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A B S T R A C T

Pronounced fibres are formed through simple shearing of a dense calcium caseinate dispersion. Both me-
chanical tests and scanning electron microscopy images demonstrate that the material is anisotropic. It is
hypothesised that calcium caseinate aggregates, under shear, align into micro-fibres and bundle further into
a hierarchical structure. Yet no direct evidence at the sub-micron length scale can support the assumption.
Small angle neutron scattering (SANS) experiments were conducted on calcium caseinate samples prepared at
different conditions. Analysis of the SANS data revealed that the micro-fibres have a diameter of ∼100 nm
and a length of ∼300 nm. The addition of enzyme and air contributed to longer and thinner micro-fibres.
Furthermore, the extent of fibre alignment at the micro-scale and the macroscopic anisotropy index followed
the same trends with varying processing conditions. It is concluded that the material does indeed possess a
hierarchical structure and the micro-fibres are responsible for the anisotropy on the macro-scale.

1. Introduction

A dietary transition towards more plant-based products can provide
a long term solution to mitigate the impact of humans on the environ-
ment (De Boer & Aiking, 2011). However, this transition is severely
hampered by the fact that the majority of consumers prefer animal-
derived products to plant-based alternatives. Recent consumer research
has shown that plant-based alternatives that effectively replicate meat
structure could potentially stimulate the transition away from the con-
sumption of meat (Elzerman, van Boekel, & Luning, 2013; Elzerman,
Hoek, Van Boekel, & Luning, 2011; Hoek, Luning, Weijzen, Engels,
Kok, & De Graaf, 2011), thus emphasising the importance of fibrous
structures in meat analogues.

Over the years, a variety of meat analogues have been developed us-
ing different ingredients and through different technologies (Apichart-
srangkoon, 2002; Asgar, Fazilah, Huda, Bhat, & Karim, 2010; Dekkers,
Hamoen, Boom, & van der Goot, 2018; Finnigan, Needham, & Ab-
bott, 2017; Nieuwland et al., 2013; Owusu-Ansah & McCurdy, 1991;
Peighambardoust, Van der Goot, Hamer, & Boom, 2004). One promi-
nent candidate is calcium caseinate (Manski, van Riemsdijk, van der
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Goot, & Boom, 2007b). It is obtained by re-dissolving the acid ca-
sein curd in a Ca(OH)2 solution (Fuquay, McSweeney, & Fox, 2011),
then subjected to drying. Given the vigorous processing condition,
the structure of calcium caseinate has become different from that of
casein micelles. According to previous studies (HadjSadok, Pitkowski,
Nicolai, Benyahia, & Moulai-Mostefa, 2008; Smialowska, Matia-Merino,
Ingham, & Carr, 2017; Thomar, Gonzalez-Jordan, Dittmer, & Nicolai,
2017; Thomar, Nicolai, Benyahia, & Durand, 2013), the structure of
calcium caseinate in solution is somewhat comparable to that of adding
Ca2+ ions to sodium caseinate. Below a critical calcium concentration,
the system mainly comprises small caseinate clusters, with a radius
of ∼10 nm. Above that, which is the case of calcium caseinate used
in our study, larger aggregates are formed and the structure becomes
rather compact and heterogeneous. Thus, it is reasonable to assume that
calcium caseinate aggregates behave as interacting particles that are
composed of sub-aggregates made of small protein clusters. Under sim-
ple shear and mild heat, a 30%w/w calcium caseinate dispersion can
be transformed into pronounced fibrous structure. Scanning electron
microscopy (SEM) images have shown that caseinate aggregates, with
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a typical diameter of a few hundreds of nanometres, are aligned into
fibres which are parallel to the shear flow direction (Manski, van der
Goot, & Boom, 2007). Given these fibres are also visible to the eye, it
is hypothesised that the fibrous calcium caseinate has a hierarchical
structure which prevails from mili-down into the nanometre length
scale.

Based on this hypothesis, research has been conducted to study
the anisotropy of fibrous calcium caseinate (Grabowska, van der Goot,
& Boom, 2012; Tian, Wang, van der Goot, & Bouwman, 2018). The
current understanding is that air bubbles are present in the protein
dispersion during pre-mixing and that they enhance the anisotropy of
the final material (Wang, Tian, Boom, & van der Goot, 2019a). The
addition of a crosslinking enzyme, transglutaminase, also appears to
improve the anisotropy, as does maltodextrin (Wang, Dekkers, Boom,
and van der Goot, 2019). In the above studies, the occurrence and
quantification of anisotropy have always been examined by mechanical
tests. The anisotropy index is calculated as the ratio between the
true stress (or fracture strain) of the material being fractured parallel
or perpendicular to the shear flow direction. As informative as the
mechanical test can be, it is a bulk measurement that reflects the
property of the material on the macroscopic scale; thus, a direct method
that can prove and quantify the anisotropy and structure of the fibres
at the microscopic scale is desirable.

