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Abstract Wide- and small-angle X-ray scattering (WAXS

and SAXS) and X-ray microtomography were used to study

the structure of brittle, solid foams made by extrusion of

whole grain barley flour and additional whey protein isolate

(WPI) and polydextrose (PD). The structure of the extrudates

was described in a coarse way from nano- to microscale, and

the effects of additives were discussed. The additives were

observed to affect the structure in many scales, for instance,

by inducing differences in the crystal structure of starch and

in the microscale pore structure observed with both SAXS

and X-ray microtomography. The most significant effects

were introduced by WPI, but these were highly reduced in

the presence of PD. Differences were also seen in lamellar

structures of starch, which were probably formed due to

retrogradation and observed with SAXS in powder samples

soaked in water before the measurements.

Introduction

Extrusion cooking is a widely used technique for producing

cereal-based solid foamy structures. The process consists

of subsequent steps of mixing salt water with flour and

cooking the mixture when transferring through a barrel by

rotating screws. As the mass reaches the end of the barrel,

it undergoes a rapid decrease in pressure, which causes an

expansion of the mass [1].

The applications of starch-based solid foams are wide.

In addition to their traditional applications in food prod-

ucts, they can be used as part of various composites or as

starch plastics [2–5]. Because starch is cheap, abundantly

produced, biodegradable, and available from renewable

sources, it is a tempting alternative for oil-based plastics.

Truly biodegradable starch plastics would be the ideal

material for many disposable items [4]. In order to replace

conventional commodity plastics such as polyethylene and

polypropylene, the properties of starch-based plastics ought

to be similar to theirs. These properties are ultimately

dependent on the structure of starch at a crystalline level,

which makes it highly important to understand the com-

plicated structure in different length scales and its con-

nection to the macroscopic properties of starch-based solid

foams [6].

Starch consists of two types of molecules, the linear

amylose (degree of polymerization—DP; 1500–6000) and

branched amylopectin (DP 3 9 105 to 3 9 106) [7].

Amylose is formed of a-1,4-linked D-glucopyranose rings

and amylopectin of amylose chains linked to each other

with a-1,6-bonds at the branch points [8]. Native starch

occurs in semi-crystalline granules, which consist of

alternating amorphous and crystalline lamellae stacked in

growth rings that are separated by larger amorphous

regions. The sum of the thicknesses of one amorphous and

one crystalline lamella ranges from 9 to 10 nm [8, 9],

where the crystalline part makes a contribution of 5–7 nm

[9]. Starch can be viewed in them as a side-chain liquid-

crystalline polymer (SCLCP) [10, 11], where the amylo-

pectin branching points mainly lie in the amorphous
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lamellae [8]. The crystal structure found in most native

cereal starches is A-amylose, which consists of intertwined

sixfold left-handed parallel double helices, packed in a

parallel fashion [8, 9, 12]. Another crystal structure,

B-amylose, can be found in tubers and amylose-rich star-

ches [8]. They are formed of double-helices of longer chain

segments [9], packed in a less tight manner than A-amylose

[12]. The granules present in barley starches can be divided

in two [8, 9] or three [13] different categories according to

their size. The average diameter of large (lenticular [9])

granules from normal barley is 15–25 lm and that of small

(spherical [9]) granules 2–5 lm [8, 9, 13, 14].

Amylose may also co-crystallize with some compounds

in a single-helical structure, generally known as V-amylose

[8, 15]. The structure is a sixfold left-handed helix with a

hydrophobic central cavity. The most studied V-type

structure is Vh (hydrated amylose, also noted V6I [16]),

which is a presumably orthorhombic [16] structure of

amylose–lipid complexes. The central cavity of the helix is

most often assumed to be occupied by the aliphatic part of

the lipid with its polar group lying outside, even though the

location of the polar group is still being argued [16, 17]. A

less studied amylose single-helical structure, named Eh, is

stable at low moisture content [18]. Its diffraction pattern

(with peaks at 7.0, 11.9, 13.2, and 18.1�; k = 1.5418 Å

[17]) has been attributed to a hexagonal unit cell consisting

of helical amylose chains with 7 glucose units per turn

(denoted also V7) [6, 17]. In addition to larger, bulky

complexing agents [6, 16], the sevenfold amylose helices

have been found as complexes with lipids [17], which

comprise about 1% of the dry weight of purified normal

barley [8]. In native starch, amylose–lipid complexes can

be present inside the granules or on their surface [16].

