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ARTICLE INFO ABSTRACT

Keywords: Small angle scattering is frequently applied to study the anisotropy in complex soft matter systems. One
Guinier—Porod model emerging application is to probe the multi-scale structure in food matrices; while few models are available to
Anisotropy describe the anisotropic scattering pattern in a quantitative, yet simple manner. For this purpose, anisotropy

Small angle scattering
Oriented objects
Fibrous protein gel

is introduced to the Guinier-Porod model to study the scattering from non-spherical objects with a preferred
orientation. This generalised anisotropic Guinier-Porod model can be adapted to approximate the sector
scattering from both cylinders and ellipsoids (both prolate and oblate). In practice, it is applied to describe
the anisotropic scattering from fibres in a meat analogue made of calcium caseinate. A good agreement is
found between fitted dimensions of the fibres and those observed from the microscopy image. The effect of
orientation distribution on the shape and intensity of the scattering pattern is further discussed and three means
to obtain the orientation distribution of the symmetry axis are proposed. Given the model is straightforward
and the fitting remains phenomenological, it provides a novel approach to extract information from complex

food systems.

1. Introduction

Many samples display anisotropy in their two-dimensional (2D)
small-angle scattering (SAS) patterns. Anisotropy can be introduced
through means such as compression, particle alignment under shear
flow or orientation in a magnetic field (Gazeau et al., 2002; Maranzano
& Wagner, 2002; Weigandt, Porcar, & Pozzo, 2011).

There are in general three approaches to extract information from
anisotropic scattering data. When a priori knowledge on the shape
of the scattering object is available, the first approach is to fit the
data with a shape-dependent model. For instance, the form factor of
an oriented cylinder has been applied to study the scattering patterns
of gel networks containing fibrins (Weigandt et al.,, 2011) or rod-
like fibrils (Maki et al., 2011; Yong et al., 2002); it has also been
used to describe the local structure of branched micelles or wormlike
micelles (Forster, Konrad, & Lindner, 2005; Vogtt, Beaucage, Weaver, &
Jiang, 2015; Won, Davis, & Bates, 1999; Worcester, Michalski, & Katz,
1986).

When the shape of the object is less well defined or unknown, the
scattering intensity can be described using a model without a specific
geometry, which will be categorised as a shape-independent model. The
Ornstein—Zernike function was used to study the correlation length of
uniaxially deformed polymer networks in the Tetra-PEG gel (Matsunaga
et al,, 2011) and clay nanocomposite gels (Miyazaki, Karino, Endo,
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Haraguchi, & Shibayama, 2006); a sum of squared-Lorentz function and
the scattering from randomly oriented thin rods were applied to study
stretched slide-ring gels (Karino et al., 2005); the unified power law is
introduced to study systems with multiple structural levels (Beaucage,
1995, 1996; Beaucage, Ulibarri, Black, & Schaefer, 1995; Ratnaweera
et al., 2015); and the Debye function was applied to study the radius of
gyration of the Shish nuclei under extension flow (Yang et al., 2016).

A third and simpler approach is to parametrise only changes in the
peak position and slope in the scattering pattern, without performing
a global fit. This was used in the analysis of sector intensities of a
visco-elastic polymer-clay solution at different shear rates (Schmidt,
Nakatani, Butler, & Han, 2002), as well as the crystallisation behaviour
of poly(lactic-acid) polymers during annealing (Mahendrasingam et al.,
2005).

Different challenges were encountered when using the above-
mentioned three approaches to quantify the change of fibre sizes as
a function of processing parameters. For the shape-dependent model,
it will require a broad size distribution to smoothen sharp interference
peaks coming from a form factor; for a shape-independent model, the
interpretation of the physical meaning of fitted parameters will be
limited since they are not attributed to a specific shape; and an overall
description of the fibre-containing system will be missing for the third
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approach in absence of a global fit. Apart from studies conducted in
polymer science, SAS, in recent years, has also been applied to food
or bio-macromolecules. For instance, small angle neutron scattering
was recently applied to study the anisotropic scattering from meat ana-
logues which contain pronounced fibrous structures (Tian et al., 2020).
Since the compositions or shapes of food and bio-macromolecules are
often less well defined or highly polydisperse, it has posed even more
challenges to the analysis of the rather featureless anisotropic scattering
patterns. As a result, new models are needed to provide quantitative
descriptions for the scattering from meat analogues and many other
food systems with complicated structures.

