appearance. 

 

Fig. 6-5. Schematic picture of shear-induced structuring and fracture behaviour of the 

resulting material which was deformed in the parallel and perpendicular direction of 

shear flow. 
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When the maltodextrin phase is not or is insufficiently added, the amount of air added is 

too limited, resulting in a layered, but not fibrous material. When adding too much 

maltodextrin, the volume fraction of maltodextrin phase is higher, leading to enhanced 

coalescence and eventually phase inversion. As a result, a broken material is obtained. 

Hence, the phase volume of maltodextrin is of importance for the final material. 

6.5 Structural analysis of shear-induced fibrous material 

Adequate structural analysis is important for quantification of the material properties. 

Different analytical techniques are necessary to determine the size and anisotropy on 

different length scales. 

Till now, visual inspection of the material upon tearing has been used for a direct 

assessment of the macrostructure. However, this only gives a first and qualitative 

impression. The tensile test was used to quantify the mechanical anisotropy. Fibrous 

calcium caseinate materials have much higher fracture stress (~ 13 times) and fracture 

strain (~ 2.6 times) in the direction parallel to shear flow than in the perpendicular 

direction. In this study, we extended this analysis of these mechanical properties towards 

Young’s modulus and strain hardening. Since we believe that strain hardening is 

associated to the tendency to form fibrous morphology this should be further investigated. 

Strain hardening could provide information about the interactions between particles (in 

this case micelles) in a dense dispersion. 

Microscale characteristics, such as the size distribution and the shape of air bubbles in 

calcium caseinate material have been studied with reflective light microscopy and X-ray 

tomography (XRT). Both methods revealed that air bubbles are slightly deformed in the 

shear flow direction, thus contributing to the structural anisotropy. However, XRT can 

only be used for phases that have sufficient contrast of density, while normal light 

microscopy does not give the 3D shape of phase domains. Confocal scanning laser 

microscopy can show 3D information to some degree, and can be used with phases that 

are similar in refractive index by using fluorescent markers, such as with protein and 

maltodextrin. Moreover, SEM images suggested that calcium caseinate material has 

structural anisotropy on a submicron length scale (100–200 nm). However, sample 

preparation with SEM is extensive, and it cannot be ruled out that the protein alignment 

observed from SEM could be induced during sample preparation. 
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All microscopic methods, such as light and electron microscopy only give information 

about a small sample of a much bigger material. It is therefore nearly impossible to draw 

statistically significant conclusions from those images alone. This is somewhat better with 

XRT, even though the size of the samples here is still relatively small. For more reliable 

information we need to resort to analyses on larger scales. Recently, the structural 

anisotropy of calcium caseinate was studied using the Small Angle Neutron Scattering 

(SANS) technique (Tian, et al., to be submitted). No pre-treatment on the sample is needed 

for this technique. The anisotropic 2D scattering pattern indicated the existence of 

structural anisotropy at the submicron length scale. SANS analysis revealed a fibre 

diameter of ~ 100 nm, which is in line with SEM observations. This type of analysis could 

help to obtain more quantitative understanding of the structure itself, although the 

scattering profiles needs extensive interpretation and the assumptions made will also 

influence the outcome. 

6.6 Structure stability  

Food products need to be stored for distribution and convenient delivery to the 

consumers. Thus, proper storage conditions are necessary to maintain the fibrous 

structure. To assess this, sheared and enzymatically cross-linked calcium caseinate 

materials were stored at various storage temperatures (20, 4 and –20 °C) for 24 h. The 

fresh material had a highly fibrous appearance when tearing it along the shear flow 

direction. The material stored at –20 °C with subsequent thawing still showed a fibrous 

appearance that was comparable to that of the fresh sample. The material stored at 20 °C 

or 4 °C had an altered structure and revealed a layered structure upon tearing after 

storage. The tensile properties were in line with these observations (Fig. 6-6). Compared 

with the fresh sample, the tensile properties of the samples stored at 20 °C increased 

greatly in both parallel and perpendicular direction to the shear flow, indicative of 

annealing of the structure. At the same time, it showed much lower anisotropy indices. 