The small angle neutron scattering (SANS) technique is proposed
to serve this role in the study of the structure of the fibres. Small
angle X-ray scattering is also a powerful method, given its shorter
measurement time and smaller sample size required. Yet, neutrons are
used in this study for two reasons. One is that due to the heterogeneity
of the sample, a larger beam size required by SANS actually provides
an ‘advantage’ of probing a more representative volume of samples pro-
cessed at different conditions. The other reason is that complementary
ultra-small angle neutron scattering (USANS) studies were originally
conducted within the same facility. However, the intrinsic anisotropy
of the sample combined with the slit-smeared data collection mode,
added even more complexity beyond what already evident is in the
SANS region. As a result, the USANS data are not discussed in this
study.

SANS has been successfully applied to study the anisotropy and
structure of many materials at the microscopic scale, such as the
shear-induced orientation of polymer clay platelets (Schmidt, Nakatani,
Butler, & Han, 2002), the chain conformation of model inter-penetrated
elastomer networks (Ducrot, Montes, & Creton, 2015), the orientation
of collagen in human dentine (Kinney, Pople, Marshall, & Marshall,
2001), the hierarchical structure of bacterial cellulose (Martínez-Sanz,
Mikkelsen, Flanagan, Gidley, & Gilbert, 2017) and the structural tran-
sitions in fibrin networks under shear deformation (Weigandt, Porcar,
& Pozzo, 2011). The application of SANS on food materials has also
grown in recent years (Gilbert, 2019; Lopez-Rubio & Gilbert, 2009). It
has contributed to a better understanding of the hierarchical structure
of plant cell walls (Martínez-Sanz, Gidley, & Gilbert, 2015) and to the
characterisation of starch structure (Blazek & Gilbert, 2011). Similar
to these studies, we expect a connection between the dimensions and
anisotropy of the fibres obtained from SANS and the bulk mechanical
properties.

In this work, SANS experiments were carried out on calcium ca-
seinate samples following production at different shearing rates and
times, both with or without the inclusion of enzyme and air. An analysis
of the annular intensity was performed to quantify the extent of fibre
alignment at the micro-scale; a combined Guinier–Porod model was
applied to fit two perpendicular sector intensities so as to extract the
structural information of the micro-fibres. The SANS results were then
compared to those obtained from mechanical tests.

2. Experimental section

2.1. Preparation of the fibrous materials

2.1.1. Materials
Spray-dried calcium caseinate powder was kindly provided by DMV

International (Veghel, the Netherlands). According to the manufac-
turer’s specification, it contains 91.5%w/w protein, ∼ 5.2%w/w mois-
ture and 3.9%w/w ash, among which 1.5%w/w is calcium. In practice,
the measured dry matter is 94.8%w/w.

The activity of the microbial Ca2+-independent transglutaminase
derived from the Streptoverticillium moberansae (1%w/w transglutam-
inase, 99%w/w maltodextrin; Ajinomoto Co. Inc., Tokyo, Japan) is 114
units⋅g−1, determined by the hydroxamate method (Yokoyama et al.,
2003). A 20%w/w (in demineralised water) transglutaminase solution
is stirred at room temperature for 1 h.

2.1.2. Preparation of the protein dispersions
Samples without enzyme or air were prepared from de-aerated

protein dispersions before being loaded into a shear cell device (Van der
Zalm, Berghout, Van der Goot, & Boom, 2012). A protein dispersion is
obtained through manually mixing 30 g of calcium caseinate powder
with 70 g of demineralised water using a spatula. The dispersion was
then heated at 80 ◦C for 5 min and centrifuged at 2500 × g for 2 min
to remove most of the air. It was left at room temperature for 55 min
before being transferred to the shear cell device. Samples with enzyme
and air were prepared by manually mixing 30 g of protein powder with
62.5 g of water and 7.5 g of transglutaminase solution for 1 min.

2.1.3. Structure formation in the shear cell device
Well-defined shear flow was applied to the protein dispersion using

a custom built shearing device (Wageningen University, the Nether-
lands). It consists of a rotating cone (the bottom cone, angle = 105◦)
and a stationary cone (the top cone, angle = 100◦). More details
are described in earlier publications (Van der Goot, Peighambardoust,
Akkermans, & van Oosten-Manski, 2008; Van der Zalm et al., 2012).
Both cones were thermostatted with a circulating water bath.

The protein dispersions were transferred to the pre-heated (50 ◦C)
shear cell device after mixing. The dispersions without enzyme or air
were then subjected to shear at various rates (40, 50, 75, 100, 125
and 150 rpm) for 5 min. The dispersions with enzyme and air were
subjected to either various shear rates (10, 25, 75, or 150 rpm) for 5
min, or to various shear times (1, 2.5, 15 or 30 min) at 50 rpm. After
processing, the materials were cooled for 10 min at 4 ◦C. Tensile tests
were performed within 1 h after removal of the material from the shear
cell device. Parts of the materials were stored at −20 ◦C prior to the
SANS measurements.

The material sheared for 30 min showed phase separation
(Grabowska et al., 2012). The area that was close to the tip of the shear
cell was a uniform, yellowish gel, whereas the area close to the edge
remained fibrous. Only the fibrous part was measured by the tensile
test while both the fibrous and gel parts were measured by SANS.
The resultant sector intensities of the fibrous part were fitted with a
combined Guinier–Porod model, while the isotropic scattering from the
gel part was compared to a sample without shear.