During extrusion, starch granules are irreversibly gelati-

nized and a mainly amorphous material, plasticized starch, is

formed. However, the material rapidly organizes into

so-called processing-induced crystal structures [2, 6]. This

term refers to the single-helical crystal structures formed

during processing (Vh and Eh), as distinct from the ‘‘residual

crystallinity’’ from native starch (A and B) [2, 6]. The rela-

tive abundances of these are determined by the composition

and source of the raw material and the processing parameters

of the extrusion. For instance, the Eh structure has been

shown to transform into the Vh form when the extrusion

water content was increased, whereas an increase of extru-

sion temperature seemed to favor the Eh form [6, 19]. The

amount of single-helical crystal structures in general can be

increased by increasing the screw speed or the amylose

content [4]. After extrusion, the crystal structure of starch

may also change as a result of retrogradation [20], which is

the form of aging above the Tg [2, 21].

The relative abundances of Vh and Eh crystal structures

in extrusion cooked maize have been shown to correlate

with the shape of the closed mm-sized air cells in two-

dimensional images from optical microscope [19]. The

extrudates with dominating Vh structure contained poly-

hedral cells, whereas those with Eh structure had more

spherical-shaped cells. More recently, the properties of the

10–100 lm-sized cells, that is, the cell size and the cell

wall thickness, have been studied with X-ray microto-

mography in different extrudates [1, 22–25]. The results

suggest that cellular structures with larger cells also display

thicker walls. Also connections of the structure in this scale

to the expansion of the extrudates and their mechanical

properties have been observed [1, 22].

The structure and properties of starch extrudates can be

modified with different additives. Protein additives may

change the rheological properties of extrusion mass by

interacting between each other or with other molecules

through cross-linking or bonding or they can affect the

water distribution in the extrusion matrix, for instance, by

forming insoluble aggregates [26]. Dietary fibers [27], at

least when fibrous in their physical nature, may align in the

direction of flow and, if soluble, bind some of the water

present in the matrix. In higher concentrations, they may

also disrupt the continuous structure of the extrudate melt

[26].

In this study, we used whey protein isolate (WPI) and

polydextrose (PD) to induce changes in the structure of

starchy extrudates. WPI contains at least 90% whey protein

[23], which is a mixture of globular, thermosetting proteins

[24] created as by-products in cheese production [28] and

supposed to be denatured under extrusion cooking condi-

tions [29]. PD is a low-molecular weight, water-soluble,

randomly bonded polysaccharide of glucose and it is used

in foods to improve their structure and nutritional profile

[1, 30]. PD as an additive in starch-based extrudates has not

been widely studied. The effects of whey protein on

expansion and microscale structure of starchy extrudates

have been observed to be highly dependent on different

extrusion parameters [1], protein content [23, 24, 31], and

also on the source and manufacturing method of the protein

[24]. For instance, the expansion of extrudates has been

shown to both increase [23, 31] and decrease [24] with

increasing level of WPI. Formation of insoluble complexes

of whey protein with itself [32] and with amylose [28, 32]

in extrusion of starchy materials has been observed. Also

water-soluble, nanoscale ternary complexes formed by

amylose, free fatty acids, and whey protein have been

reported [33], but their self-assembly was highly disturbed

already with a small amount of salt present in the solution.

Studies of starchy extrudates with combined small- and

wide-angle X-ray scattering (SAXS and WAXS) have not

been done widely, even though the combination of these

methods may offer a picture of soft condensed matter in

various length scales simultaneously [34–37]. X-ray
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microtomography has proved to be an effective method in

the study of cellular structures of brittle food foams [25]. In

this work, we used SAXS, WAXS, and X-ray microto-

mography to study the structure of barley extrudates from

nano- to microscale and the effects of added WPI and PD

on it. Other characteristics of extrudates from the same

series have been studied in an other publication [1].

Experimental

Extrusion

The main ingredient of the extrudates was fine whole grain

barley flour (Mylly-Matti, Helsinki Mills Ltd., Finland),

which was mixed with distilled water and salt (iodized salt,

Meira Ltd., Finland) in the extruder. The salt (0.5% of

solids) was dissolved in the water before mixing. Barley

flour contained starch 67 ± 3%, protein 10.5 ± 0.1%,

dietary fiber 12.1 ± 0.7%, and b-glucan 3.5 ± 0.1% of

solids. In addition, WPI (Isolate Whey 90 Instant, Armor

Proteines, France) and PD (Litesse Ultra, Danisco Sweet-

eners, USA), in contents 20 and 10% of solids, respec-

tively, were used as additives in some of the samples. The

water contents of the ingredients were determined by

drying them for 1 h in an oven (Termaks, Norway) at

temperature of 130 �C, then cooling in a vacuum desic-

cator over phosphorus pentoxide (P2O5, pro-analysi,

Merck, Germany) for 1 h and measuring the weight loss by

using analytical balance (Precisa 92SM-202A, Teopal,

Switzerland). These water contents were included in the

water contents of the mass.

