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General ntroduction



Chapter 1

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 pkention of muscle loss that may occur with ageing
(Rondanelli et al., 2016; Shang, etl.a2018; 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 irfoods generally results in adverse effects, such as
product hardening and dry mouth fee(Hogan et al., 2012) Clearly, a need exists for novel
protein-rich products. Mostof the protein-rich foods have developedver time via trial -
and-error. However, rational design of food structurebased on ingredient properties and

processing conditions is the futuretrend 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 opposingterm,
isotropy, refers to physical properties that are the same in all directiongNagashima and
Mitsumata, 2011). Meat, an illustrative example of an anisotropic food product rich in
protein, has a hierarchically fibrous stucture, which accounts for the directional
dependence of the mechanical properties of meafLepetit and Culioli, 1994). The
anisotropy of meat is suggested to strongly influencés sensory properties, such as
juiciness, chewness and flavour releasgMioche, et al.,2003). Another example ofan
anisotropic food is Mozzarella cheese. It shows anisotropy due to the oriented protein
fibres and elongated fat droplets as a result of stretching wie 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 meatlin 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 structurghurtleff
and Aoyagi, 2016) In the modern food industry, extrusion is the most commonlysed
technique to create anisotropic protein foods such as meat analogues and mozzarella
cheese(Lin et al., 2000; Qverg 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. Duriegtrusion process,
food ingredients are exposed to large thermal and mechanical stresses. This ledfects
that are still difficult to predict and control, because of the complexity of the extrusion
process. Asimpler structuring process could helpus gain fundamental insight in the
structuring mechanisms. Thus, a shear deviogas designedbased pon 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-1L During processing, the sample filled
between the cones is sheared upon rotation of the bottowone while the top coneemains

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

Stationary cone

Sample zone

Rotating cone

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

Initially, the shear cell device was used for understading 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 experimentgvan 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 phaséBeighambardoust et al.,
2008, 2006; Peressini et al., 2008) Aqueous dispersions of a dairy notein, 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 planbased ingredients, soy and
gluten, when shearing at 95 € 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 contentand 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 higfuality nutrition. In
addition, dairy proteins possess excellent technological functionality, redering 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 byproduct of

OEA EEO0OO OOACA T &£ AEAAOGA DOIT AOA deEtdglomulind EA 1 T
which comprises 10% of the total milk protein content. Casein consists dbur different

OUPAO 1 A& sehGipORE AXlein) These caseins exhibit a strong tendency to
self-assemble into casein micelles with a diameter of 1200 nm that contain colloidal

calcium phosphate (CCP) nanocluster®e Kruif et al., 2012; De Kruif and Holt, 2008 s |

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 emulsifying, foaming and texturing
agents. They are extracted and purified by having the casein precipitate wikithe CCP is
dissolved at pH 4.6 / 8 2 ACAT AT A - Ahér Qveskirng] thehcasejreap pe

redissolved by increasing the pHusing NaOH or Ca(OH) The resulting sodium an

n
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calcium caseinate slurries may then be spragiried or roller -dried for further applications
(Dalgleigh and Law, 1988; Fox and Mulvihill, 1982; Huppertz et al., 2017 he slurry to
be dried is ~20 wt% for spray drying and ~40 wt% for roller drying / 6 2 ACAT
Mulvihill, 2011) . Thermally induced changes are prevalenafter roller drying and much
lessafter 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.Xherefore influence the properties of the final
casein. Batchto-batch differences can be observed from the same or different
manufacturers. Dalgleigh and Law (1988)reported that different batches of sodium
caseinate showdifferent sensitivity to the presence of C& . Bastier, et al. (1993)found
that different batches of calcium caseinate had different Ca content and funcied
properties, such as watersorption capacity and viscosity,even when produced by the

same mandacturer.