2.2. Tensile strength analysis

To study the mechanical property of the fibrous material, 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 the mate-
rial. A detailed preparation procedure can be found elsewhere (Wang,
Dekkers, Boom, and van der Goot, 2019). The sample was 15.2 mm long
and 3.18 mm wide, its thickness varied from 4 to 6 mm. The material
was cut both parallel and perpendicular to the shear flow direction
(based on the shear-vorticity plane). Tensile tests were conducted at
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Fig. 1. An illustration of the sample preparation for the SANS measurements. (a) a rectangular sample (𝐿 ×𝐻 ×𝑊 ≈ 1 × 0.7 × 0.2 cm) was cut from a fibrous gel slab, with its
length being parallel to the shear flow direction. (b) this sample was placed in a sample holder and presented to the neutron in transmission geometry. (c) a typical 2D scattering
pattern obtained using the focusing configuration on the QUOKKA instrument.

a constant deformation speed of 3 mm/s. Grips with abrasive paper
were used to prevent slippage during the test. At least three specimens
per direction were measured. The results were depicted as force–
displacement curves. The true stress (𝜎, kPa) and the Hencky strain (𝜀,
-) were calculated as 𝜎 = 𝐹 (𝑡)∕𝐴(𝑡) and 𝜀 = 𝑙𝑛(𝐿(𝑡)∕𝐿0), where 𝐹 (𝑡) is
the force, 𝐴(𝑡) is the cross sectional area, 𝐿(𝑡) is the length of the sample
at time 𝑡, and 𝐿0 is the initial length of the tensile bar (15.2 mm).

The Young’s modulus (𝐸 = 𝜎∕𝜀, kPa) was calculated by applying a
linear fit to the initial displacement. A Hencky strain interval between
0.03–0.27 was taken. The macroscopic anisotropy index was calculated
as 𝐸∥∕𝐸⊥, where 𝐸∥ is the Young’s modulus of the sample fractured in
the direction parallel to the shear flow, and 𝐸⊥ is perpendicular to the
shear flow.

2.3. Small angle neutron scattering (SANS)

SANS experiments of materials processed through the shear cell
device were performed at the OPAL reactor, Australian Nuclear Science
and Technology Organisation (ANSTO). Fig. 1 illustrates how a sample
was cut from the material and mounted for the neutron measurement.
Samples without enzyme or air were measured on the pinhole QUOKKA
instrument (Gilbert, Schulz, & Noakes, 2006; Wood et al., 2018). Four
configurations were used to cover a 𝑄 range of 0.0006 to 0.64 Å−1,
where 𝑄 is the magnitude of the scattering vector defined as 𝑄 =
(4𝜋∕𝜆)sin𝜃, 𝜆 is the wavelength in Å and 2𝜃 is the scattering angle.
The four configurations were: (i) source-to-sample distance (SSD) =
20.2 m with focusing optics using MgF2 lenses; (ii) SSD = 20.2 m,
sample-to-detector distance (SDD) = 20.1 m; (iii) SSD = 8.0 m, SDD
= 8.0 m and (iv) SSD = 12 m, SDD = 1.3 m, with 10% wavelength
resolution and 𝜆 = 8.1 Å for (i) and 𝜆 = 5.0 Å for (ii)–(iv). Source
and sample apertures of 50 mm and 12.5 mm were used respectively.
Sample temperature was controlled by a Huber thermostatted bath and
held at 25 ◦C throughout the measurements. All data were corrected for
blocked beam measurements, normalised, radially averaged and placed
on an absolute scale, following attenuated direct beam measurements,
using a package of macros in the Igor Pro software (Wavemetrics, Lake
Oswego, OR, U.S.A.) modified to accept HDF5 data files from QUOKKA.
Fig. 2 gives an example on how sector cut intensities, obtained at
different SDD, were combined into 1D sector intensities. To correct
for the incoherent scattering from the solvent, 70% of the scattering
intensity of the H2O was subtracted from each sample.

Samples with enzyme and air were measured on the BILBY instru-
ment (Sokolova et al., 2019). A wavelength range of 2–20 Å yielded a
𝑄 range of 0.001 to 0.35 Å−1, which is similar to QUOKKA. The BILBY

data were reduced using the Mantid framework (Arnold et al., 2014).
A different background subtraction approach was taken to correct for
the incoherent scattering. The slope of the scattering curve at high 𝑄
was fitted with the sum of a constant and a power law, the percentage
of the H2O subtracted from the sample was determined by the value of
the fitted constant.

One reference sample–the protein dispersion without shear–was
measured on the LARMOR instrument at ISIS, UK. The time-of-flight
instrument utilised wavelength of 0.9 to 13 Å, which gave a 𝑄 range
of 0.003–0.4 Å−1. To account for the incoherent background, 70% of
the scattering intensity of the H2O was subtracted. Data reduction was
performed using the Mantid framework (Arnold et al., 2014).

The vertical sector intensity was obtained by averaging over ±10◦

along the direction where the intensity is the highest. The horizontal
sector intensity was obtained by averaging the intensity over ±10◦

in the direction perpendicular to the highest intensity. The vertical
and horizontal sector intensities were fitted simultaneously using a
combined Guinier–Porod model (Eqs. (2) and (3)). This was achieved
by embedding the model as a plugin function into the simultaneous fit
functionality of SASView 4.2.0 (Doucet et al., 2017).