The extrusion was done with a co-rotating twin-screw

extruder (Thermo Prism PTW24, Thermo Haake, Polylab

System, Germany). The length of the screws was 672 mm

and their diameter 24 mm (L/D ratio 28:1). The extruder

barrel had altogether 7 sections, length of each 96 mm, the

temperatures of which followed the profile: no warming,

40, 70, 70, 100, 110, and 130 �C. A heatable die (diameter

5 mm) was placed after the last section and it was kept at

the temperature of the last section (130 �C). Total mass

feed was kept constant at 67 g/min. Samples with two

different water contents and screw speeds were extruded.

Their additives and extrusion parameters are presented in

Table 1. The samples were stored in sealed plastic bags at

room temperature and normal humidity for some months

before the first X-ray measurements.

WAXS measurements

Pieces of the extrudates were ground with a mortar into fine

powder, pressed into metal rings of a thickness of 1.5 mm,

and covered with Kapton or Mylar foil. The WAXS mea-

surements were carried out with a system including an

X-ray generator (UltraX18S, Rigaku, Japan) with a rotating

Cu anode (k = 1.541 Å) and an image plate detector

(MAR345, Marresearch, Germany) in perpendicular

transmission geometry. The beam was monochromated

with a Si(111) crystal and a totally reflecting mirror. Cor-

rections for absorption, measurement geometry, scattering

by air and Kapton or Mylar foils, and the noise caused by

the image reading process of the detector were carried out

for the data. The measurements were repeated after

1–3 months with other samples from the same extrusion

series, which gave diffraction patterns practically identical

to those from the first measurements.

SAXS measurements

Materials and methods

SAXS measurements were carried out for dry and wet

samples. The dry samples were prepared similarly to those

for the WAXS measurements. For the wet samples, the

powder was soaked in water for 2–3 days before removing

the excess water and placing the swollen powder in metal

rings. All of the samples in SAXS measurements were

sealed with polypropylene foil.

The radiation was produced with an X-ray generator

(K 710 H, Siemens, Germany) and an X-ray tube with a Cu

anode (Panalytical, Netherlands), monochromated and

point-collimated, and detected with a two-dimensional wire

detector (HI-STAR, Bruker AXS, USA) in perpendicular

transmission geometry. The measured q range was

0.016–0.21 Å-1, where the definition q ¼ ð4p sin hÞ=ðkÞ;
with h being half the scattering angle, was used for the

magnitude of the scattering vector. Spatial and flood-field

corrections for the data were done automatically by the

measurement program. The air scattering was measured

with an empty polypropylene-covered ring and subtracted

from the integrated intensities. The intensities were cali-

brated on absolute scale using a piece of Lupolen as

standard [34, 38].

Table 1 Additives and extrusion parameters of the samples

Sample no. Additives Water content (%) Screw speed (rpm)

1 – 17 500

2 PD 17 500

3 WPI 17 500

4 PD ? WPI 17 500

5 WPI 23 200

6 PD ? WPI 23 200
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Data analysis

The Porod law (I(q)� q-4) is valid for a system with two

phases separated by a smooth interface. With the knowl-

edge of the volume fractions and electron densities of the

phases, the specific surface of the system, that is, the sur-

face area per mass unit of the solid material, can be cal-

culated using this Porod fit. Porod law can also be used to

calculate average chord lengths, which describe the dis-

tances between interfaces in the system averaged in all

directions. These can also be specified for the phases sep-

arately [34, 39, 40]. The two phases were assumed to be

solid material, including crystalline and amorphous starch,

and air-filled pores (scattering length density contrast

Dq ¼ 1:4� 1011 cm�2) in the dry samples and crystalline

starch and water (Dq ¼ 4:5� 1010 cm�2), the latter

including both the water-filled pores and regions of swollen

amorphous starch, in the wet samples. These assumptions

are discussed more in ‘‘Discussion’’ section. See Supple-

mentary material 1 for the equations and a more detailed

description on the calculations.

SAXS intensities can show power laws of the form

IðqÞ / q�a also with other powers than a = 4. Such

behavior indicates fractal-like (or self-similar) structures in

the corresponding length scale (d = 2p /q), so that powers

a� 3 correspond to mass fractals of fractal dimension

Dm = a and powers 3 \ a\ 4 to surface fractals of fractal

dimension Ds = 6 - a. Generally, aggregated structures

with surface fractals are denser inside than those with mass

fractals and a smaller mass fractal dimension corresponds

to a less compact structure. The special cases of integer

powers a = 1 and a = 2 correspond to rod-like and

lamellar structures, respectively [34, 41, 42].