1.5 Structuring of dairy proteins

Structure formation with dairy protein has received increased attention recently.
$SEAEAOAT O OUDPAO 1 MAacodgbbubmiaad daseinateBodrsbe wseddfarh
different food applications. For example, whey protein micreparticles 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 havealso been
considered as fat replacer in cheesgMcMahon, et al.,1996; Purwanti, et al., 2013) and
could to some extent replace glutenn 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 proteinrich foods (Purwanti et al., 2012;

3Agl Al AO Al 8h c¢mpr
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[ -lactoglobulin can form fibrils (Veerman, et da., 2002; Akkermans, et al., 2008;
Akkermans, et al., 2008) These fibriks are anisotropic protein aggregates with a length of

1zpm ti AT A A OEEAET AOO 1 &£# A Z£Ax TAT11 AOOAOS
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 fibrg

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. 22). The formation of such fibrous morphology was attributed to
the attraction between caseinate micelles due to the presence of the divalenCévianski

et al., 2007c) resulting in mild aggregation of these aggregates. Thesnicelles 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 prerequisite, as it was found that sodium caseate 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)

cm mm pm nm

Fig. 1-2. Hierarchically fibrous structure of calcium caseinate material which was sheared
at 50 rpm for 5 min at 50 °C and concurrent crosBnked 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 ratg the viscosity showed a large peak,
and was strongly reduced at larger shear rates. This peak is &ndication 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 isherefore expected that this mechanism
does not completely explain the creation of the hienghal 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 dispersionsvhich can help ugpredict 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 properes is revealed, confirming our initial
hypothesis on this. The morphology of entrapped air was studied with reflective light

microscopy and Xray tomography.

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

T
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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 spragried and roller-dried powder.
Chapter 4 focuses on the differences between spragiried and roller-dried calcium
caseinate powder through inve$igating 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 fibigs 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-, mese and microstructure, and relating mechanical propertes 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 aibubbles 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.



Chapter 2.

Air bubbles in calcium caseinate
fibrous materials enhances anisotropy

This chapter has been publisheds Wang, Z., Tian, B., Boom, R., & van der Goot, A. J. (2019).
Air bubbles in calcium caseinate fibrous material enhances anisotropy. Food

Hydrocolloids, 87, 49%505.
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Abstract

Dense calcium caseinate dispersions can be trsformed into hierarchically fibrous
structures by shear déormation. 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 shaad protein matrix. Although anisotropy

is obtained in the absence of entrapped air, the fibrousappearance and mechanical
anisotropy of the calcium caseinate materials are more pronounced with dispersed air
present. The presence of air induces the proteifibres 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 sidy shows that

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

A decade ago, an anisotropic calcium caseinateterial was created by a novel technique
based on welldefined 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 typicdiibre diameter of ~100z200
nm was observed with scanning electron microscopyManski et al., 2007b) The
formation of this fibrous morphology was attributed to the aggregation of caseate
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 divalenCC&* bound to the protein with Na*

(Grabowska et al., 2012)

Dispersed air was observed in these calcium caseinate fibrous materiglglanski et al.,
2007b; Manski,et al.,2008), and also in materials created Vh soy protein isolate with
wheat gluten blend (Grabowskaet 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 ~10Q4001ti (Tian et
al., 2018). The dispersed air provides an additional phase that influences the texture,
microstructure, and functionality (Campbell and Mougeot, 1999; Zufiga 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 a@ugh to failure decreased under biaxial extensio(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, 2011aMany natural porous composites,
which are often hierarchically organized at multiple length scales (nang micro- and

macroscale), have remarkable strength from the alignmenof their fibres, crystals, or

M M
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other structural elements, but have great toughness at low densifGibson, 2012; West

et al., 2015) examples are bamboo and wood. The voids play a significant role in fracture
toughening (Habibi and Lu, 2014; Lakes, 1993; Standlschegg 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 compromisg&tanzl-Tschegg et al., 2011)
This also occurs in synthetic cellular composite materials, such as honeycom(@reil et

al., 2002; Haghpanah et al., 2013nd 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 differentmechanical properties. In
this paper, we investigate the role of air bubble®n the microstructure and mechanical
properties of the material structure. The morphology of entrapped air was studied with
reflective light microscopy and Xray tomography. Scanning electron microscopywas
used to study the protein structure in the vicinty 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 caseinatgpowder contains 89 wt% protein and 1.5 wt%