3. Results and discussion

3.1. Size and structure of the calcium caseinate gel

3.1.1. Size and structure of the caseinate particle in the unsheared protein
dispersion

The two perpendicular sector intensities of the unsheared protein
dispersion shown in Fig. 3a overlap, confirming that the material is
isotropic. The scattering intensity continues to increase in the limit of
low 𝑄 of the instrument, suggesting the presence of larger aggregates
or clusters in the gel. Some large aggregates are indeed observed in the
SEM image presented in Fig. 4a.

An empirical ‘broad peak’ model (Doucet et al., 2017) is applied
to fit the isotropic scattering data. This model can describe not only
scattering features such as a small bump at ∼0.02Å−1 in Fig. 3a, but
also features such as a sharper peak in Fig. 3d (the gel part of the phase
separated sample). It offers the advantage that fitted parameters from
different samples are consistent and comparable, which is not possible
for other models with less fitting parameters. The ‘broad peak’ model
is given by

𝐼(𝑄) = 𝐴
𝑄𝑑0

+ 𝐶
1 + (|𝑄 −𝑄0|𝜉)𝑚

+ Background, (1)
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Fig. 2. A complete set of the reduced and normalised sector intensities of a sample (without enzyme or air, sheared at 75 rpm for 5 min) measured on the QUOKKA instrument. Data
were obtained by combining four instrument configurations that each covers a 𝑄 range (indicated by dashed lines). Figs. (a)–(d) are 2D scattering patterns from the corresponding
lens with detector at 20 m, conventional 20 m, 8 m and 1.3 m detector positions. The 2D patterns are presented as measured.

Table 1
Fitted parameters of the isotropic protein gel using the model from Eq. (1).

𝐴 𝑑0 𝐶 𝑚 𝑄0 [Å−1] 𝜉 [nm]

1a (4.0 ± 2.4)×10−7 3.8 ± 0.1 19.3 ± 0.8 2.0 ± 0.1 0.013 ± 0.001 9.8 ± 0.3
2b (3.4 ± 0.3)×10−5 2.6 ± 0.1 3.7 ± 0.1 1.0 ± 0.1 0.040 ± 0.001 3.7 ± 0.1

aProtein dispersion without shear (Fig. 3a).
bSheared for 30 min (gel part in Fig. 3d).

where 𝐴 and 𝑑0 is the Porod scale factor and the exponent respectively;
𝐶 and 𝑚 is the Lorentzian scale factor and the exponent respectively; 𝜉
is the Lorentzian screening length, which can be interpreted as the gel
mesh size in case of a gel network (Saffer, Lackey, Griffin, Kishore, Tew,
& Bhatia, 2014). The peak position 𝑄0 is related to the 𝑑-spacing as
𝑑 = 2𝜋∕𝑄0, which corresponds to the average centre-to-centre distance
between neighbouring particles (Curtis, McAuley, Nanda, & Krueger,
2012).

Fitted parameters of the sample without shear (Fig. 3a) are pre-
sented in the first row in Table 1. The 𝑑-spacing between the neigh-
bouring particles is approximately 48 nm, the mesh size of the gel is
around 10 nm, which seems to be in agreement with the small sphere-
like particles shown in Fig. 4a. In the case of caseinate, this gel mesh
size may be interpreted as the size of a sub-aggregate, since it is close
to the average value of the substructure in casein micelles (Dalgleish,
Spagnuolo, & Goff, 2004; Ingham et al., 2016; Stothart & Cebula, 1982).

Furthermore, this size is also similar to the radius of gyration (𝑅𝑔)
of the sphere-like particles in the fibrous samples without enzyme or
air shown in Table 2, suggesting that these sub-aggregates are the
elementary building block in caseinate.

The ‘broad peak’ model is also applied to fit the gel part of the phase
separated sample shown in Fig. 3d, the resultant fitted parameters are
presented in the second row in Table 1. The gel mesh size is reduced to
less than one half of that compared to the protein dispersion without
shear, as is the 𝑑-spacing. This may be explained as the caseinate sub-
aggregates becoming compacted over time. Expelled water is observed
on the surface of the gel after 30 min of shearing, which supports this
explanation. Because the compacted particles are denser than the fibres,
the material phase separates into a dense isotropic gel that is close to
the tip of the cone and a fibrous gel close to the edge.

3.1.2. Size and structure of the fibres in anisotropic protein dispersions
The SEM image in Fig. 4b reveals that the sheared sample contains

cylinder-like micro-fibres which are composed of sphere-like aggre-
gates. A schematic illustration is presented in Fig. 4c. We propose the
following empirical 2D model to fit the anisotropic scattered intensity.