Microtomography measurements

The X-ray microtomography (lCT) measurements were

carried out using a high-resolution X-ray microtomography

device (Nanotom 180NF, phoenix|x-ray Systems ? Ser-

vices GmbH, Germany). The device consists of an end-

window type tungsten target X-ray tube, a high-precision

computer-controlled translation/rotation stage for the

sample and a CMOS flat panel X-ray detector with

2304 9 2284 pixels of 50 lm size (Hamamatsu Photonics,

Japan). Small pieces of approximately 0:5 � 0:5 �
0:5 mm3 were cut from the dry extrudates with a razor

blade and attached with beeswax on a carbon fiber rod. The

measurements consisted of 1440 X-ray transmission ima-

ges, taken at 0.25� intervals around a full circle of rotation.

The X-ray tube voltage was 60 kV, and the current was

varied between 200 and 360 lA. Because the samples were

mounted very near the focal spot of the X-ray beam in

cone-beam geometry, the effective pixel size in the trans-

mission images varied between 450 and 766 nm. The 3D

reconstructions were made using the datos|x-rec software

supplied by the lCT device manufacturer. Scans made

from whole extrudates with a larger voxel size have been

described in an other publication [1].

Results

SAXS results

SAXS intensities of dry and wet samples are presented in

Figs. 1 and 2, respectively. The Porod fit was done for all

samples on higher q values, that is above 0.13 and

0.16 Å-1 for most of the dry and wet samples, respectively

(see Figs. S1 and S2 in Supplementary material 1). The

specific surfaces and the average chord lengths could be

calculated only for the dry samples (Table 2) because of

difficulties in determining the volume fractions in the wet

samples and the shortness of the range of the Porod fit. The

error estimates in Table 2 are based on variation of the

region of the Porod fit.

The intensities of the dry samples obeyed power laws in

region q = 0.016 - 0.07 Å-1, which corresponds to

structures of 10–40 nm. The wet samples showed two

power law regions, one on smaller q values (q = 0.016

- 0.045 Å-1; q = 0.025 - 0.065 Å-1 for Sample 6)

and one on larger q values (q = 0.045 - 0.16 Å;

q = 0.065 - 0.16 Å-1 for Sample 6). The corresponding

fractal dimensions Ds (dry samples), Dm1 (wet samples,

small q), and Dm2 (wet samples, large q) are presented in

Table 2. Before determining the power laws, a small

10
−2

10
−1
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−3
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q (Å−1)

I (
cm

−
1 )

No additives
PD
WPI
PD + WPI
WPI (hw)
PD + WPI (hw)

Fig. 1 SAXS curves of the dry samples, with correction from Porod

law subtracted and curves of samples with higher water content (hw)

multiplied by 0.2 for clarity
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constant b gained from the least-square fit of

I(q) = aq-4 ? b (Porod fit) to the data was subtracted

from the data. The constant was of order 10�2 cm�1 for all

samples and it corrects especially for the constant back-

ground due to water in the wet samples. The error estimates

for all fractal dimensions were determined to be less than

0.1 by varying the fitting ranges.

Some effects introduced by the additives were observed

in the dry Samples 1–4 (Table 2). The addition of WPI

alone increased the specific surface by 20% (Sample 3),

whereas the values of the samples with PD (Samples 2 and

4) were similar to the reference sample (Sample 1), inde-

pendent of WPI content. The same trends were reflected in

the average chord lengths, where the addition of WPI alone

(Sample 3) decreased the length. The average size of air-

filled pores (Lp) increased with the addition of WPI alone

(Sample 3), but the additional presence of PD (Sample 4)

reduced the effect to minimum. Addition of PD alone

(Sample 2) slightly decreased the pore size compared to the

reference. Opposite trends applied to the average chord

lengths of the solid phase (Ls).

The macroscopically denser Samples 5 and 6, produced

with higher water content and slower screw speed, showed

different kind of behavior relative to the additives. The

sample with only WPI added (Sample 5) had smaller

specific surface but larger pore size than the sample with

both WPI and PD added (Sample 6), and their average

chord lengths of the solid phase were equal. This already

shows that water content of extrusion mass and the screw

speed affect the way the additives change the structure of

barley extrudates on several levels, because the specific

surfaces arise from nanoscale structures and the observed

average chord lengths reflect structures of micrometer

scale. A rougher surface structure of the dry Samples 5 and

6 can be seen in their surface fractal dimensions (Ds;

Table 2), which correspond to the length scale of tens of

nanometers.

The SAXS data were also interpreted according to a

lamellar model. To emphasize the contribution of possible

lamellar peaks, the data were drawn as q2I versus q, which

showed lamellar structures in almost all of the samples.