We present a new anisotropic Guinier-Porod model to describe the
scattering pattern of objects with a preferred orientation. The model
is first presented in its general form, then applied to approximate
the sector intensities of cylinders and ellipsoids. To demonstrate the
practicality of this model, it is used to fit the anisotropic scattering data
from oriented fibres in the meat analogue produced at one processing
parameter. For the complete fitting of this model at other processing
parameters, the reader is referred to the paper (Tian et al., 2020). The
effect due to the orientation distribution of the symmetry axis on the
scattering pattern is further discussed and three means to obtain the
distribution of orientation are proposed.

2. The generalised anisotropic Guinier-Porod model

A form factor F,gp(Q,a) in the generalised anisotropic Guinier—
Porod model has the following form:

Q)Z

2@ 0 < Qy(a)

d
<%m> 0> 0@,
Qe
where Q is the scattering vector, a is the angle between the orientation
direction of the object and Q, which can vary from 0 to =z, d is
the exponent and Qy(a) is the transition point, determined by the
dimensions of the object and «. Similar to the original Guinier—Porod
model (Hammouda, 2010), when Q(a) is averaged over the full angle,
the radius of gyration R, of the object can be obtained, following the
1 /3d

relation that Q, = =V The interpretation of the exponent also

holds, so that d = 24 at high-Q suggests a smooth interface from
large particles. Moreover, this generalised form satisfies requirements
that both the Guinier and Porod terms as well as their derivatives are
continuous at a given Qg(a).

The construction of the generalised anisotropic Guinier Porod model
enables flexibility in describing the scattering pattern of a variety of
objects. In the following sections, applications of the model are given to
objects in dilute systems with well defined shapes and to a real, jammed
system with less defined shape.

d
-4
e 2

Fagp(Q,a) = @

3. Applications of the model
3.1. Approximating the sector intensity of oriented cylinders

The form factor of an oriented cylinder is given by Fournet (1951),
Guinier, Fournet, and Walker (1955):

2
sin(Q - cosa - %) 2J,(Q - sina - g)

(2)

Pcylinder(Q’ a) =

-cosa - L - sina - 2
2 2

where L and D are the length and diameter of the cylinder respec-
tively, J; is the Bessel function of the first kind. Peyjipder(Q, ) can be
approximated by the product of two form factors defined in Eq. (1):

Peylinder(Q- @) ® Pygp, cy1(Q. @) = Fi(Q,a) - F.(Q,a) 3
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Detector plane: xy

Fig. 1. A schematic representation of the orientation of a cylinder in the Cartesian
coordinate. The cylinder is placed as such that the angle (¢) between the projection
of the cylinder (onto the detector plane) and the y-axis equals 60° and the angle (6)
between the projection (onto the xz plane) and z-axis also equals 60°. From Eq. (6),
one can calculate that when the direction of Q is parallel to the x-axis, the angle a,
between Q and the orientation axis equals 39°, while when the direction of Q is parallel
to the y-axis, the angle a, = 63°.

where
_d9 _p
¢ 2@ 0< 0@
Fi(Q,a) = 0 &)
<@@> 0> 0@
Q- /e
,LV(L)Z
¢ 2 0@ 0<0,@
F.(Q,a) = i@ 5)
(M) 03 0@
0-+/e

Egs. (4) and (5) show that two transition points Q,(«) and Q,(«) are
6d,

needed to describe the scattering function, where Q;(a) = T -cosa
. a

1/6d
and Q,(a) = ————, d; and d, are the exponents, where d; = 2 and
d, = 3. In essence, F;(Q, «) approximates the Guinier and Porod regions