𝐼(𝑄, 𝛼) = 𝐼fibre(𝑄, 𝛼) + 𝐼sphere(𝑄) + Background
𝐼fibre(𝑄, 𝛼) = 𝐺𝑓 ⋅ 𝐹𝑙(𝑄, 𝛼) ⋅ 𝐹𝑟(𝑄, 𝛼)

𝐼sphere(𝑄) = 𝐺𝑠 ⋅ 𝐹𝑠(𝑄)

(2)
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Fig. 3. Examples of typical sector scattering from different samples. (a) an unsheared protein dispersion; (b) a fibrous sample sheared at 75 rpm for 5 min, without enzyme or
air; (c) the fibrous part (inset) of a sample sheared at 50 rpm for 30 min, with addition of enzyme and air; (d) the gel part (inset) of the same sample as (c). Lines in (a) and
(d) represent fits using a broad peak model, lines in (b) and (c) are fits of the sector intensities using a combined Guinier–Porod model.

where

𝐹𝑙(𝑄, 𝛼) =

⎧

⎪

⎨

⎪

⎩

𝑒
−(𝑄⋅cos𝛼⋅𝐿)2

12 𝑄 ≤
√

12
𝐿⋅cos𝛼

(

√

12∕𝑒
𝑄 ⋅ cos𝛼 ⋅ 𝐿 )

2

𝑄 ≥
√

12
𝐿⋅cos𝛼

𝐹𝑟(𝑄, 𝛼) =

⎧

⎪

⎨

⎪

⎩

𝑒
−(𝑄⋅sin𝛼⋅𝐷)2

12 𝑄 ≤
√

18
𝐷⋅sin𝛼

(

√

18∕𝑒
𝑄 ⋅ sin𝛼 ⋅𝐷 )

3

𝑄 ≥
√

18
𝐷⋅sin𝛼

𝐹𝑠(𝑄) =

⎧

⎪

⎨

⎪

⎩

𝑒
−(𝑄⋅𝑅𝑔 )2

3 𝑄 ≤ 𝑄1
𝐷𝑠

𝑄𝑑
𝑄 ≥ 𝑄1

(3)

In Eq. (2), 𝐼fibre(𝑄, 𝛼) describes the anisotropic scattering from the cylin-
ders, 𝐺𝑓 is a pre-factor. Given the system contains 30%w/w protein, it
is jammed rather than dilute, which means 𝐺𝑓 is only proportional but
not equal to the product of the volume, volume fraction and the square
of the scattering length density contrast of the micro-fibres. As a result,
𝐺𝑓 will be fitted as an additional parameter. The isotropic scattering
from the spheres is described by 𝐼sphere(𝑄) (Hammouda, 2010). Similar
to 𝐺𝑓 , 𝐺𝑠 is the pre-factor for the scattering from the spheres. In Eq. (3),
𝐿 and 𝐷 are the length and diameter of the cylinder, respectively, 𝑅𝑔
is the radius of gyration of the sphere and 𝑑 is the Porod exponent

which describes the roughness of the surface; 𝑄1 = 1
𝑅𝑔

√

3𝑑
2

and

𝐷𝑠 = 𝑒
−(𝑄1 ⋅𝑅𝑔 )

2

3 ⋅𝑄𝑑1 .
The angle 𝛼 specifies the scattering intensity in a certain direction.

𝛼𝑥 and 𝛼𝑦 are the angles between the cylinder axis and the 𝑥-axis or
𝑦-axis on the detector plane, respectively. During measurements the
fibres are placed parallel to the 𝑥-axis, thus the horizontal intensity
is obtained at 𝛼𝑥 = 0◦ and the vertical intensity is obtained at 𝛼𝑦
= 90◦. Due to the complexity and heterogeneity of the sample, both
the orientation and sizes of the micro-fibres are expected to be poly-
dispersed. Yet, the size distribution is not included because models
in Eq. (3) do not contain any sharp interference features which form
factors of cylinders or spheres have; this means fitted dimensions of the
fibres will represent an average value of the system. As a result, only
a Gaussian distribution for both 𝛼𝑥 and 𝛼𝑦 is included, with a standard
deviation of 20◦.

The two perpendicular sector intensities are fitted simultaneously
using Eqs. (2) and (3). Fig. 3b displays the sector intensities and the
corresponding fits of a sample without enzyme or air, and Fig. 3c shows
the data and fits of a sample with the addition of enzyme and air.
The rest of the data and their corresponding fits can be found in the
supplementary information. The slight inconsistency between the fits
and the data at low 𝑄 from the BILBY data may have risen from the
multiple scattering from the sample. Dimensions of the micro-fibres at
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Fig. 4. An illustration of the fibres based on SEM images. (a) a SEM image of the protein dispersion without shear. Sub-aggregates with a diameter of ∼10 nm form larger
sphere-like aggregates with a size of a few hundreds of nanometres. (b) Reproduction of a SEM image of a sheared sample (without enzyme or air, sheared at 50 rpm for 5 min)
fractured parallel to the shear flow direction (Wang et al., 2019a). Copyright 2019, Elsevier. (c) A schematic illustration of the micro-fibres: the system can be simplified into
cylinders composed of sphere-like calcium caseinate aggregates.

Fig. 5. Fitted length (red circles) and diameter (blue diamonds) of the micro-fibres as a function of shear rate or time. (a) samples without enzyme or air, sheared at 40, 50, 75,
100, 125 and 150 rpm for 5 min. (b) samples with enzyme and air, sheared at 10, 25, 75 and 150 rpm for 5 min. (c) samples with enzyme and air, sheared at 50 rpm for 1, 2.5,
15 and 30 min. The error bar of the diameter is smaller than the size of the symbol.