Among the wet samples (Fig. 3), especially Samples 5 and

6 had clearly visible peaks around q = 0.04 Å-1 and

q = 0.06 Å-1, respectively. The peak of Sample 6 corre-

sponds to an interlamellar distance of approximately

10 nm, which is usually attributed to the alternating crys-

talline and amorphous lamellae of amylopectin in hydrated

starch [9]. The peaks of the other samples, however, arise

from larger lamellar structures (e.g. 15 nm for Sample 5).

An obvious similarity between the shapes of the curves of

the samples without WPI (Samples 1 and 2) was also

evident and their lamellar peaks were on smaller q values.

Unlike the wet samples, the dry samples all showed a weak

lamellar peak corresponding to an interlamellar distance of

5 nm, which is also visible as a shoulder in Fig. 1.

The power laws of the wet samples indicated less

compact structures than those observed for the dry samples.

The mass fractal dimensions on the larger q values (Dm2)

Table 2 SAXS results

Sample Additives S (m2/g) Lc (lm) Lp (lm) Ls (lm) Ds (dry) Dm1 (wet) Dm2 (wet)

1 – 1.03 ± 0.05 0.60 ± 0.07 1.0 1.5 2.5 2.2 2.84

2 PD 0.99 ± 0.05 0.59 ± 0.07 0.9 1.7 2.5 2.2 2.85

3 WPI 1.22 ± 0.12 0.47 ± 0.07 1.4 0.7 2.4 2.5 2.79

4 PD ? WPI 0.99 ± 0.10 0.61 ± 0.09 1.0 1.5 2.4 2.4 2.96

5 WPI 0.94 ± 0.07 0.66 ± 0.08 1.7 1.1 2.6 2.1 2.80

6 PD ? WPI 1.21 ± 0.06 0.53 ± 0.06 1.0 1.1 2.8 2.0 3.04

S specific surface, Lc average chord length, Lp average chord length of pores (±0.1 lm), Ls average chord length of solid (±0.1 lm), Ds surface

fractal dimension, Dm1 mass fractal dimension (smaller q values, wet samples), Dm2 mass fractal dimension (larger q values, wet samples)

10
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10
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10
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10
0

10
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q (Å−1)

I (
cm

−
1 )

No additives
PD
WPI
PD + WPI
WPI (hw)
PD + WPI (hw)

Fig. 2 SAXS curves of the wet samples, with correction from Porod

law subtracted and curves of samples with higher water content (hw)

multiplied by 0.2 for clarity
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correspond to more compact structures than those on

smaller q values (Dm1). A characteristic length, where the

type of the structure causing the scattering possibly chan-

ges, could be deduced from the turnover point in the curves

of Fig. 2, that is, where the power law changes. This yields

the length 14 nm (9.7 nm for Sample 6). The mass fractal

dimensions of wet Samples 3 and 4 on smaller q values

(Dm1) were slightly higher than those of Samples 1 and 2,

which indicate a denser or less-lamellar structure for wet

samples with WPI in this length scale.

WAXS results

The WAXS curves of all samples are presented in Fig. 4.

They show a partly crystalline material with an amorphous

contribution seen as a slowly varying background. Separate

diffraction peaks arising from crystalline starch are more or

less visible in all of the samples. The peaks of Samples 1,

2, 4, and 5 can be recognized to correspond mainly to the

Vh-type structure (peaks at 2h = 7.6� (hkl = 110 [43]),

2h = 13.1� (200 or 021 [43]), and 2h = 20.0� (150 [43])),

whereas Sample 3 shows the characteristic peaks of the

Eh-type structure (peaks at 2h ¼ 7:0�; 2h ¼ 12:1�; and

2h = 18.5�) [6]. However, all of the samples show char-

acteristics of both crystal structures. Sample 6 is clearly

more disordered than any of the other samples, but it seems

to contain slightly more Vh-type than Eh-type.

Tomography

Examples of X-ray lCT images, filtered using the gaussian

smoothing and edge-preserving smoothing filters of Avizo

Fire software, are presented in Figs. 5, 6, and 7. The main

point of interest in the lCT results is the presence of some

remaining starch granules in all samples. These are seen in

the lCT images as spherical objects that are somewhat

denser than the surrounding material. The size of the

objects varies from a few microns to around 20 lm in

diameter, which is consistent with observations on barley

starch granules found in the literature [13]. As can be seen

from the figures, most of the remaining granules are clus-

tered together, although some individual granules were also

observed embedded in the surrounding material. As a crude

approximation based on manual segmentation of the data,

the granules comprise 1–2% of the total sample volume.

Dual threshold segmentation of the data from scans of

intact extrudates also yielded the same result.