AAl AEOI AAAT OAET ¢ OI OEA 1 AT OEAAOOOAB8O ODPA
independent transglutaminase derived from Streptoverticillium moberansae (1 wt%
transglutaminase, 99wt% maltodextrin; Ajinomoto Co. Inc., Tokyo, Japan) was 114

units-g 1 as determined with the hydroxamate method(Yokoyama etal., 2003). This

POT AOAO xAO OAEAOOAA OA20% @iwdhAéninerdliZed wakel) OEE O
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 premixeslzb, were prepared. All dispersions
contained 30wt% calcium caseinate powder, and transglutaminase was added to one of
the dispersions. Premix1 was prepared by manually mixing the protein, water and
transglutaminase solution nzymeprotein 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. Premix3 was prepared by manually mixing the protein and
water with a spatula for 1 min, and therresting at room temperature for an additional 1
h. Premix4 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. Premix5 was prepared similarly to premix 4 but an additional
centrifugation step (2500 x 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 caeinate dispersions into anisotropic materials. The shear
device is depicted and described in more detail byan der Zalm, Berghout, van der Goot,
and Boom, (2012) The rotating cone and the stationary coneere thermostatted with a
heating and a cooling water bath. The premixes were transferred to the piteeated (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 t¢@ 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 at20°C until further analysis.

An extra experiment was done to elucidate the efféeof air incorporation in the system
and to exclude that thepre-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 incgorate 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 samplé (Appendix

2A).

2.24 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 sheavorticity plane). The tensile tests
were conducted at a constant deformation speed of 3 ms 1. Grips with abrasive paper
were used to prevent the sample slipping in the grips during testing. At leashitee
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(, , kPa) and fracture strain ¢, 7) were

calculated using the following equations:
" OOJ 00 CZD
- 1 100j0 C4,

Where "O0 was force,0 0 was cross sectional area, and 0 was the length of the
sample all at timeoand0 was the initial length of the tensile bar (15.2 mm).A point
following a dramatically decrease of stress in the stresstrain curve was taken as fracture
point. This point was used to read fracture stress,(, kPa) and fracture (Hencky) strain ¢,
2), respectively. In this study, the apparent strain hardening coé€ient ¢ was calculated
by applying a power law fit (s T@T) using the Hencky strain interval between 30% and
100% of fracture strain-. Whent exceeds 1, the sample exhibits strain hardenind.is a
coefficient that correlates the stress and the stain of the materials and is therefore a
measure of materialstiffness.The ratio of the average data for mechanical properties
measured in the parallel and perpendicular directions to the shear flow wacalculated

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

Samples were scanned using a GE Phoenix v[tome|x m tomographer (General Electric,
Wunstorf, Germany) set at 80 kV/9(; ! . The system contains two Xay 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 x 2024 pixels (pixel size, 209 ). The detector and object
were located 815 mm and 28.55 mm from the -Xay source, respetively. This results in a
spatial resolution of 7.00t1 . A full scan consists of 750 projections over 360°. Four
images are taken for each projection. The first image was skipped; imageg42were
averaged into one projection. GE reconstruction software (Whstorf, Germany) was used

to calculate the 3D structure via back projection. The 3D images wesmalysed using
Avizo imaging software version 9.3.0 including the total sample volume, total gas volume,
gas void fraction (), every single bubble volume, ad its length, width and degree of

deformation (Def). The degree of deformation Def) was defined as:
$SAED Q] & @ Jis)

where ®is the length of a deformed air bubble parallel to the shear flow, andis the
average width of the air bubble perpendiular to the shear flow (based on velocity
gradient-shear flow plane and vorticity-shear flow plane).An average value oDef was
used to represent the deformation of air bubble with different bubble volume range.
$ A Mrepresents a spherical air bubble$ A Ap 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 o the shear flowrvorticity 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) Ciritical point drying with carbon dioxide (CPD 020,

Balzers, Liechtenstein) was performed. The dried samples were then glued to sample

M p
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holders using conductive carbon cement (LeiC, 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 Z8 mm, with secondary

electron detection at 2 kV and 6.3 A.