[sin(Q - cosa - g)
of [ — 27

and F,(Q, a) describes the scattering features of
Q - cosa -

2~

~

[ZJl(Q -sina - 2

0O - sina - Y
Two perpendicular sector intensities are usually plotted to show
the anisotropy in the scattering pattern. The horizontal intensity is the
intensity along the x-axis, in which case the direction of Q is parallel to
the x-axis and the angle between Q (or the x-axis) and the orientation
axis of the cylinder is denoted as a,. Similarly, the vertical intensity can
be obtained in case when the direction of Q is parallel to the y-axis, and
a, is the angle between Q (or the y-axis) and the axis of the cylinder.
a, and @, can be calculated knowing the reference orientation of the
object with respect to the detector (Fournet, 1951).

a, =arctan V/(cot 0)2 + (cot @)?
( tan @ ) (6)

sin 0

] in the original form factor.

ay, = arctan

As illustrated in Fig. 1, ¢ is the angle between the projection of
the orientation axis onto the detector plane and the y-axis, 6 is the
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Fig. 2. Horizontal (black) and vertical (red) intensities calculated from the form factor
of oriented cylinders (dot dashed lines) and the corresponding anisotropic Guinier—
Porod model (solid lines). The cylinder is oriented as such that «, = 14° and a, = 80°.
The diameter of the cylinder is 100 nm, and the length is 500 nm. Top: axes of cylinders
are perfectly oriented; Bottom: a Gaussian distribution of the orientation of the axis
is included, with a standard deviation of 30°. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

1073

angle between the projection of the orientation axis onto the xz-plane
and the z-axis. Thus, the scattering in the horizontal direction can be
calculated as Pygp, ey, hor = Fi(Q: @) - F.(Q, ), and Pygp, ¢yl ver =
F(Q,a)) - F(Q,,) in the vertical direction. Sector intensities of both
perfectly oriented cylinders and cylinders with an orientation distribu-
tion, as well as their corresponding anisotropic Guinier-Porod models
are plotted in Fig. 2. Together they show that the model captures
very well the slopes and transition points of cylinders with or without
orientation distribution.

3.2. Approximating the scattering intensity of oriented ellipsoids

The form factor of an oriented ellipsoid is given by Feigin, Svergun,
et al. (1987):

3(sin(Qr, (@) — Or (@) - cos(Qr () |*
(Qr (@) %)

ro(a) :\/ (R, - sina)® + (R, - cosa)?

Pellipsoid(Q’ a) = [
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Fig. 3. Horizontal (black) and vertical (red) intensities calculated from the form factor
of oriented ellipsoids (dot dashed lines) and the corresponding anisotropic Guinier—
Porod model (solid lines). The ellipsoid is placed at a, = 14° and «, = 80°. The
equatorial radius of the ellipsoid is 50 nm, and the polar radius is 250 nm. Top:
polar axes of ellipsoids are perfectly oriented; Bottom: a Gaussian distribution of the
orientation of the axis is included, with a standard deviation of 30°. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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where R, is the equatorial radius and R, is the polar radius. It can be
approximated by the anisotropic Guinier Porod model as:

Petipsoid(Q> @) & Pygp, en(Q; @) = F,(Q, ay’ (€)]
where
_’LE(L)Z
e 2 0@ 0<0,@
F,(Q,a) = 9

d,
0.(@)
020,
(&%)

Unlike for the cylinder, the scattering function of the ellipsoid (applica-
ble for both prolate and oblate) is defined by only one transition point
Q,, where Q, = 3/r,(a). The exponent d, equals 2 for a smooth surface.
The horizontal and vertical sector intensity of oriented ellipsoids and
their corresponding anisotropic Guinier-Porod models are presented in
Fig. 3.
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Even though the sector scattering patterns for perfectly oriented
objects display a rapidly oscillating behaviour at high Q (top figures in
Figs. 2 and 3), this is rarely measured in real experiments due to finite
Q resolution, non-sharp particle boundaries and background noise, etc.
In this sense, the Porod regime in the anisotropic model is sufficient to
give a satisfactory description of the system.