The lCT images also show some inhomogeneity in the

solid mass surrounding the granules, as shown in Fig. 7.
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−
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No additives
PD
WPI
PD + WPI
WPI (hw)
PD + WPI (hw)

Fig. 3 SAXS curves of the wet samples (hw = higher water content)

drawn on (q, q2I) coordinates to enhance the lamellar peaks
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No additives
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PD + WPI
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PD + WPI (hw)

Fig. 4 WAXS curves of all samples (hw = higher water content),

taken from the later measurements done about 1 year after extrusion

and offset for clarity

Fig. 5 A slice through the lCT reconstruction of Sample 2 (PD

added) with voxel size of the scan 648 nm
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Structures of the same scale were observed in the average

chord lengths of the SAXS results, which showed the

average chord lengths of the solid phase to be roughly

the same as one voxel in the lCT reconstruction and the

average chord length of the voids to be slightly larger. It

would be reasonable to assume that these structures are

also visible in the lCT images as slight variations in gray

value, although they are too small to be completely

resolved at a voxel size of several hundred nanometers.

Discussion

General structure of the extrudates

The results of the microtomography and SAXS measure-

ments of this work can be explained with the structure

sketched in Fig. 8. The millimeter or 100 lm scale struc-

ture, which can be seen with optical microscopy or X-ray

microtomography with low resolution [1], is formed of a

foamy solid material with irregularly shaped air-filled

pores. The shape of the pores did not follow the type of

crystal structure, as earlier presented by Warburton et al.

[19], but this was explained by Babin et al. [22] by the

rapidity of the setting process. In Samples 5 and 6, these

pores were minimal or very few and the samples mostly

consisted of solid material in this scale. The presence of

intact granules in the high-resolution microtomography

images is not surprising, because starch gelatinization does

not happen instantaneously [44], and the water distribution

inside the mass during extrusion is not uniform [1].

Granule remnants consisting of the outer portion of the

granule only can also remain after cooking under no to

moderate shear [27]. Surrounding the granules, smaller

structures were seen in the matrix. These structures could

be lm-sized air-filled pores, giving rise to the main pro-

portion of the specific surface and thus the average chord

lengths obtained from the SAXS measurements (Table 2).

The surface fractal dimensions of Ds & 2.5 in the scale of

10–40 nm could arise from the surfaces of these pores and

other structures on the same length scale. The dominating

crystal structure in the samples is one of the typical pro-

cessing-induced crystals, Vh or Eh, even though the

granules may include some residual A-type crystallinity. In

Sample 6, the crystalline fraction is particularly low.

Similar SAXS results have been gained, for instance, by

Suzuki et al. [42], who studied corn and potato starch

Fig. 6 A 3D rendering of Sample 3 (WPI added) with the starch

granules rendered in white, showing their clustered distribution within

the sample (voxel size 682 nm)

Fig. 7 A slice through the lCT reconstruction of Sample 3 (WPI

added) with voxel size 450 nm

Fig. 8 Sketch of the structure of the extrudates: a cross section of an

extrudate (Sample 1, no additives), b small cluster of granules, c air-

filled micropores inside the solid matrix
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during swelling, gelatinization, and retrogradation, and

interpreted the power law behaviour of intensity curves on

the basis of fractal structures. Their intensities of dry and

low-moisture corn starch obeyed power laws with surface

fractal dimensions close to 2.0 on a wide q range, which

also comprises the length scale of our power laws. They

explained these power laws by the surface fractal structure

of granules, but since in our case the proportion of granules

in the samples was relatively small, it is plausible that this

behavior arises from the microporous structure in the

matrix, which was observed in the microtomography

images and in the average chord lengths of the SAXS

results. Lopez-Rubio et al. [36] also found a power-law

with a close to 4 in high-amylose maize starch and

observed a decrease of a upon extrusion. They attributed

this effect to increased surface roughness of the scattering

structures.

A shoulder or weak lamellar peak representing a dis-

tance less than 9 nm has been observed earlier in some

SAXS studies on dry starch, in which it has been attributed,

for instance, to amylose crystals formed during enzymatic

digestion (5 nm repeating distance) [36, 37] or crystalline

lamellae of chain-folded amylose–lipid helices in spheru-

litic amylose–lipid complexes (7–8 nm repeating distance)

[17]. Also the 5-nm shoulder of our dry SAXS curves could

arise from these kinds of amylose-based structures. How-

ever, as indicated by the amorphous WAXS pattern of

Sample 6, the presence of this feature does not require a

large proportion of crystalline material.

In the dry samples, it was assumed that the main pro-

portion of the small-angle scattering arises from the inter-

face between starch (including both crystalline and

amorphous portions) and air [42]. However, this approxi-

mation is never completely valid, and an electron density

difference between different solid phases is always present.