The conclusion is that the fibrous appearance remains for months when the material is 

kept frozen at low temperatures. The crystallization of the water results in a matrix that 

is close to its glass transition and thus will not evolve in time. At 4 and 20 °C, the material 

is still fully hydrated and deformable and can anneal its structure into a homogeneous 

mass. 



General Discussion 

101 
 

  

Fig. 6-6. Tensile properties: (A) fracture stress σ and (B) fracture strain ε of 30 wt% 

sheared and enzymatic cross-linked calcium caseinate materials after storing at different 

temperature for 24 h. Fresh samples were measured as a reference. The error bars for the 

tensile properties are ± standard deviation. The anisotropy index AI () is the ratio 

between the average values measured in the parallel () and perpendicular () 

directions to the shear flow. 

6.7 Future perspective 

Plant-based analogues are important both for ensuring food security with a larger world 

population and for contributing to our health. With respect to a meat-like structure, the 

fibrous materials that can be achieved with calcium caseinate are highly relevant for this 

category of food products. So far, the use of plant proteins did not result in similar 

fibrousness. Hence it is relevant to consider whether the understanding of the structure 

formation obtained in this thesis, can be extrapolated to plant proteins. 

Shear-induced structure formation from spray-dried calcium caseinate combines the 

benefits of self-assembly and forced assembly. It is not trivial to translate this towards 

other proteins, as different proteins have different properties. We can relate the 

behaviour of concentrated calcium caseinate dispersions to the behaviour of synthetic 

polymers under shear, which have been extensively studied. Spherical particles at micron 

length scale that dispersed in a viscoelastic fluid align during shearing; a phenomenon 

often indicated as shear banding. This alignment generally depends on shear thinning 

behaviour and the presence of significant normal stress differences (Jaensson, et al., 2016; 

Van Loon et al., 2014). Wall confinement, the volume fraction of the particle concentration, 

and the applied shear rate all influence this alignment (Pasquino et al., 2013; Van Loon et 

al., 2014). We believe that the alignment that we see in the caseinate dispersions is based 

on the same phenomenon. Calcium caseinate dispersions exhibit well-defined aggregates 

(micelles) sizes due to their self-assembly, and the mild association between the 
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aggregates that is induced by the divalent Ca2+ give it sufficient non-Newtonian behaviour 

to induce the banding phenomenon, leading to string formation. This is in agreement with 

the fact that the structure formation is only found in concentrated dispersions; 

dispersions with much lower concentrations (below 20 wt%) do not show this behaviour. 

Moreover, wall confinement might be also a very relevant parameter for promoting fibre 

formation. We found that a more pronounced fibrous structure was obtained when using 

an inner cone with a larger angle (5°), compared to the cone with an angle of 2.5° used in 

this thesis (Fig. 1-1B). 

It may be interesting to investigate plant proteins to form fibrous materials using the 

same structuring mechanism as calcium caseinate. Clearly, the plant protein dispersion 

should contain small aggregates of well-defined size (100–300 nm) with weak association, 

which are prone to alignment under flow. The weak association may be induced with a 

second phase (e.g., by depletion flocculation), or by adding a component that acts as a 

bridge, as  Ca2+ does for caseinate. However, plant proteins are generally globular 

proteins that do not associate, at least not in a highly defined manner. The induction of 

associative behaviour is also more complex, since there is no natural interaction leading 

to such association. Therefore, the phase separation is generally imposed by combining 

two incompatible phases, such as a (plant) protein and a polysaccharide. This is similar 

to the use of the calcium caseinate–maltodextrin dispersions in this thesis (Chapter 5). 