2.2.7 Reflective light microscopy

The frozen materials were cut into thin slices with a razor blade (singlkedge carbon steel,
Electron Microscopy Sciences, Hatfiled, PA) parallel and perpendicular to the shear flow,
resulting in the velocity gradientshear flow plane and velocity gradientvorticity plane,
respectively. The samples were imaged using a digital microscope (Keyence VEDOOE)

with 100x magnification.

2.3 Results and discussion

2.3.1 Macro- and Microstructure

Fig. 2-1 shows the macrostructure of calcium caseinate materialdz5. 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, illugrating 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 (materi2g5) also gives
anisotropy, but the materials are stickier than materiall. Visual observation suggests that
material 5 contains fewer isolatedfibres than premixes 2z4. Lack of air bubbles makes
the material to break in larger parts, because the material coains hardly any air bubbles

along which thin fibres can appear upon tearing.

Light microscopy (Fig.2-1) shows that materials x4 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 withoudir bubbles.
We speculate that the presence of air bubble and fibrousness are correlated. The main
explanation could be that the materials 24 break along the air bubble when tearing them
along the direction of shear flow. Without air bubbles, structure wi 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 Iz5. The scale bars in the light microscopy

images denotep Tt .

My
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2.3.2 The morphology of air bubbles

2D and reconstructed 3D Xay tomography images show the morphology of air bubbles
in materials 174 (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 thathe dispersed air

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

a hierarchical structure (Manski et al., 2008)

Velocity
gradient

lﬁ,shm fow 1 2. 3. 4,

Vorticity

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

materials 14.

The reconstructed 3D images were used to determine the cumulative void fractions below
different bubble volumes and the associated deformation of the bubbles (Fig-3). The
total void fraction decreased from materiall to 5, mainly due to the differencen 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 fran material 2 to 5, the
void fraction of air decreased further. Apparently, morepre-treatment (longer resting
time and heating) of the premixes resulted in less air in the protein matrixSo far, it is not

fully clear why heating and longer resting time reluced the void fractions. A possible

M ¢
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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 intection of calcium caseinate and water could

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

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

mm?). B: Associated deformation of the bubbl

The deformation of air bubbles increased with increasing bubble volume in materialky

4 (Fig.23B 8 4EA O Al 1l A5m3) et ddddmed (z0p05z0.03),
whereas the large air bubbles (>103 mm3) were slightly deformed (0.05z0.38). This is

in line with the morphology of bubbles observed by light microscopy (Fig2-1). The
deformation of the air bubbles was similar for material2z4, however, materiall showed
larger deformation. This is probablydue to the crosslinking in materiall, 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

r’ Shear flow

Fig. 24. SEM images of the fractured surface parallel to the shear flow of material 1
(imagesAzD) and 2 (imagesEsF 8 4 EA OAAT A AAOO ARIT p©At it nEl
imagesB,CAT A %h AT A PandF. Imé&gksB dhd Ok Bon the area outlined

by the red square in imageA at 5000x. Images inCzoom inon the area outlined by the

square in imageB at 50,000x%. 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 sheaorticity plane)

(Fig. 24A). SEM images were obtained at different magnifications and locationkse to
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air bubbles within this sample (Fig 24B, C). The fibre alignment at the bubble surface
more or less follows the curvature of a bubble (Fig-2B, C). This is shown in more detail
in Fig. 24D. The orientation of the fibres between two adjacent aibubbles follows the
flow pattern around the bubbles (Fig. 24B). In the absence of transglutaminase, the fibre
orientation is still present (Fig. 24E, F), but less distinct compared with material 1 (Fig-2