In the wet samples, the effects of water on the system have

to be taken into account with further assumptions. In order

to be able to consider a two-phase system, Suzuki et al.

[42] assumed that the water absorbs to the amorphous

regions so that the electron density difference relevant for

SAXS forms between the crystalline and the amorphous

parts in starch granules.

The values of specific surfaces and average chord

lengths presented in Table 2 may contain systematic error

due to the notable amount of parameters to be approxi-

mated, but this should not affect the comparability of the

values between each other. For instance, the density of the

solid phase, needed in the calculation of the scattering

length densities, was assumed to be 1:55 g/cm3 for all

samples, whereas Babin et al. [22] used a density of

1:405 g/cm3 for amorphous starches at 10% moisture

content. Such deviation in density has been noticed to have

an effect of tens of percents on the eventual values and is

discussed in more detail elsewhere [34]. Here, the use of

density 1:50 g/cm3 would have increased the specific sur-

faces of all samples by about 10%, which would not affect

the interpretation of our results.

Our SAXS data of the wet samples showed mass fractal

dimensions between 2.0 and 3.0 as well as lamellar peaks

or shoulders, that resemble those observed by Suzuki et al.

[42] in their retrograded potato starches. Their samples

were prepared by keeping them in 1:1 water–solid ratio at

4 �C for 1–2 days after gelatinization. Despite that their

curves included several regions with slightly different

power laws, looking fairly similar to ours on the common

q range, they proposed a background fractal scattering

following a mass fractal dimension of 1.9 on the whole

region. According to them, the additional shapes and the

shoulder-like pattern at 0.02–0.04 Å-1 would arise either

from a new, large lamella stacking caused by retrograda-

tion or two completely different fractal scattering regions at

high and low q values. A similar shoulder was detected by

Lopez-Rubio et al. [36] in extruded high-amylose maize

starch soaked in water for 1 h. They concluded that the

9-nm peak of raw starch was lost, and a broad shoulder on

smaller q values was formed due to a retrogradation pro-

cess taking place upon addition of water.

The transition of the crystal structure of starch from

V-type to B-type due to addition of water has been

observed earlier [45], and the lamellar peak in the wet

samples might be explained by the repeating distances in a

fractal-like network of B-type crystals and amorphous

amylose, a system characterized with TEM by Putaux et al.

[46]. This would give a connection between the WAXS

pattern and wet SAXS peak of Sample 6: the amorphous

amylose chains are more easily organized into B-type

crystals and thus ordered lamellae in water than the sam-

ples with more crystallized amylose–lipid complexes. On

the other hand, complexes of amylose and native lipids of

cereal starch granules have also been shown to form frac-

tal-like structures of crystalline aggregates during slow

cooling of jet cooked starches in dilute solutions [47].

Vermeylen et al. [44] studied the gelatinization of waxy

rice, regular rice, and potato starch suspensions (66% water

content) with real-time SAXS and WAXS during heating.

They found mass fractals of dimensions 1.5–1.8 for fully

gelatinized starch pastes on the same q range as our low-

q power laws (common q range 0.016–0.035 Å-1), and

they accounted them for fractal-like structures formed by

amylose. In partly gelatinized systems, they recognized

fractal-like structures, a decreasing with temperature, and

possible residual lamellar stacks (with repeating distance of

9-10 nm), present simultaneously. These kinds of lamellar

peaks have also been observed in processed starch samples
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(45% water content) without a detectable amount of ori-

ginal crystallinity [35].

Besides the lamellar model adopted in this work, SAXS

data of complex polymer systems can be interpreted

according to other models. An alternative approach would

have been the model of De Spirito et al. [48], which

interprets SAXS data in terms of the superimposition of

scattering from spherical nano-sized particles distributed in

space with a certain mass fractal dimension and from

surfaces of larger particles.

The importance of the extrusion parameters was unde-

niable. Based on a visual examination of the extrudates and

the low-resolution microtomography images (not pre-

sented), it seems obvious that Samples 5 and 6, which were

extruded using higher water content of mass and lower

screw speed, had undergone a collapse of bubbles after

expansion. They had a significantly denser macroscopic

structure and contained very few, if any mm-sized pores.

This collapse is explained by the lower viscosity of the

extrudate melt due to higher water content, which leads to a

shrinkage and collapse of the extrudate [26].