The structure from these dispersions showed similarities to the structure obtained with 

soy protein isolate (SPI)-pectin blends (Dekkers et al., 2018; Dekkers et al., 2016). The 

starting ingredients form a concentrated two-phase biopolymer blend. During shearing, 

the dispersed phase may coalesce, deform and break up. Furthermore, the addition of the 

polysaccharide to the protein results in ~10% (v/v) air holdup. These air bubbles were 

deformed and aligned in the shear flow direction. Also in these materials, it can be 

hypothesized that air bubbles are nuclei for rupture (stress concentrators) when such 

material is extended perpendicular the shear flow direction. The size and orientation of 

the weak, dispersed phase (polysaccharide and air) explain the different fracture 

properties when stretching the material parallel and perpendicular to the shear flow (Fig. 

6-5). However, differences also were observed. In SPI-pectin blends, the addition of pectin 

leads to elongated, dispersed pectin droplets after shearing giving fibrous appearance and 

mechanical anisotropy upon tearing. In caseinate–maltodextrin dispersions, there was no 



General Discussion 

103 
 

orientation of the maltodextrin phase, even though macroscopic anisotropy could be 

achieved. 

The structure formation in caseinate–maltodextrin dispersions indicated that only 

deformed air bubbles in the matrix are able to create microscopic anisotropy. The effect 

of the polysaccharide phase is more likely to introduce and stabilise air bubbles upon 

shear deformation. This mechanism could be developed for other plant proteins as well. 

First, it is important to obtain a biopolymer blend in which air bubbles are stabilised, 

which could be achieved by adding  polysaccharides or gluten as a dispersed phase into a 

protein phase. Polysaccharides (e.g. carrageenan or maltodextrin) are often added as 

stabilizing agent in foams. These components do not only increase the viscosity but also 

create an elastic network (Makri and Doxastakis, 2006; Pycia, et al., 2017; Pycia, et al., 

2016; Smith, et al., 2000). Gluten, which is often added to SPI for making a range of fibrous 

structures, is also important for hindering coalescence of bubbles during bread making 

due to strain hardening behaviour (Dobraszczyk et al., 2003; Kokelaar et al., 1996; Vliet 

et al., 1992). In addition, the ratio of volume fractions between the protein and the 

additional phase should be large to prevent phase inversion upon shear deformation, an 

effect that is detrimental for formation of fibrous materials. 

Besides choosing the right dispersed phase, the temperature at which the blend is sheared, 

is as well important for the air holdup. The fibre formation in the caseinate–maltodextrin 

dispersion revealed that very high temperature is not necessary for the formation of a 

fibrous material. By applying relatively low temperature, it is possible to minimise 

heating-induced changes in the blend, which probably impacts the viscosity and 

deformability over time. However, very low temperature may require a high torque to 

deform the blend. Thus, the temperature should be adjusted based on the properties of 

the biopolymer phases. Last but not least, shear rate and processing time determine the 

extent of deformation of air bubbles, which also need to be optimised. 
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Appendix 6A 

 

Fig 6A-1. Morphology of spray-dried (A) and roller-dried (B) calcium caseinate in the 

sediment (v. Fig. 6-3). 10 wt% dispersions were mixed for 5 min, and then centrifuged at 

18,400 g  for 5 min. 

 

Fig 6A-2. Size distribution of spray-dried and roller dried calcium caseinate powder, and 

their sediments (v. Fig. 6-3). 
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The development of new generation meat analogues contributes to a more sustainable 

food production. The creation of fibrous structures within these kind of protein foods is 

of relevance. Concentrated calcium caseinate dispersions can be transformed into 

hierarchically fibrous materials using shear deformation. The fibrousness of these 

materials is more pronounced compared with materials created from plant proteins. Thus, 

calcium caseinate can be used as a model system for studying fibrous structure formation. 

In previous studies, the transformation of calcium caseinate into distinct fibrous 

structures was attributed to the caseinate micelles with attractive interactions between 

them. However, the mechanism that was previously described cannot fully explain all the 

phenomena in structure formation, i.e. the large differences between batches of caseinate. 