3.3. Approximating the scattering from a fibrous protein gel

Pronounced fibres are formed in a calcium caseinate gel after mild
shearing and heating (Manski, van der Goot, & Boom, 2007). Mi-
croscopy images from previous works (Manski et al., 2007; Wang, Tian,
Boom, & van der Goot, 2019) have shown that these cylinder-like
fibres are composed of sphere-like particles aligned along the shear flow
direction. To study the size and orientation of the structure, one fibrous
gel sample, with a thickness of 1.5 mm, prepared by Dr. Zhaojun Wang,
was measured at room temperature using the BILBY instrument at the
OPAL reactor, Australian Nuclear Science and Technology Organisation
(ANSTO) (Tian et al., 2020). A combined Guinier-Porod model is used
to model the sector intensity:

1(Q) =G, - F(Q.a) - F(Q,a) + G, - F,(Q) + Background. (10)

In the above equation, G, - F/(Q,a) - F,(Q,«) describes the scattering
intensity from the cylinder-like fibres at low Q, where F,(Q,a) and
F,(Q, a) can be found in Egs. (4) and (5). Given the fibrous gel contains
30% w/w protein, it is a jammed system. Yet, considering the model is
phenomenological, no structure factor is involved, and G, is purely an
intensity factor. Its value will be in the same order of magnitude of the
product of 4p squared ¢ and V, which are the scattering length density
contrast between the cylinders and the surrounding matrix, the volume
fraction as well as the volume of the cylinder.

The isotropic scattering from the sphere-like particles at high Q is
describe by G, - F,(Q), where:

~(Q-Rg)*
e 3 0<0
F(Q) = , 11
—(Q)Ry) (0]
T eze

R, is the radius of gyration of the sphere, d; is the exponent that can
vary between 1 and 3 (Beaucage, 1995), depending on the roughness
1 3d,
of the surface. 0, = =V
is also a qualitative fitting parameter.

The fitting of two perpendicular sector intensities is conducted
simultaneously using the SasView software (Doucet et al., 2017). Mea-
sured sector intensities and the combined Guinier-Porod model are
presented in Fig. 4. Fitted parameters show that the fibre has a diameter
of 64 + 1 nm, a length of 437 + 79 nm, and a R, of 14.8 + 0.1 nm.
These numbers are in accordance with reported values obtained from
microscopy images (Manski et al., 2007).

(Hammouda, 2010). Similar to Gy, G,

4. Discussion

It is common for oriented objects to have orientation distributions,
thus, its influence on the scattering pattern will be discussed. Com-
paring the bottom figure in Fig. 2 to that in Fig. 3, it appears that
orientation distribution has more impact on the shape of the scattering
pattern of cylinders than ellipsoids. This is because the transition region
of cylinders is determined together by Q, and Q, and they follow an
opposite trend at varying angles «, as depicted in Fig. 5. As a result,
when orientation distribution is included, the transition region will
be defined by, instead of a single set of O, and Q,, a series of Q;-
s or Q,-s, which make the transition more gradual. Plus the opposite
trend between Q, and Q,, the resulting transition region becomes even
broader and smoother. While for ellipsoids, the transition region is
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Fig. 4. Horizontal (black triangles) and vertical (red squares) intensities of the fibrous
calcium caseinate gel modelled by the sum of (solid lines) the anisotropic and isotropic
Guinier-Porod model. Anisotropic contributions from cylinder-like fibres are presented
by the red dashed line in the vertical direction and by the black dashed line in the
horizontal direction. The isotropic scattering from spheres is presented by the blue dot
dashed line. The background is 0.02 + 0.01 [cm~']. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

10°

- —— = =

3n/4 T

Fig. 5. Trends of transition points Q,, O, of the cylinder (dot dashed line and dashed
line) and Q, of the ellipsoid (blue line) as a function of the angle a. The diameter of
the cylinder is 100 nm and the length is 500 nm; the equatorial radius of the ellipsoid
is 50 nm and the polar radius is 250 nm. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

determined only by the ‘surface to centre distance’, R,, which follows
a monotonic increase from 0-z/2 (Fig. 5). This will only lead to a
slight broadening in the curvature of the transition region instead of
a change of the total shape. The trend of R, also hinted at the intensity
difference between the model and the form factor of ellipsoids. Since
every scattering pattern within the distribution follows a horizontal
shift along the Q, the sharp interference peaks in the form factor will
be averaged out after integration, which lead to a decrease of intensity
in the Porod regime.