Effects of additives

A key point in analyzing the differences caused by the

additives is the interaction behavior of whey proteins. It

has been shown that proteins can bond with each other or

other molecules in extrudates, which leads to the formation

of an extensive network [26]. Thus, our proposition is that

whey protein, when present alone, formed an insoluble

complex either with itself [32], with amylose [28, 32], or

with some of the fibers or other ingredients present in

whole grain flour [1]. During extrusion, the insoluble net-

work affected the water distribution in the extrudate melt,

possibly by leaving large amounts of water free to evapo-

rate at the die. The especially high loss of water content

during expansion in the sample with only WPI added

(Sample 3) was observed in earlier measurements [1]. This

explains also why the water content of Sample 3 after

expansion was not high enough for the formation of the

Vh-type crystal structure, which is more abundant at higher

water contents [6, 19]. Instead, the Eh-type was seen to

dominate the diffraction pattern of this particular sample.

On a larger scale, whey protein had an influence on the

micrometer scale pore structure, so that Sample 3 showed

larger specific surface and larger pores with thinner walls.

Compared to whey protein, the effects of PD were

minor. Samples 1 and 2, with the only difference in PD

content, showed very similar results with all of our meth-

ods, even though variation was seen earlier in expansion

properties and in the pore structure above micrometerscale

[1]. Sample 1 contained, for instance, a higher proportion

of thin (\150 lm) walls compared to Sample 2 [1], which

might be connected with its slightly smaller average chord

length of solid sections (Table 2). However, in this study,

PD affected the structure of the extrudates when it was

combined with WPI by significantly reducing the effects

introduced by WPI alone. This might be accounted for an

interaction between PD molecules and whey proteins,

which probably led to an inhibition of the formation of the

protein-based network. A similar effect has been observed

earlier in a starch–protein–polydextrose system, where PD

was seen to break the protein matrix surrounding starch

granules [30]. On the other hand, soluble fibers can affect

the water distribution directly by binding some of the water

in the matrix and affect the structure in that way [26, 49].

Interestingly, a connection between microscale wall

thicknesses determined from lower resolution microto-

mography images [1] and the SAXS curves of this work

was observed. The sequence in intensity of the SAXS

curves of Samples 1–4 on smaller q values (larger struc-

tures) in all of our SAXS results, whether dry or wet, fol-

lowed the sequence of the wall thicknesses of the same

samples on smallest microscale wall thicknesses.

Based on the SAXS measurements of the wet samples,

WPI also affected the retrogradation behavior of starch. In

Fig. 3, the greatest differences in the peak positions

between Samples 1–4 and their fractal dimensions Dm1 in

Table 2 are due to the presence of WPI, almost regardless

of PD content. According to their Dm1’s deviating more

strongly from 2.0 and peaks located on smaller q values,

the samples with WPI show less ordered lamellae with

larger interlamellar distance. Of course the differences may

also be explained by the different structures of the samples

already before immersing them in water.

The outer surface of the extrudate may differ in its

structure from the inner parts and might as well contribute

to all our X-ray scattering results because the whole cross

sections of the extrudates were ground when preparing

samples for the measurements. Such a difference was

observed visually especially in Sample 3, which had a less

porous layer on the surface. A similar effect, named the

‘‘skin effect’’ and obtained under certain conditions, has

been reported earlier [31].

Conclusions

The structure of barley extrudates and effects of WPI and

PD on it were studied using X-ray scattering and microto-

mography. The structure of the extrudates was described in

a rather coarse way from nano- to microscale. The complex

nature of the system made of the ingredients of whole grain

barley flour, water, and the additives sets such great chal-

lenges that a full understanding of it is impossible. In

addition to the large amount of different components in the
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system, their interactions are largely affected by the ambient

conditions, by which we mean the parameters of extrusion,

as well as the conditions during storage.

However, we were able to propose some mechanisms,

how the structure of the extrudates may have been affected

by the different additives. We concluded that in the pres-

ence of whey protein as the only additive in extrusion with

lower water content of mass and higher screw speed, an

insoluble protein-based network was formed. Due to this

network, the expansion of the extrudate was high and a

large amount of water evaporated at the die, leading to a

processing-induced crystal structure usually present at low

water contents. The effects of PD were minor when present

as the only additive, but it reduced the effects of whey

protein, when these were present simultaneously. This was

accounted for the destructive effect of soluble molecules on

the insoluble protein-based network. The additives also

influenced the lamellar structures found in the wet samples.

It is proposed that these structures were formed due to

retrogradation of starch when soaked in water. A more

detailed description would require X-ray scattering exper-

iments with a microfocus beam and imaging with higher

resolution.
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8. Buléon A, Colonna P, Planchot V, Ball S (1998) Int J Biol

Macromol 23:85

9. Tester RF, Karkalas J, Qi X (2004) J Cereal Sci 39:151

10. Daniels DR, Donald AM (2004) Macromolecules 37:1312

11. Waigh TA, Gidley MJ, Komanshek BU, Donald AM (2000)

Carbohydr Res 328:165
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