4B-D).
2.3.4 Mechanical properties

The anisotropyindex 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(Fig.
2-5). The main difference in material2, 3, and4 is the void fraction of air; only a slight
decrease in the anisotropy was found for those materials. Thus, the differemire-
treatments had little effect on their mechanical anisotropy. Materialt 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 fradure stress in the perpendicular direction; the transglutaminaseinduced
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 24 increased with decreasing void
fraction of air in both the parallel and perpendicular directions. No gjnificant 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 bubblem 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 propgation along the fibre direction.
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Fig. 25. Mechanical properties: @A AOAAOOOB OBOADOOGA OOOAEI
apparent strain hardening coefficient7as a function of void fraction of air for sheared 30

wt% calcium caseinate materials %5, deformed parallel (illed squares and
perpendicular (open square$ to the shear direction. The error bars for the mechanical
properties are tstandard deviation; where not shown they were smaller than the marker

used. The anisotropic index Al red triangles) is ratio between the average data for the
mechanical properties measured in the parallel and perpendicutalirections 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 andsrabowska et al. (2014)for an anisotropic soygluten 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 thdibres 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
adjacentfibres and thus greater strength and better strain hardenindgKurtz et al., 1999).

In the perpendicular direction, thefibres are just pulled apart. Here, the air bubbles work
as a weak phase, similar to the role of the fat droplets in mozzarella cheg&ast 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 material@
and5 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 individuafibres or bundles of
fibres. The strain hardening can be explained by further alignment of thigbres that are
slightly misaligned due to the air bubbles. The fluctuating fracturing of materia® is
typical for fibrous composites, such as woodGreil et al., 2002; StanzlTschegg et al.,
2011). Material 5, having little air, exhibited only very minor strain hardening and
relatively smooth breakage (Fig2-7B), indicative of a relatively brittle material. In the
perpendicular direction, both materials break at relatively low stresses with smooth

breakage (Figs2-6 and2-70C).
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Fig. 26. Typical stressstrain curves of sheared 30 wt% calcium caseinate sample 2 and

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

g

Fig. 27. Recorded images of a degone specimen of samples 2 and 5 during the tensile

test with a deformation rate of 3 mms 1. A: Sample 2 in the parallel directionB: Sample

5 in the parallel direction.C. Sample 5 in the perpendicular direction to the sheardiw.
2.3.5 Relationship between microstructure and mechanical properties

Fig.2-8 interprets the influence of air bubbles in the matrix on the fracturebehaviour in
different orientations (Gibson and Ashby, 1997; Greil, Lifkagt al, 1998). Based on the
tensile tests, we postulate that air bubblesact as a weak phase in the perpendicular

direction. The bubbles facilitate widening of a crack in betweeriibres, which then
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propagates along the orientation offibre. In the parallel direction, the incorporated air
misaligns thefibres somewhat. Pullingthen results in a realignment of thefibres 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 aibubble, and therefore the stress concentration lessens and the
material thus is tougher(Vincent, 2011). This relies on the existence of retavely strong
fibres and the adhesion between thdibres 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 tailure in the parallel direction,
and more susceptible to breakage in the perpendicular direction, as is known for

composite materials.
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Fig. 28. 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 vidi
lines represents the crack paths. The dark and grey lines represent the sheaduced

protein alignments.
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AA £l Oi A £0.03), whereas larger air bubbles (>10 3 mm3) were slightly deformed
(0.05z0.38). When comparing the air bubbles incorporated in calcium caseinate with a
previous studyon fibrous materials from soy protein isolatepectin (Dekkers et al., 2018)

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

in size and less deformed than in soy protein isolatpectin blends (0.3%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 thdéibres, 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 isolatepectin

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 giiment 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 usedatdesign 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 2A1 Mechanical properties of whipped samplé.