As for the fibrous protein gel, a Gaussian distribution with a stan-
dard deviation of 20° is included in a, and «, during fitting of the sector
intensities. It is observed that fitted sizes of the cylinder are dependent
on the standard deviation of the orientation distribution: the larger the
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Fig. 6. Measured and calculated 2D scattering patterns of the fibrous calcium caseinate
gel. The intensity uses a logarithmic scale. Top: measured 2D pattern of the sample;
Middle: calculated scattering pattern with a fibre diameter of 64 nm, a length of
437 nm, and a standard deviation of 20° on a Gaussian orientation distribution; Bottom:
calculated scattering pattern with a fibre diameter of 59 nm, a length of 824 nm, and
a standard deviation of 30° on a Gaussian orientation distribution.

standard deviation, the higher the aspect ratio of the cylinder, while
the quality of the fit remains similar. Thus, other methods are needed
to ascertain the orientation distribution of the fibres, as it also indicates
on the anisotropy of the system.

The first and most straightforward way is to compare calculated
2D scattering patterns with the measured one, as shown in Fig. 6.
When the standard deviation of the orientation distribution is too large
(30°), the scattering pattern will be overly smeared in the direction
parallel to the shear flow (Fig. 6, bottom). The second way is to
compare the distribution of the annular intensity at a given Q. Fig. 7
shows that the calculated annular intensity deviates more significantly
from the measured one when the standard deviation of the orientation
distribution is too large (30°). The third method is proposed by Ruland.
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Fig. 8. The angular distribution B, multiplied by Q plotted as a function of Q. The
red line is a linear fit of the data, it has a slope of 0.458 and intersects at 1.7x 108
[rad - A-1]. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

et al. which has been applied to study the orientation distribution
of many fibre-containing systems (An et al., 2016; Maurya et al.,
2019; Perret & Ruland, 1969; Ruland, 1969). The angular intensity
distribution at a certain Q is fitted with the Lorentzian function. The
angular distribution B, is indicated by the half-width half maximum
of the Lorentzian function. B, multiplied by Q is plotted against Q, as
shown in Fig. 8. Given the linear relationship between B, -0 and Q,
the orientation distribution can be extracted as the slope. In our case,
it has an angle of 26°. Consistency between these three methods thus
confirm that the fibres have an orientation distribution of ~20°.

Due to practical limitations, the anisotropic Guinier—Porod model
is applied to only one real system. Yet, given its flexibility and sim-
plicity, it is expected to extract information from other complex soft
matter systems. When the geometry of the scattering object is known,
the model can be directly adapted to describe the scattering pattern.
For instance, the generalised anisotropic Guinier—Porod model in the
case of ellipsoids can be used to describe oil droplets under shear or
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compression; the cylindrical geometry can be used to characterise the
dimension of tubes or cylindrical micelles. When the geometry is less
certain, the model can be used to fit the data directly, given it has few
parameters. However, the physical interpretation of the fitted results
should be limited, because the construction of the model is based on the
empirical approach by Hammouda (2010), instead of the more classical
approaches by Beaucage (1995, 1996) or Debye (1947), thus, the fit
remains phenomenological.

5. Conclusion

The anisotropic Guinier-Porod model is introduced as an empirical
approach to describe the scattering from non-spherical objects with a
preferred orientation. Depending on the a priori information, the model
cannot only be adapted to approximate the scattering from objects
in dilute systems with a certain shape, such as that of cylinders or
ellipsoids, it can also be applied to study systems with less well defined
shapes or structures, such as oriented fibres in a calcium caseinate gel.
The dimensions of the fibres obtained from the fitted parameters are
in good agreement with these observed from the microscopy image. It
is further discovered that orientation distribution has more influence
on the broadening of the transition region of the cylinder than on the
ellipsoid. In summary, the flexibility and practicality offered by the
anisotropic Guinier-Porod model makes it useful to extract information
from real and complex systems, it also enables comparative studies of
samples prepared at varying processing conditions.
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