Therefore, it was deemed essential to further elucidate the mechanism of fibre formation 

in concentrated calcium caseinate dispersion. 

In Chapter 2, the role of air in calcium caseinate was investigated by studying the structure 

and mechanical properties of the final material. Although anisotropy was present in 

deaerated calcium caseinate dispersions after shearing, air incorporation enhanced the 

fibrous appearance and mechanical anisotropy of the sheared calcium caseinate materials. 

Air bubbles were therefore considered as an additional, important phase, causing the 

material to become tougher with strain hardening in the direction parallel to the fibres, 

and making the material more susceptible to fracture upon stretching in the 

perpendicular direction. 

Chapter 3 further describes the relative importance of air bubbles in the protein matrix 

on the mechanical anisotropy of calcium caseinate material. In this study, the effect of air 

on mechanical anisotropy of these fibrous materials was described with a load-bearing 

model, with the void fraction, and the bubble length and width as input parameters. The 

anisotropy of the protein phase was estimated using materials obtained from deaerated 

dispersions after shearing at different shear rates. It was concluded that the deformation 

of air bubbles could only partly explain the mechanical anisotropy; the anisotropy of the 

protein phase is more important. Based on all results, we further hypothesised that the 

anisotropy of the protein phase was affected by the air bubbles present during the 

structuring process. This effect was explained by a locally higher shear rate in the protein 

matrix during the structuring process. 
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All previous studies on shear-induced calcium caseinate fibre formation were done using 

spray-dried powder. However, large differences were observed in the structuring 

potential and physical properties of spray-dried calcium caseinate (Scaca) and roller-

dried calcium caseinate (Rcaca). In Chapter 4, it is described that Scaca formed more 

pronounced fibrous materials upon shearing than Rcaca. The rheological measurements 

revealed that the Scaca dispersion exhibited more solid-like behaviour. Besides, the 

particle size in excess water was larger for Rcaca (2–300 μm), while Scaca mainly 

contained small caseinate aggregates (< 800 nm). Finally, Rcaca was less susceptible to 

enzymatic crosslinking with transglutaminase. The differences in structuring potential 

and physical properties were explained by changes in the protein induced by the intensive 

thermal treatment during roller drying. The application of a similar thermal process to 

Scaca resulted in similar properties as Rcaca indeed. Clearly, the process history of 

calcium caseinate has major consequences for its fibre formation potential. 

Chapter 5 describes another mechanism to create fibrous materials using roller-dried 

calcium caseinate powder. The method is based on the use of an extra phase in the initial 

dispersion, being maltodextrin. The addition of maltodextrin in a continuous protein 

phase led to the formation of fibrous materials and enhanced mechanical anisotropy after 

shearing. The maltodextrin addition resulted in a more solid-like dispersion and more air 

bubbles were entrapped in the sheared material. These air bubbles were large and 

elongated, which is of importance for the fibrous appearance on macroscale. Here, we 

found that the fibrous structure or mechanical anisotropy was a result of anisotropy on a 

mesoscale. No protein alignment was observed at a smaller length scale, which is in 

contrast to structured spray-dried calcium caseinate. 

Chapter 6 reviews all results presented in this thesis and provides an overview of 

anisotropic structure formation principles with calcium caseinate. Further, different 

analytical techniques are discussed for studying the hierarchically fibrous structure. 

Finally, the insights on structuring of caseinate system were extrapolated towards other 

proteins. In conclusion, the results described in this thesis highlight the importance of air 

bubbles and contribute to a better understanding of the fibrous structure formation 

process based on shear cell technology. 
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PhD study trip to Canada (FPE, WUR, CA)1,2                2018 

Weekly group meetings (FPE, WUR, NL)                  2015-2019 

 

1 Oral presentation 

2 Poster presentation 
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