Table 2
A summary of the fitted parameters of the sector intensities using the model from Eqs. (2) and (3).

No enzyme or air 𝑅𝑔 [nm] 𝐺𝑓 [10−12 Å−4] 𝐺𝑠 [10−12 Å−4] 𝑑 bkgd [cm−1]

40 rpm 8.3 ± 0.1 0.17 ± 0.01 0.40 ± 0.01 2.74 ± 0.01 0.31 ± 0.01
50 rpm 8.6 ± 0.1 0.16 ± 0.01 0.39 ± 0.01 2.72 ± 0.01 0.31 ± 0.01
75 rpm 8.2 ± 0.1 0.16 ± 0.01 0.39 ± 0.01 2.72 ± 0.01 0.22 ± 0.01
100 rpm 8.5 ± 0.1 0.18 ± 0.01 0.41 ± 0.01 2.70 ± 0.01 0.50 ± 0.01
125 rpm 8.4 ± 0.1 0.17 ± 0.01 0.38 ± 0.01 2.65 ± 0.01 0.23 ± 0.01
150 rpm 8.5 ± 0.1 0.16 ± 0.01 0.39 ± 0.01 2.69 ± 0.01 0.30 ± 0.01

With enzyme & air 𝑅𝑔 [nm] 𝐺𝑓 [10−12 Å−4] 𝐺𝑠 [10−12 Å−4] 𝑑 bkgd [cm−1]

10 rpm 15.2 ± 0.1 0.17 ± 0.01 0.28 ± 0.01 2.03 ± 0.01 0.39 ± 0.01
25 rpm 13.3 ± 0.1 0.15 ± 0.01 0.27 ± 0.01 1.96 ± 0.01 0.21 ± 0.01
75 rpm 13.1 ± 0.1 0.16 ± 0.01 0.26 ± 0.01 1.81 ± 0.01 0.01 ± 0.01
100 rpm 14.8 ± 0.1 0.17 ± 0.01 0.26 ± 0.01 2.03 ± 0.01 0.02 ± 0.01

With enzyme & air 𝑅𝑔 [nm] 𝐺𝑓 [10−12 Å−4] 𝐺𝑠 [10−12 Å−4] 𝑑 bkgd [cm−1]

1 min 11.6 ± 0.1 0.15 ± 0.01 0.29 ± 0.01 2.04 ± 0.01 0.24 ± 0.01
2.5 min 5.4 ± 0.1 0.09 ± 0.01 0.33 ± 0.01 1.79 ± 0.01 0.03 ± 0.01
15 min 11.9 ± 0.1 0.14 ± 0.01 0.21 ± 0.01 1.73 ± 0.01 0.12 ± 0.01
30 min (fibre-part) 7.6 ± 0.1 0.21 ± 0.01 0.27 ± 0.01 1.41 ± 0.01 0.06 ± 0.01

different shearing conditions are shown in Fig. 5; the rest of the fitted
parameters are summarised in Table 2.

As shear rate increases, the diameter of the fibre in samples without
enzyme or air (Fig. 5a) first decreases from 137 ± 1 to 101 ± 1 nm
and then increases to 113 ± 1 when the shear rate is higher than 125
rpm. The length of the fibre is ∼320 nm and remains nearly constant.
The highest aspect ratio (=𝐿/𝐷) is obtained in the sample sheared at
100 rpm. Samples with the addition of enzyme and air contain slightly
longer and much thinner micro-fibres. Fig. 5b shows that the length
increases from ∼200 to ∼450 nm while the diameter decreases from
∼80 to ∼65 nm with increasing shear rate. A longer shear time has a
similar but more severe impact on the diameter. It is reduced to one

half after being sheared for more than 15 min, as shown in Fig. 5c.
The increase in the length of the micro-fibre can be attributed to the
crosslinking by tranglutaminase. Yet, what contributes more to the
higher aspect ratio of the micro-fibres in Fig. 5b and c is the drastic
reduction in the diameter. This is probably due to the incorporation
of air. Elongated air bubbles compact the material, especially in the
direction perpendicular to the shear flow, thus leading to the decrease
in the diameter.

As mentioned before, the sphere-like aggregates in the micro-fibres
are composed of elementary sub-aggregates. The 𝑅𝑔 of these sub-
aggregates is equal to ∼8.5 nm in samples without enzyme or air (first
column in Table 2). This size remains constant with increasing shear
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Fig. 6. An example of the annular intensity fitted with the Legendre polynomial. A
small bump at ∼180◦ is likely to be caused by the higher order Legendre polynomial.

rate, indicating that shear merely aligns the larger aggregates and has
no influence on the sub-structure of the caseinate. This has also been
observed by Jaspe and Hagen (2006) in a modelling study, which
concludes that an extremely high shear rate (∼107 s−1) is required
before shear takes effect in the shape or structure of the protein particle.
On the other hand, the 𝑅𝑔 in samples with enzyme and air nearly
doubled. This implies that the enzyme not only extends the length
of the fibre but also crosslinks the sub-aggregates which consequently
contributes to stronger fibres.