Fracture stress  Fracture strain Strain hardening
(kPa) () coefficient (-)
Parallel 84.1+ 1.1 1.02+ 0.07 1.36+ 0.07
Perpendicular 219+ 3.8 0.62+ 0.09 0.99+ 0.06
Al 3.84 1.65 1.37
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Chapter 3.

Understanding the role of air and protein phase on
mechanical anisotropy of calcium caseinatébres

This chapter has been published a#/ang, Z., Tian, B., Boom, R., & van der Goot, A. J. (2019).
Understanding the role of air and protein phase on mechanical anisotropy of calcium

caseinatefibres. Food Research Internationall21, 8627869.
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Abstract

Calcium caseinate dispersions can be transformed into anisotropic, fiborous materials
using the concept of sheainduced structuring. The aim of this study is to further
investigate the relative importance of ai 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 loatbearing model, with the
void fraction, and the bubble length ad 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 mechancal 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 bylocally 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 defoation
(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 analoguein terms of acceptability of consumers(Hoek et al., 2011) Therefore,
calcium caseinate becomes ma attractive material for the next generation of meat

analogues

The formation of calcium caseinate fibrous structure is based on the presence of caseinate
micelles (~100z200 nm) in the dispersion. Further, these micelles exhibit mild adhesion
due to the dvalent Ca&* (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 bubblé~100zt Ttmt |
(Tian et al., 2018; Wang edl., 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 bubblen 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 empiricaland theoretical models have been developed to predict the tensile
properties of porous materials(Chen et al., 2013; Gibsoand Ashby, 1997; Ji et al., 2006;
Rice, 1996) Some of these models relate not only to total idfraction but also to the void
geometry. For example, the loadbearing model is easily applied to idealized arrays of
identically shaped and orientated voids(Rice, 1993). The loadbearing model assumes
that the mechanical properties are determined by the minimum solid crossectional 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 loadbearing model is suitable to
determine the strength of porous copper. Recently, a model based on tt®ss-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 deformabn of air and anisotropy of protein
phase contribute to the macroscopic mechanical anisotropy. We apply the lohearing
model to quantify the effect of air in the calcium caseinate materials on their fracture
properties. Both total void fraction and bubldle 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 applicatioof 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 fronthe 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 contaire92 wt% protein and 1.46 wt% calcium

s~ A o~ N
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was given as powder weight.

3.2.2 Protein dispersions preparation for preparative shearing

An aerated protein dispersion was preparedby manually mixing 30 wt% calcium
caseinate powder in demineralized water (pH 6.76.9) with a spatula for 1 min.
Deaeration was achieved through heating the dispersion at 80°C for 5 min, followed by
centrifuging (2500 x g for 2 min) and subsequently leawng it at room temperature for
55 min.

OH
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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 can angle

| p 1 pahd a stationary cone (the top cone, angle p T Jt Burther 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 preheated (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 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 O rpm) was too weak to
measaure its tensile strength. From the other materials, dodpone 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 perpendacul
to the shear flow (based on the sheavorticity plane). The tensile tests were conducted
at a constant deformation speed of 3 mrms 1. Grips with abrasive paper were used to
prevent slip during testing. At least three specimens per direction were measudeper
sample, and three sampleper condition were tested. The results obtained from these
tensile tests were depicted as forcalisplacement curves. Blue Hill software was used to
determine a fracture point and to calculate the fracture stress,(, kPa) ard fracture strain
(-, 2).-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 (roughly3 4 20 mm) were scanned using a GE Phoenix v|tome|x m
tomographer (General Electric, Wunstorf, Germany) set at 80 kV/90 & The system
contains two Xray sources; the 240kV micrefocus tube with a tungsten target was used.
The images were recorded by a GE BXdetector array with 2024 x 2024 pixels (pixel
size, 200t & ). 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 &. A full scan
consisted of 750 projections over 80°. Four images were taken for each projection. The
first image was skipped because it probably contained information from the previous
projection; images Z4 were averaged into one projection. GE reconstruction software
(Wunstorf, Germany) was used to daulate the 3D structure via back projection. The 3D
images wereanalysedusing Avizo imaging software version 9.3.0. The analysis included
the total volume, total air volume in the sample, void fraction of airr{), the length of air
bubble parallel to the shear flow (®) and the average width of the air bubble
perpendicular to the shear flow (&, based on velocity gradienshear flow plane and