The fitted 𝐺𝑓 and 𝐺𝑠 in Table 2 remain nearly constant within
each sample set, indicating that processing conditions have little to
no influence on the SLD contrast and the volume fraction. Even so, it
remains challenging to identify the exact cause of the SLD contrast, due
to the complexity of the system. For instance, both the SLD contrast
between the fibres and the air and the contrast between the fibres and
the solvent contribute to the 𝐺𝑓 . It is thus concluded that even though
values of 𝐺𝑓 and 𝐺𝑠 are in agreement with the composition of the
protein, the results remain phenomenological.

3.2. Extent of fibre alignment

The annular intensity obtained from the 2D pattern provides infor-
mation on the extent of fibre alignment and the orientation of the fibres
with respect to the shear flow direction. Fig. 3b and c shows that the
intensity begins to diverge at 𝑄 < 0.01 Å−1. As a result, the annular
intensity at 𝑄 = 0.003 Å−1 is plotted and fitted with the Legendre
polynomial (Burger, Hsiao, & Chu, 2010; Weigandt et al., 2011)

𝐼(𝑄 = 0.003Å−1
, 𝜓) =

∞
∑

𝑛=0
𝑎𝑛 ⋅ 𝑃2𝑛(cos𝜓∗) (4)

where 𝑎𝑛 is the pre-factor of the polynomial, 𝜓∗ = 𝜓−(𝜓0+
𝜋
2
), 𝜓0 is the

angle between the average direction of the fibres and the shear flow.
It is also the direction at which the scattering intensity is the highest.
Fig. 6 gives an example of the goodness of the fit.

The micro-fibres’ extent of alignment is related to the Hermans’
orientation or nematic order parameter (Hermans, Hermans, Vermaas,
& Weidinger, 1946), and is calculated as

𝑎1
5𝑎0

. When
𝑎1
5𝑎0

= 1, the

system has a perfect parallel orientation; when
𝑎1
5𝑎0

= 0, the system

is totally randomly oriented, and
𝑎1
5𝑎0

= −0.5 when the system has
a perfect perpendicular orientation (Burger et al., 2010; Weigandt
et al., 2011). Given all the samples were mounted with the shear flow

direction being parallel to the 𝑥-axis on the detector plane,
𝑎1
5𝑎0

should
have values between 0 and 1.

Fig. 7 summarises the extent of alignment from different samples.
For samples without enzyme or air, the extent of alignment first in-
creases with shear rate and then decreases. The most anisotropic fibre is
produced between 75 and 100 rpm. The higher shear rate accompanied
by the larger shear stress could break up the alignment of the micro-
fibres (Wang, Tian, Boom, and van der Goot, 2019b), thus leading to
the decrease in the extent of alignment. As for samples with enzyme
and air, a continuous increase in the extent of alignment is observed
when increasing either shear rate or time. Such a trend is also observed
in the aspect ratio of the micro-fibres. Compared to samples without
enzyme or air, the extent of alignment in samples with enzyme and air
is greater at higher shear rate, and the micro-fibres have already shown
alignment at shear rates lower than 40 rpm.

To summarise, through analysing the SANS data, we have gained
insights into the sizes, structure and extent of alignment of the micro-
fibres in calcium caseinate gels. Enzyme and air enhanced the ori-
entation of the micro-fibres and facilitated systematic manipulation
(e.g. varying shear rate or time) of the dimensions of the micro-fibres.

3.3. Mechanical properties

Several parameters can describe the macroscopic anisotropy, such
as the true stress, Hencky strain or Young’s modulus. The true stress
and Hencky strain are determined by the fracture point where a drastic
decrease of the stress is observed in the stress–strain curve. These mea-
surements can distinguish well the trend in the macroscopic anisotropy
but are not comparable to the microscopic anisotropy derived from
SANS. The reason is that the material is fractured irreversibly, while no
deformation is applied to the sample during the SANS measurement.

Perhaps a more appropriate indication of the macroscopic anisotropy
is the Young’s modulus. It describes the stiffness of the material and is
calculated using the near-zero linear region of the stress–strain curve.
This method ensures the deformation is elastic, reversible and kept to
a minimum. It should also be noted that the anisotropy index obtained
this way is expected to be smaller than the reported anisotropy indices
calculated from the true stress or Hencky strain (Wang, Tian, Boom,
and van der Goot, 2019b), due to the fact that a smaller stress–strain
region is employed.

The macroscopic anisotropy index together with the Young’s moduli
of samples fractured in the direction parallel or perpendicular to the
shear flow are presented in Fig. 8. For samples without enzyme or air,
𝐸∥ and 𝐸⊥ remain nearly constant with increasing shear rate, as is
the resultant macroscopic anisotropy index. Samples with the addition
of enzyme and air exhibit a more distinctive trend. As the shear rate
increases, both 𝐸∥ and 𝐸⊥ increases in Fig. 8b. They reach the largest
value at 75 rpm and start to decrease from 75 to 150 rpm, suggesting
higher shear rate breaks the fibres. Increasing shear time leads to a
continuous increase of Young’s moduli. The resultant anisotropy index
shown in Fig. 8c almost doubled between samples sheared for 1 and
15 min. Higher anisotropy indices in Fig. 8b and c thus confirm that
air bubbles and enzymatic crosslinking are beneficial to the anisotropy
at the macroscopic scale (Tian et al., 2018; Wang, Dekkers, Boom, and
van der Goot, 2019).

It is interesting to note that 𝐸⊥ is hardly affected by the shear rate,
time or the addition of enzyme and air. It is 𝐸∥ that is responsible for
the increase of the anisotropy index. This seems to suggest that the
calcium caseinate aggregates are crosslinked along a preferred direction
guided by the shear flow. Such an effect is limited to shear times less
than 15 min, since longer shear times could lead to phase separation.
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Fig. 7. The extent of alignment of the microfibre as a function of shear rate or time. (a) samples without enzyme or air, sheared at 40, 50, 75, 100, 125 and 150 rpm for 5 min.
(b) samples with enzyme and air, sheared at 10, 25, 75 and 150 rpm for 5 min. (c) samples with enzyme and air, sheared at 50 rpm for 1, 2.5, 15 and 30 min.

Fig. 8. The anisotropy index (filled triangles) as a function of shear rate or time, the secondary axis is the Young’s modulus of samples fractured along (filled squares) or
perpendicular (hollow squares) to the shear flow direction. (a) samples without enzyme or air, sheared at 40, 50, 75, 100, 125 and 150 rpm for 5 min. (b) samples with enzyme
and air, sheared at 10, 25, 75 and 150 rpm for 5 min. (c) samples with enzyme and air, sheared at 50 rpm for 1, 2.5, 15 and 30 min.

3.4. Discussion

A major interest of this work is to study the correlation between
the fibres’ extent of alignment at the micro-scale and the mechanical
property at the macro-scale. For this purpose, we employed SANS
to extract information about the extent of alignment of the micro-
fibres from the sub-micron level. For the macroscopic anisotropy, we
conducted tensile tests and used the quotient of Young’s moduli in two
perpendicular directions as an indication.

A comparison between Figs. 7 and 8 shows that the extent of
alignment of the micro-fibres and the macroscopic anisotropy index
follow the same trend with varying processing conditions. Moreover,
the aspect ratio (=𝐿/𝐷) of the micro-fibres in Fig. 5 also follows the
same trend. The results show that the material possesses a consistent
trend in anisotropy at different length scales. These findings imply
further that the dimensions of the micro-fibres are responsible for the
mechanical property at the macro-scale.

Lastly, calcium caseinate is the only meat analogue candidate,
to our knowledge, which displays anisotropy in Young’s modulus.
Chicken meat also displays anisotropy in Young’s modulus (Schreuders,
Dekkers, Bodnár, Erni, Boom, & van der Goot, 2019), and it has a
fibrous structure at the sub-micron length scale (Tornberg, 2005). In
this sense, anisotropy in Young’s modulus could be a simple indication
of protein alignment at the micro-scale. The only pitfall is that the trend
calculated from the Young’s moduli can be quite weak, even though
the sample displays a clear anisotropy at the microscopic scale, such
as the sample set without enzyme or air. This is likely to be caused
by the inhomogeneity in the bulk structure, which renders greater
uncertainties in the determination of the Young’s modulus. Associated
errors becomes even larger due to error propagation during calculations
of the anisotropy index. It is also worth of mentioning that even
though the inhomogeneity poses a challenge to the characterisation
of the structure, it does not mean the structure is unsuitable from

a food perspective. Indeed, food materials in nature are inherently
inhomogeneous, and consumers can in fact prefer and appreciate such
an inhomogeneity.

4. Conclusion

To understand the hierarchical structure of the fibres in calcium ca-
seinate, we have conducted SANS measurements quantifying the sizes,
structure and extent of alignment of the micro-fibres, and performed
tensile tests to study the macroscopic anisotropy of materials processed
at different conditions.

Prior to shearing, the protein dispersion is an isotropic gel network
loosely formed by sphere-like aggregates. They are composed of sub-
aggregates with a mesh size of ∼10 nm. Upon shearing, the sphere-like
aggregates are aligned and form cylinder-like micro-fibres with a diam-
eter of ∼100 nm and a length of ∼300 nm. The addition of enzyme and
air extends the length of the fibre and decreases its diameter. Enzyme
also crosslinks the sub-aggregates and contributes to stronger fibres.

The aspect ratio and the extent of alignment of the micro-fibres
follow the same trend with increasing shear rate and time, which
means the dimensions of the micro-fibres determine the anisotropy
on the sub-micron scale. This microscopic anisotropy is probably also
responsible for the anisotropy at the macro-scale, since a similar but
weaker trend is observed in the quotient of Young’s moduli. The
consistency in anisotropy at different length scales thus reveals the
relationship between structure and functionality, which can assist in
the more rational design of innovative food materials.

In summary, SANS combined with mechanical tests bridge the gap
between the macro- and microscopic anisotropy in fibrous calcium
caseinate gels. This work has also laid the foundation for characterising
dense protein systems that can be explored as candidate materials for
future meat analogues.
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