vorticity -shear flow plane).

3.2.6 Reflective light microscopy

A fresh sample (50 rpm) was stretched by hands ithe parallel direction to shear flow.
The resulting deformed material was then observed with a digital microscope

(Smartzoom 5) with 50x magnification.

3.3 Theory

Based on loadbearing model, the tensile stress of porous material is given as follows:

woon B oh

Where ,, is the theoretical fracture stress in the same material without airs is the
minimum cross-sectional area fraction of continuous phase. We simplify calcium
caseinate material by considering the dispersed air bubbles as many small @ginside a

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

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

dimensions will remain the same(c). Then,

. A
N =g o4,

When stretching the material in the parallel direction of the shear flow (Fig3-1A), the

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

A -
Pz A (%)

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

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

v E P A a

Fig. 31. Schematic of the loaebearing 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 Ecg. (3-3) and (3-4) into Eq. (3-1) yields:

A
£ K-Dp = ar o)

op
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It should be noted that the values of and, - 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 Ec. (32%8) and (3%).

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

directions as the anisotropy index § YPwhich can be expressed as

qln
qln

b0 -o5—® 50 B0 o
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Thus, the anisotopy index of fracture stressd "® equal to the product of the anisotropy

index of continuous phase "O and the anisotropy index of the deformed air bubble

0 0.

Fig. 3-2A demonstrates the effect of air holdup according to this modein the tensile
stress in two directions, given a constant void fraction § T1&) and assuming an
isotropic continuous phase , - p TR0 WThe fracture stress increases in the
parallel direction with increased deformation of the air bubbles, and it decreases in the
perpendicular direction. Consequently, the values ob “Gncreases with increased
deformation of the air bubbles. When it is assmed that the continuous phase is
anisotropic , - p RO L QO & the value ofd '@ twice compared to the
material with an isotropic continuous phase. Th& "@an thus result from a combination

of anisotropic protein phase and anisotr@y originating from deformed air bubbles.
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3.4 Results

3.4.1 Structure formation from aerated calcium caseinate

Aerated calcium casmate dispersions (around 20.0 %6 of air), were sheared at different
shear rates (@z150 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
dischargedfrom 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 thifkres
upon tearing the materials manually. Further increasing the shear rate to 50, 75 an@Q
rpm resulted in pronounced fibrous materials (Fig.3-3B). The material made at 150 rpm

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

Fig. 33. Macrostructure of 30wt% aerated calcium caseinate materisdhearedat 3 rpm

(A) and 75 rpm(B). The length of images is approximatelyZ¥ cm.

The geometries of the aeragd and sheared materials (Fig3-4) were analysedusing 2D
and reconstructed 3D Xray 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

oy
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outer cone (right side of the 2D image). This suggests that the larger aiulbbles were

expelled from the rotating outer cone during shear.

Fig. 34. 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 (@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 harglany bubble
deformation. Fig. 3-5A shows that sheang reduced the total air holdup (variation
between 13.6and 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 * mms3). The material
sheared at 50 rpm contained thehighest void fraction of 17.5 v% air among the sheared
materials (but still lower than the material without shearing). At higher shear rates (7%
150 rpm), the materials cantained less air. Fig3-5B shows that the shear deforms air
bubbles when their volumes are larger than 103 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 hadan influence on the external forces that are resulting in deformation,

o



